
ABSTRACT
Bi-fuel spark ignition engines, nowadays widely spread, are
usually equipped with two independent injection systems, in
order run the engine either with gasoline or with gaseous fuel,
which can be Natural Gas (NG) or Liquefied Petroleum Gas
(LPG). These gases, besides lower cost and environmental
impact, are also characterized by a higher knock resistance
with respect to gasoline that allows to adopt a stoichiometric
proportion with air also at full load. Gasoline, on the other
hand, being injected as liquid, maintains higher volumetric
efficiency and hence higher power output. As a compromise
solution, it could be desired to exploit the advantages of both
gasoline and gas (NG or LPG), thus performing a Double-
Fuel injection: as already experimented by the authors [1, 2],
the addition of gaseous fuel to the gasoline/air mixture
increases knocking resistance, allowing to run the engine
with both “overall stoichiometric” mixture (thus lowering
fuel consumption and emissions) and better spark advance
(which increases engine efficiency) even at full load: the
results showed high improvements in engine efficiency
without noticeable power losses respect to the pure gasoline
operation. Since no references have been found in literature
on the Octane Number of both NG-gasoline and LPG-
gasoline blends, the authors decided to experimentally
determine the knock resistance increase due to gaseous fuel
addition to normal air-gasoline mixtures. A wide
experimental campaign has been carried out in order to
evaluate the correlation between the gaseous fuel-gasoline
mixture composition and its overall knock resistance
measured in terms of Motor Octane Number (MON). To this
purpose, a CFR engine was endowed with two independent
injection systems in order to realize mixtures with different

proportion between gaseous fuels and gasoline and control
the overall air-fuel ratio. The experimental results presented
in this paper are quite innovative and will be fundamental for
future study on the simultaneous combustion of gaseous fuel
and gasoline. The experimental results showed that the
relationship between the mixture MON and gaseous fuel
concentration in the blend is not linear and is quite different
between NG-gasoline and LPG-gasoline blends.

INTRODUCTION
Bi-fuel vehicles are nowadays widely spread in the
automobile market, thank to their prerogative of low pollutant
emissions and fuel cost saving. These vehicles are equipped
with spark ignition engines endowed of two separate injection
systems in order to run either with gasoline or with gaseous
fuel, such as Natural Gas (NG) or Liquefied Petroleum Gas
(LPG). In medium-high loads conditions, the use of gasoline,
due to its relatively low knocking resistance (approximately
85 MON), compels the adoption of very rich mixtures and
low spark advances in order to prevent from dangerous
knocking phenomena: this causes high hydrocarbon and
carbon monoxide emissions and high fuel consumption.
Gaseous fuels instead, thanks to their higher knocking
resistance (92 MON for LPG and 122 MON for NG), allow
to run the engine with stoichiometric mixture even at full
load. These observations induced the authors to experience
[1, 2] the simultaneous combustion of gaseous fuels and
gasoline in stoichiometric proportion with air on a spark
ignition engine, so as to exploit the good qualities of each
fuel to obtain cleaner and more efficient combustions. The
authors investigated both the use of NG/gasoline [1] and
LPG/gasoline blends [2] in order to study the effects of the
addition of the two most widely spread gaseous fuels to
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gasoline in a series production spark ignition engine under
different proportion between gas and gasoline. The
combustion of gaseous fuel-gasoline mixtures offers various
advantages: the addition of natural gas, as well as LPG, to the
gasoline, in fact, effectively strongly increases knocking
resistance, thus allowing to run the engine with “overall
stoichiometric” mixtures also at full load, which in turn gives
efficiency increase of about 20% and pollutant emissions
(above all HC and CO) decrease in the order of 90%. The
increased resistance to knock also allows to improve the
thermodynamic cycle by advancing the combustion up to its
best phase, which in turn implies a further improvement in
terms of engine efficiency: in previous works [1, 2] the
authors obtained a maximum increase of 26% on engine
efficiency, respect to the pure gasoline mode, without
noticeable power losses respect to the pure gasoline
operation. In exchange for these considerable advantages, the
double-fuel strategy does not entail any added complexity: it
can be easily implemented by means of a simple ECU
software update, since no hardware modifications are
required, being the two injection systems already available on
a bi-fuel engine. These encouraging results lead to consider
the double-fuel combustion as a valid alternative to normal
gasoline or gaