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A Refined Model for Knock
Onset Prediction in Spark
Ignition Engines Fueled
With Mixtures of Gasoline
and Propane
In the last decade, gaseous fuels, such as liquefied petroleum gas (LPG) and natural gas
(NG), widely spread in many countries, thanks to their prerogative of low cost and
reduced environmental impact. Hence, bi-fuel engines, which allow to run either with
gasoline or with gas (LPG or NG), became very popular. Moreover, as experimentally
demonstrated by the authors in the previous works, these engines may also be fueled by a
mixture of gasoline and gas, which, due to the high knock resistance of gas, allow to use
stoichiometric mixtures also at full load, thus drastically improving engine efficiency and
pollutant emissions with respect to pure gasoline operation without noticeable power
loss. This third operation mode, called double fuel combustion, can be easily introduced
in series production engine, since a simple electronic control unit (ECU) programing is
required. The introduction into series production would require the availability of proper
models for thermodynamic simulations, nowadays widely adopted to reduce research and
development efforts and costs. To this purpose, the authors developed a quite original
knock onset prediction model for knock-safe performances optimization of engines fueled
by propane, gasoline, and their mixtures. The ignition delay model has been properly
modified to account for the negative temperature coefficient (NTC) behavior exhibited by
many hydrocarbon fuels such as gasoline and propane. The model parameters have been
tuned by means of a considerable amount of light knocking in-cylinder pressure cycles
acquired on a modified cooperative fuel research (CFR) engine, fueled by
gasoline–propane mixtures. The adoption of many different compression ratios (CRs),
inlet mixture temperatures, spark advances (SAs), and fuel mixture compositions allowed
to use a very differentiated set of pressure and temperature curve, which gives the
calibrated model a general validity for using different kinds of engines, i.e., naturally
aspirated or supercharged. As a result, the model features a maximum knock onset prediction error around four crank angle degrees (CAD) and a mean absolute error always
lower than 1 CAD, which is a negligible quantity from an engine control standpoint.
[DOI: 10.1115/1.4030262]
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Introduction
Gaseous fuels, namely, LPG and NG, attained a great success
in many countries for the use in spark ignition (SI) engines, thanks
to their unquestionable prerogative of low cost and low environmental impact. Their excellent mixing capabilities and knocking
resistance allow incomparable levels of hydrocarbon and particulate emissions together with a considerable fuel economy. In
particular, their high knock resistance makes possible to run the
SI engine with stoichiometric mixtures also at full load, thus
avoiding the inefficient and polluting use of very rich mixtures
usually associated with the combustion of gasoline. A wide variety of bifuel engines populate the automotive market, nowadays;
endowed of two separate injection systems, these engines may be
fed either with gasoline or with a gas (NG or LPG). However,
being designed for pure gasoline operation, these engines cannot
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take advantage of the higher knocking resistance of the gaseous
fuel, which instead would allow the adoption of higher CRs and
better combustion phases, which in turn allow raising the engine
thermodynamic efficiency. The combined use of both gaseous
fuel and gasoline may represent hence a valid alternative to pure
gasoline operation, as shown in the previous works [1,2]: higher
engine efficiency (þ26%) and lower pollutant emissions (90%),
together with nearly the same performance obtainable with pure
gasoline (4%) have been found by means of the simultaneous
combustion of gasoline and gaseous fuel in a SI engine. This innovative combustion process, called double fuel combustion, relies
on the strong knock resistance increase due to the addition of LPG
or NG to gasoline. Afterward, the double fuel combustion has
been investigated also by other researchers [3–5], both in naturally
aspirated and supercharged SI engines. The general result is
always an engine efficiency increase and pollutant emissions
reduction with respect to pure gasoline operation. The simultaneous combustion of gasoline and gas could be easily implemented
in current production bifuel engines by a simple reprograming of
the ECU; in particular, the injection time maps and the SA map
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for double fuel operation should be determined in proper calibration tests and added to the ECU memory. During this calibration
process, a huge amount of experimental tests should be carried
out in order to obtain accurate and safe double fuel operation
maps. Computer simulations represent a fundamental step in the
design and performance optimization phase; engine models may
help to predict the performances attainable and give a valid
first indication for fuel injection time and SA, allowing a strong
reduction of the amount of experimental tests to carry out. However, since knocking is a crucial issue concerning SI engines, the
authors provide in this paper a knock onset prediction submodel
to be used in engine thermodynamic simulations for a knock-safe
performance optimization of engines fueled by gasoline, propane,
and their mixtures with different proportions between the two
fuels. With the aim to detect even the first incipient knocking
occurrence and not only the heavy damaging knocking phenomena, the authors focused on the light knocking prevention, which,
obviously, is also carefully safe with regards to heavy knocking
conditions: the vice versa, instead, is not true.
Engine development and optimization process usually involves
numerical simulations and experimental tests performed using reference fuels, whose known properties allow to trace repeatable
and comparable results. Therefore, in this work, the propane has
been used in place of the most common and commercial available
LPG whose properties, first of all its knocking resistance, strongly
depend on its composition and, in turn, on the production site and
season.

Auto-Ignition Delay Model
The knocking occurrence prediction submodels most encountered in literature can be grouped in two main categories: autoignition delay models and detailed chemical kinetic models. Autoignition delay models base their prediction on the unburned gas
pressure and temperature history and usually need some experimental data for the tuning of their constants [6–11]. Detailed
chemical kinetic models, instead, take into account the elementary
reaction steps that occur between the species involved in the combustion process [12–15]. Unfortunately, because of fuels complexity, some of the elementary reactions may be unknown; moreover,
due to the high number of reactions to consider, chemical kinetic
submodels always require a great computational effort. For these
reasons, the first category is often preferred for the estimation of
unburned gas auto-ignition time. The models based on autoignition delay originates with experiments carried out on rapid
compression machines [6,16,17], where a single rapid compression stroke allows to subject the air–oxidizer mixture to almost
constant pressure and temperature conditions (see Fig. 1): the
auto-ignition delay time s(s) is then measured as the time between
the end of the rapid compression stroke (i.e., start of constant

Fig. 1 Typical auto-ignition delay measurement, carried out on
a rapid compression machine using gasoline surrogate [16]
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pressure condition) and the auto-ignition of the mixture, which is
detected by the rapid pressure increase due to the heat released by
the combustion. With the aim to model the auto-ignition time s of
a certain air–fuel mixture, the data obtained by means of rapid
compression machines have been usually fitted with Arrhenius
type equations
s ¼ Apn eE=RT ¼ Apn eB=T

(1)

where p (bar) and T (K) represent the constant pressure and temperature conditions of the air–fuel mixture (i.e., at the end of the
rapid compression stroke), B ¼ E/R is the ratio between the
fuel activation energy E (J/mol) and the universal gas constant R
(J/mol  K), while A and n are fuel-dependent constants, determined by statistical regression of the measured auto-ignition
times. When the fuel activation energy of the fuel is unknown, the
parameter B can be determined by statistical regression too
[8,11,18].
This auto-ignition time model, however, cannot be directly
employed for the thermodynamic simulation of SI engines, since
the pressure and temperature conditions of the air–fuel mixture
not yet involved by the flame front propagation (i.e., the unburned
gas) are far from being constant; this induced to adopt two possible different approaches: the knock integral (KI) approach
[6,8–11,19,20] and the ignition delay approach [7]. The first is
based on the evaluation of the following KI as function of time t:
ðt
dt
(2)
KIðtÞ
tIVC s
where tIVC is the inlet valve closure (IVC) time. According to this
method, the knock onset time tKO is obtained when the integral
reaches the value of 1,
ð tKO
dt
¼1
(3)
KIðtKO Þ ¼
tIVC s
This condition should correspond to the critical concentration of
the radical species needed for the occurrence of auto-ignition.
According to the second approach, instead, the ID can be evaluated, with respect to SI time, on the basis of the unburned gas
mean pressure pm and mean temperature Tm, both estimated during the combustion period
B=Tm
ID ¼ A  pn
m e

(4)

As clear, Eqs. (1) and (4) share the same functional structure, stating that an increase in the temperature T (as well as in the pressure
p) induces a reduction of the ignition delay time of the fuel–air
mixture. Actually, this relation between temperature and ignition
delay has a general validity in the lower and in the higher temperature range, while, as revealed by data collected on several rapid
compression machines or shock tubes [14,16,17,21,22], at intermediate temperatures (approximately between 650 and 900 K),
many hydrocarbon fuels exhibit a reverse dependence, showing a
prolongation of the auto-ignition time for increasing temperature,
as for example represented in Fig. 2 [16]: this phenomenon is
known as NTC behavior, and its temperature range of existence
depends on the particular fuel employed. For higher temperatures,
the behavior of the auto-ignition delay returns to decrease with
increasing temperature. Sometimes a near-NTC behavior zone has
been detected, since the tested fuel showed a weak dependence of
the overall reaction rate on temperature [14,15,17,21,22]. However, it is clear that Eq. (1) cannot model nor the pronounced neither the near-NTC behavior of fuel–oxidizer mixtures: its
representation in the diagram of Fig. 2 would be, in effect, a
straight line. Moreover, for the auto-ignition of gasoline, the NTC
behavior has been found to exist for temperatures between 700 K
and 850 K, as shown in Fig. 2, apart from the pressure or the
equivalence ratio / of the mixture [16].
Transactions of the ASME

Figure 3 gives a graphical representation of model adopted compared to the measurements carried out in Ref. [16]. As can be
noted in the model adopted, the end of the NTC behavior has not
been taken into account, since, as already mentioned, the
maximum temperature reached by the unburned gas in all the tests
performed in this work (800 K) is safe under the higher temperature limit of the gasoline NTC zone (850 K).
The saturation effect on temperature introduced with Eq. (5)
obviously excludes the use of the ID approach described in
Eq. (4), which instead presumes a monotonic auto-ignition delay
decrease with increasing temperature: for this reason, the ID
approach has not been considered in the rest of the paper. The
task of the present work has been hence accomplished implementing equations (5) in the KI method in order to define a sufficiently
accurate model for predicting knocking occurrence in SI engine
fueled by gasoline, propane, and their mixtures.
Fig. 2 ID diagram obtained from RCM [16] (Gasoline surrogate,
20 bar, three different values of the equivalence ratio /)

Dealing with the knocking phenomena in SI engines, these temperatures are of great interest, since similar to the usual unburned
gas temperatures: for example, in the present study, the
in-cylinder unburned gas reached maximum temperatures
between 550 and 800 K before causing knocking. A correct knock
onset prediction model should hence take account of the NTC
behavior of the fuel–air mixture to give accurate and reliable
results. More in detail, from 720 to 800 K, the ignition delay of
gasoline can be considered constant, as pointed out by the experimental data reported in Fig. 2 [16]; same behavior has been
observed with propane [14], whose ID remains almost constant in
the intermediate temperature range of 740–870 K. On account of
these considerations, the authors decided to adopt a modified version of the auto-ignition time model: as reported in Eq. (5), the
classical Arrhenius type equation has been considered valid for
temperatures up to the beginning of the NTC behavior (i.e.,
T  TNTC); while for higher temperatures, the ignition delay has
been considered independent of the unburned gas temperature
(
T  TNTC
Apn eB=T
(5)
s¼
n B=TNTC
Ap e
T > TNTC
TNTC denotes the lower temperature of the NTC behavior zone; it
depends on the particular fuel considered and, on the basis of the
already cited literature references [14,16], the following values
can be assumed:
TNTC ¼ 720 K for gasoline
TNTC ¼ 740 K for propane

Experimental Setup
Being the KI method based on the unburned gas pressure and
temperature history, the authors aimed to determine the model’s
constants by means of experimental data in which these two
parameters varied significantly. In this way, once calibrated with
a heterogeneous set of pressure and temperature histories, the
model could be used to predict knock occurrence in SI engines of
different kinds, for example, naturally aspirated or supercharged,
and for various proportions between the two fuels in the
propane–gasoline mixture. According to this observation, the
authors decided to carry out a dedicated series of experimental
tests by means of a CFR engine [23] manufactured by Dresser
Waukesha, whose main specifications are resumed in Table 1. In
effect, thanks to its particular arrangement, the CFR engine allows
a great variation of volumetric CR and inlet mixture temperature,
thus producing a very differentiated collection of pressure and
temperature histories. The tuned knock prediction model can be
easily implemented in numerical simulations involving the same
fuel mixture and different engines since the tuned constants
should depend only on fuel type [8], while the engine is responsible for the pressure and temperature histories.
The CFR engine is a four-stroke two-valve stationary singlecylinder SI engine whose use is prescribed by the current ASTM
standard D2700 [23] for the determination of fuel motor octane
number (MON) and research octane number (RON). The particular engine arrangement allows to vary quickly and accurately the
CR from 4.5 to 16 by moving the engine head (fixed to the cylinder sleeve) with respect to the piston. The combustion chamber is
of discoid type and its basic configuration does not change with
the CR. The CFR engine used in the test is connected to an electric motor that maintains a constant speed of 900 rpm both in fired
and motored condition. The engine has been endowed of an electronically controlled inductive discharge ignition system and with
two independent PID control systems Omega CN4116 connected
to the two builtin resistive heaters in order to maintain both inlet
air temperature and air/fuel mixture temperature at the required
values during the tests. All the temperatures were measured using
K-type thermocouples. As regards fuel supply, a standard CFR
engine features an original carburettor system which does not

Table 1 CFR Engine Specifications [23]
Manufacturer

Fig. 3 Comparison between measured ignition delay [16] and
model adopted in the present paper
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Model
CR
Bore
Stroke
Connecting rod length
Displacement
Speed

Dresser Waukesha
F1/F2 octane
4.5–16
82.6 (mm)
114.3 (mm)
254.0 (mm)
611.2 (cm3)
900 (rpm)
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Fig. 5 Fuel supply systems: carburettor, LPG injector, and
gasoline injectors

Fig. 4 Experimental system layout

allow the use of gaseous fuels. The authors hence endowed the
CFR engine with two independent injection systems in order to
feed it with either gasoline or propane and to accurately control
the air–fuel ratio. To this purpose, a Venturi type system has been
used to meter air mass flow, while two port fuel injectors were
placed on the CFR intake duct (Figs. 4 and 5), before the carburettor that was not used in the tests.
As shown in Fig. 4, the gaseous fuel stored in a reservoir tank
passed through a Bronkhorst mini CORI-FLOWV Coriolis effect
mass flow meter (with 0.1–2 kg/h range of measurement and accuracy of 60.2% of reading value) and hence through a pressure
regulator, used to maintain the injector feed pressure of 3 bar, thus
reaching a plenum placed before the gas injector in order to
reduce upstream gas pressure oscillations due to pulsed injection,
which has been performed by means of a Bosch port injector.
As also shown in Fig. 4, the gasoline injection system is composed by an electric fuel pump, an automatic pressure regulator
used to maintain a constant injection pressure of 4 bar, a fuel
cooler placed on the return line to ensure a proper gasoline temperature and a Bosch gasoline port injector. During the tests, the
gasoline mass flow was deduced on the basis of the imposed injection time by means of a proper injector flow chart previously
experimentally determined on the same fuel supply system by a
gravimetric method using a high precision balance: several validation tests proved that acting on the injection time, gasoline mass
flow could be controlled by the use of the injector flow chart with
the accuracy of 1% of the desired value. A personal computer was
used to manage the two injection systems and perform data
acquisition, by means of expressly designed software developed
by the authors in LABVIEW environment. A properly realized [24]
electrical circuit has been employed for the activation of each fuel
injector, mainly composed by the power supply, the injector
solenoid, and a transistor specifically designed for automotive
injection/ignition application [25].
A National Instruments DAQCard 6062E programed in LABVIEW
environment has been used to generate each injection digital
pulse, whose high level duration is exactly the injection time: the
modulation of this high level width allowed hence the precise control of the amount of each of the two fuels injected. The injection
times of the two fuels were modulated following two different
strategies: propane injection was controlled in closed-loop using
as feedback the overall air-to-fuel ratio, calculated on the basis of
the mass flow rates of both fuels and inlet air. Gasoline injection,
instead, was operated in open-loop pursuing the predetermined
proportion between the two fuels. All the relevant quantities
(intake duct pressure, propane mass flow, inlet air and air–fuel
mixture temperatures) were acquired by means of the mentioned
National Instruments DAQCard 6062E using as trigger the pulse
generated by an incremental optical encoder connected to the
R
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engine crankshaft. The same trigger has been employed to synchronize the injection digital pulses with the piston movement.
The knock occurrence was monitored using a Kistler piezoelectric
pressure sensor, flush mounted on the combustion chamber. A
second personal computer was hence used to process the
in-cylinder pressure signal, acquired with 120 kHz sampling frequency by means of a second National Instruments DAQCard
6062E and using the encoder single pulse per revolution to trigger
the acquisition (Fig. 4). The manifold absolute pressure (MAP)
was measured by means of a DRUCK piezoresistive pressure sensor and employed to compensate each single acquired pressure
cycles [26,27]. A fundamental aspect in indicating analysis is the
precise determination of the top dead center (TDC) position
[28,29] which has been accomplished by the use of a Kistler
capacitive sensor 2629B, characterized by a 0.1 CAD accuracy.

Test Method
As reported in Table 2, the experimental tests have been carried
out with gasoline–propane mixtures of several different compositions, identified by the propane mass fraction xprop (i.e., the ratio
between propane mass and total fuel mass in the mixture): this
was changed from 0% (i.e., pure gasoline) to 100% (pure propane)
with steps of 20%. The overall air–fuel ratio was maintained
stoichiometric because, as previously shown, this produces the
best results in double fuel operation mode [1,2] in terms of engine
efficiency and pollutant emissions. In order to differentiate as
much as possible the pressure and temperature histories of the
unburned gas, the experimental tests have been carried out fixing,
for each tested proportion between the two fuels, both SA and
inlet temperature: the engine CR was then increased until light
knocking occurrence. A test condition has been identified as “light
knocking” when 10% of engine pressure cycles satisfied the light
knock threshold, which, based on the previous experimental
experience, has been verified when the peak to peak value of the
pressure signal revealed higher than 0.2 bar.
Figure 6 reports the power spectrum of a raw pressure signal,
clearly showing the main frequency of the knocking pressure
oscillations to be around 6 kHz. Hence, with the aim to remove
unwanted noise and highlight knocking pressure oscillations, each

Table 2
Engine speed
Inlet temperature (TIN) ( C)
Engine load condition
CR
Overall air/fuel ratio
SA
Propane mass fraction

Test conditions
900 (RPM)
50, 80, 110, 140
Full load
Determined to cause light knocking
Stoichiometric
15, 25, 35 (CAD BTDC)
From 0% to 100% with step of 20%
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Table 3

Engine CRs used in the tests
Propane mass fraction xprop

SA (CAD BTDC)

TIN ( C)

0%

20%

40%

60%

80%

100%

15

50
80
110
140

7.77
7.34
7.08
6.81

8.03
7.67
7.25
6.88

8.50
7.82
7.52
7.16

8.69
8.09
7.67
7.29

9.04
8.38
7.82
7.43

9.04
8.38
7.92
7.52

25

50
80
110
140

6.73
6.45
6.23
5.92

6.88
6.52
6.23
6.00

7.16
6.70
6.39
6.11

7.29
6.81
6.45
6.08

7.57
7.00
6.62
6.29

7.52
7.12
6.81
6.45

35

50
80
110
140

6.29
6.00
6.06
5.74

6.52
6.20
5.92
5.66

6.81
6.36
6.06
5.74

6.88
6.56
6.20
5.86

7.12
6.73
6.36
6.00

7.34
6.92
6.45
6.29

Fig. 6 Power spectrum of the raw pressure signal (propane
mass fraction 40%, SA 5 35 CAD BTDC, TMIX 5 80  C)

pressure trace has been filtered by means of a second-order, zerophase shift, band-pass 3–20 kHz Butterworth filter. For each single
recorded pressure trace, the experimental knock onset crank angle
(KOCA) #KO,exp. has been identified as the location of the first
band pass filtered pressure oscillation with peak to peak value
higher than 0.2 bar.
Figure 7 shows a typical light knocking pressure curve together
with its bandpass filtered signal: the knock onset position #KO,exp.
is highlighted by means of a black point.
However, being the model dedicated to the prediction of light
knocking occurrence, the pressure traces with peak to peak oscillations higher than 0.6 bar have been excluded from the calibration procedure: this selection procedure led to the exclusion of
about 20% of the recorded pressure cycles. The use of only light
knocking cycles for model calibration, as already explained, gives
the model the required reliability and allows to define the boundaries of the knock safe zone for a given fuel mixture; these boundaries will help engine designers ant testers to safely optimize the
engine performance, since a slight reduction of SA with respect to
light knocking condition completely suppress any knocking
phenomena.
The three SAs adopted, namely, 15, 25, and 35 CAD before
TDC (BTDC), have been fixed to avoid combustion ignition onset
too different from that of practical interest in actual engines, while
the four inlet mixture temperatures, namely, 50, 80, 110, and
140  C, have been selected with the aim to include both naturally
aspirated and supercharged SI engine possible inlet temperatures:
as a result, 12 different test conditions have been explored for
each of the six different fuel compositions, which means a total of
72 operative conditions tested (resumed in Table 2).
For each single test condition, 50 consecutive knocking cycles
were sampled, thus collecting a total amount of 3600 pressure

cycles. The knock prediction model has been hence calibrated by
means of a greatly differentiated set of pressure and temperature
histories, in order to predict knocking occurrence in engines of
different kind (i.e., aspirated and supercharged) and geometries
(i.e., CR). Table 3 resumes the CR which allowed causing light
knocking for each of the operative conditions tested. The characteristics of the gasoline and propane used in the tests are instead
reported in Table 4.
From IVC to SI time, the unburned mixture temperature T has
been calculated, for each single pressure trace, by means of the
perfect gas law, being both the in-cylinder volume V and gas pressure p known,
T ¼ TIVC 

pV
pIVC  VIVC

(6)

Here, pIVC, VIVC, and TIVC denote pressure, volume, and temperature of the gas at IVC. The main assumption at the basis of Eq. (6)
is the absence of gas leakage from the cylinder: considering that
at 900 RPM the compression stroke has the duration of 33.3 ms,
which is quite near to the 30 ms employed in some rapid compression machines [16], this assumption is largely acceptable. The
temperature TIVC has been considered equal to the inlet temperature TMIX thus neglecting heat transfer during the intake stroke.
Since starting of combustion, the burned and unburned gas temperatures differ each other and their masses and volumes change
continuously during flame front propagation: this makes Eq. (6)
no more valid. Hence, after SI, the unburned gas temperature T
has been evaluated, for each pressure trace, on the basis of a
polytropic law, as usually done in rapid compression machines
calculations [16,17] or in zero-dimensional modeling of SI
engines

T ¼ TING 

p

m1
m
(7)

pING

where pIGN represents the unburned gas pressure measured at SI
time, TIGN its temperature, evaluated by the use of Eq. (6), while
Table 4

Gasoline and propane properties

Properties
Composition

Fig. 7 Raw and filtered pressure with #KO,exp evaluation (propane mass fraction 40%, SA 5 35 CAD BTDC, TMIX 5 80  C)

Journal of Engineering for Gas Turbines and Power

Molar mass (g/mol)
MON
Lower heating value (MJ/kg)
Stoichiometric air–fuel ratio

Gasoline

Propane

Mixture of C4–C12
hydrocarbon
103–114 [34–36]
85
43.4
14.7

99% C3H8
44
96.7
46.3
15.7
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m is the polytropic coefficient: this has been determined as the
opposite slope of least square regression line representing Log p
as function of Log V from 80 to 40 CAD BTDC. This procedure,
applied to each single pressure trace, allowed taking into account
the different heat transfer levels related to the several different
CRs and intake temperatures employed in the tests (see Table 3).
Once known the experimental location of knock onset, #KO,exp,
for each of the pressure cycle sampled, the KOCA #KO,model estimated by the model has been determined by solving the KI of
Eq. (3) and using the ignition delay time model of Eq. (5) in the
crank angle domain
ð #KO;model
#IVC

d#
¼1
xs

(8)

where #IVC is the crank position at IVC and x is the engine angular velocity (rad/s). The KOCA error e can be then evaluated for
each single pressure trace, according to the set of constants A, n,
and B of the ignition delay model
e ¼ #KO;model  #KO;exp

(9)

Experimental Results and Discussion
The model was initially calibrated using the pressure cycles
obtained with gasoline (first column in Table 3, i.e., 0% propane)
and propane (last column in Table 3). The optimal set of model
constants A, n, and B has been determined minimizing the mean
absolute error eMA evaluated over the total number of pressure
cycles N available for the fuel
N
X

eMA ¼

jei j

i¼1

N

(10)

where ei is the KOCA error determined for the ith knocking
pressure cycle using Eq. (9). As already mentioned, the starting
temperature of the NTC behavior TNTC has been determined for
each of the two fuels by means of data published in Refs. [14,16]:
720 K for gasoline and 740 K for propane.
For a fixed set of values of n and B, the parameter A has been
varied, using the Downhill Simplex searching algorithm [30], in
order to minimize the objective function eMA (A, B, n); this
method has been repeated for B ranging from 3500 to 11,500 and
n ranging from 3.5 to 5.5: these range of variations have been
fixed considering the mean values suggested in literature for
gasoline [6,8,11] and propane [18,31]. The model has been tuned

Fig. 9 Contour map of the minimum eMA as a function of the
model constants B and n (gasoline, TNTC 5 720 K)

minimizing the KOCA error instead of integral error (i.e., the difference between the integral value at knock onset and 1) because
the first better represents the model prediction accuracy from an
engine optimization point of view, since it shows the model error
in terms of CAD. This procedure allowed to trace the surface and
the contour map of the minimum eMA as function of B and n,
which, as example, are reported in Figs. 8 and 9, respectively, for
the gasoline case: the cross indicates the absolute minimum of
eMA and allows to determine the best values of the three model
parameters, reported in Table 5 together with the mean and the
maximum absolute error jeMAXj. Table 5 also shows the values
obtained for propane, which, as can be noted, are quite different
from that of gasoline due to the different knock resistance of the
two fuels; in particular, the greater value of B determined for propane corresponds to its higher activation energy (see Eq. (1)).
As regards the simultaneous combustion of propane and gasoline (also called double fuel operation), some preliminary considerations have to be pointed out. The results obtained in the
previous works [1,24,32], as well as the knocking CR increments
due to the addition of propane to gasoline (see Table 3) demonstrates that, as regards knock resistance, the gasoline–air mixture
strongly benefits from the addition of propane (which is the
main component of LPG); the experimentally observed knock
resistance increase can be explained taking into consideration an
interaction between the intermediate products of the pre-ignition
reactions of both gasoline and propane. During flame front propagation, in effect, each fuel in the unburned mixture is characterized by a certain number of pre-ignition reactions which are
essentially governed by the radicals produced by each single component of the fuel. Due to the very different composition of gasoline (mainly composed by C4 to C12 hydrocarbons [33,34]) and
propane (which instead is a C3), the radicals involved in the
chain-branching reactions of gasoline are quite different from
those produced by propane, which are characterized by lower
reaction rate and longer lives [14,16]. This explains the higher
knock resistance of propane (96.7 MON, as reported in Table 4)
with respect to gasoline (85 MON). A possible explanation of the
knocking resistance increase obtained by adding propane to gasoline may hence be given by supposing that the propane

Table 5 Values of the model parameters determined for gasoline and propane
Fuel
Fig. 8 Surface of the minimum eMA as a function of the model
constants B and n (gasoline, TNTC 5 720 K)
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A

n

B

Gasoline 1.000 4.85
5450
Propane 0.0185 5.45 11,000

TNTC (K) eMA (CAD) jeMAXj (CAD)
720
740

0.63
0.61

2.4
3.4
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Table 6 Values of model parameter A determined for each
propane–gasoline
mixture
tested
(n 5 4.85,
B 5 5450,
TNTC 5 720)
Propane mass fraction (%)
0
20
40
60
80

A

eMA (CAD)

jeMAXj (CAD)

1.00
1.90
2.80
3.90
4.90

0.63
0.60
0.82
0.90
1.11

2.4
2.1
2.3
3.4
3.8

Fig. 11 Fuel mixture MON as function of the propane mass
fraction

Fig. 10 Model parameter A as function of the propane mass
fraction

intermediate products interact with gasoline radicals slowing
down their reactions and hence the overall auto-ignition process
(i.e., increasing the auto-ignition delay time s). According to the
above mentioned considerations, in the simultaneous combustion
of propane and gasoline, the auto-ignition process is promoted by
the lower knock resistant fuel (gasoline) and slowed down by the
higher resistant (propane): this led the authors to assume that in
the combustion of propane–gasoline mixture, it is always the less
resistant (i.e., gasoline) to cause knocking. Hence, being the constants n, B, and TNTC responsible for the fuel sensitivity to pressure and temperature histories, for the double fuel operation the
authors considered the same values determined for pure gasoline
operation, entirely ascribing to the constant A the increased autoignition retard due to propane participation; the same procedure
has been followed in Ref. [8] for the simultaneous combustion of
n-heptane and isooctane and in Ref. [11] for the combustion of
NG–gasoline mixtures. Hence, applying the already mentioned
minimum search algorithm to the mean absolute error (Eq. (10))
of the model using the double fuel operation experimental data
(from 20% to 80% propane mass fraction in Table 3), the authors
determined the values of the parameter A, which are listed in
Table 6 together with the corresponding mean and maximum
errors, and shown in the graph in Fig. 10 as function of the propane mass fraction.
As can be observed, a linear regression can be traced to express
the values of the parameters A for the double fuel operation
ADF ðxprop Þ ¼ 4:9 

xprop
þ 0:94
100

(11)

This means that the auto-ignition time of a propane–gasoline mixture can be linearly expressed as function of the percentage propane
concentration xprop. The authors consider this a very interesting
result, since it allows obtaining, by simple interpolation, the values
of A of the knock onset prediction models for any proportion
between propane and gasoline in the mixture. It must be remarked
that the linear regressions in Fig. 10 cannot include the 100% propane because, according to the hypothesis made, the diagram has
been realized considering the gasoline sensitivity to pressure and
temperature, i.e., all the data in Fig. 10 and Table 6 have been
Journal of Engineering for Gas Turbines and Power

Fig. 12 Model parameter A as function of the mixture MON
(propane mass fraction is also reported)

obtained using the values of n, B, and TNTC determined for pure
gasoline.
As far as the knock resistance of the fuel mixture is concerned,
a correlation between the parameter A and the mixture MON
would be very useful, as already stated by other authors [8]. In a
previous work [24], the authors experimentally found the
existence of a linear correlation between the MON of the
gasoline–LPG mixture and its LPG molar fraction. Given the high
concentration of propane in the LPG used in Ref. [24], a similar
linear correlation between the MON of propane–gasoline mixture
and the propane molar fraction can be assumed. Under this hypothesis, on the basis of MON value and molar mass of the two
fuels (110 g/mole for gasoline and 44 g/mole for propane), it is
possible to obtain the diagram of Fig. 11, which reports the
propane–gasoline mixture MON as a function of propane mass
fraction. From an engine management point of view, the mass
fraction is more suitable than molar fraction to represent mixture
composition since molar fraction is evaluated through the
assumed gasoline molar mass, which is affected by a 610% variability due to composition uncertainty [33,35,36].
Using the results reported in Figs. 10 and 11, it is possible to
trace a correlation between the parameter A derived in double fuel
operation and the mixture MON. This correlation is reported in
Fig. 12 together with its best fit curve
ADF ðMONÞ ¼ ð3:02  0:0238  MONÞ5:397

(12)

In both cases, the progress of A shows an increasing slope with
the mixture MON, which means a nonlinear correlation between
fuel mixture auto-ignition time of Eq. (1) and its knock resistance.
After identification, the output of the model has been compared
to experimental data. For each fuel tested, gasoline, propane, and
NOVEMBER 2015, Vol. 137 / 111501-7

Fig. 13 Comparison between estimated and experimental
KOCAs for gasoline (operative conditions reported in Table 3,
first column)

Fig. 15 Comparison between estimated and experimental
knock onset for double fuel operation (operative conditions
reported in Table 3, from 20% to 80% of propane mass fraction)

temperatures), and many different fuel compositions (greatly varied within the performed tests, as resumed in Tables 2 and 3).

Conclusions

Fig. 14 Comparison between estimated and experimental
KOCAs for propane (operative conditions reported in Table 3,
last column)

their mixtures (i.e., for each set of constants A, n, B, and TNTC),
the knock onset position evaluated by the model has been compared with the experimentally measured value. The results of this
comparison are shown in Fig. 13 (gasoline), Fig. 14 (propane),
and Fig. 15 (double fuel operation): as can be observed, a very
good correlation is found for all fuels tested with R2 values ranging from 0.980 (double fuel) to 0.987 (gasoline), maximum errors
varying from 62.4 CAD (gasoline) to 63.4 CAD (double fuel
and pure propane) and mean absolute errors comprised between
0.61 CAD (propane) and 0.86 CAD (average result for double
fuel operation).
These results demonstrate that once properly calibrated, the
model is able to predict the knock onset position with a maximum
error lower than 4 CAD, which is a very satisfactory result, above
all if the wide variety of pressure and temperature histories used
for model calibration is considered: the experimental data used in
effect may represent many different engine geometries and thermodynamic conditions (i.e., different CRs and mixture inlet
111501-8 / Vol. 137, NOVEMBER 2015

The purpose of this work was to provide a reliable knock onset
prediction model to be used in engine thermodynamic simulations
for a knock-safe performance optimization of engines fueled by
propane, gasoline, and their mixtures in different proportions.
This has been accomplished by the combined use of a refined version of the classical Arrhenius type ignition delay model together
with the KI approach, which allows taking into account the internal combustion engines pressure and temperature variations. An
original modification has been introduced in the usually employed
model for auto-ignition delay with the aim to account for the NTC
behavior exhibited by gasoline, propane, and many other hydrocarbons based fuels at intermediate temperatures. The parameters
of the model have been tuned by means of experimental data collected on a properly modified CFR engine. Thousands of light
knocking pressure cycles, obtained with a large variation of initial
temperature and CR, have been used for model identification: this
gives the model a general validity, allowing to predict knocking
occurrence in engines of different kind (naturally aspirated or
supercharged) fueled with gasoline, propane, and their mixtures in
every proportions. The knock onset prediction accuracy revealed
very high, with mean absolute error always lower than 1 CAD,
which is almost negligible for engine spark timing calibration
purpose.
As also shown by the experimental results, the auto-ignition
time of the propane–gasoline mixtures exhibits a linear trend with
respect to propane mass fraction and an increasing slope trend
with respect to mixture MON.

Nomenclature
A, B, n ¼
ADF ¼
A/F ¼
(A/F)ST ¼
ATDC ¼
BTDC ¼
CAD ¼
CFR ¼
CR ¼
E¼

fuel-dependent model constants
model constant A for double fuel operation
air - to - fuel ratio
stoichiometric value of the air to fuel ratio
after top dead center
before top dead center
crank angle degrees
cooperative fuel research
compression ratio
fuel activation energy
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ID ¼
IGBT ¼
IVC ¼
KI ¼
KOCA ¼
LPG ¼
m¼
MAP ¼
MON ¼
N¼
NG ¼
p¼
pIGN ¼
pIVC ¼
pm ¼
PID ¼
R¼
RPM ¼
SA ¼
SI ¼
t¼
T¼
TIGN ¼
tIVC ¼
TIVC ¼
tKO ¼
Tm ¼
TMIX ¼
TNTC ¼
TDC ¼
V¼
VIVC ¼
xprop ¼
e¼
eMA ¼
eMAX ¼
s¼
/¼
x¼
#IVC ¼
#KO,model ¼
#KO,exp. ¼

ignition delay
insulated gate bipolar transistor
inlet valve closure
knock integral
knock onset crank angle
liquefied petroleum gas
polytropic law coefficient
manifold absolute pressure
motor octane number
total number of pressure cycles acquired for each
operative condition
natural gas
unburned gas pressure
unburned gas pressure at spark ignition time
unburned gas pressure at IVC
experimental mean unburned gas pressure
proportional integral derivative
universal gas constant
revolutions per minute
spark advance
spark ignition
time
unburned gas temperature
unburned gas temperature at spark ignition time
inlet valve closure time
unburned gas temperature at IVC
knock onset time
experimental mean unburned gas temperature
inlet mixture temperature
initial temperature of the fuel NTC behavior
top dead center
in-cylinder volume
unburned gas in-cylinder volume at IVC
propane mass fraction
model KOCA error
model mean absolute error
model maximum absolute error
ignition delay
equivalence ratio of the air–fuel
mixture ¼ (A/F)ST/(A/F)
engine angular velocity
crank angle at inlet valve closure
KOCA estimated by the model
experimental KOCA
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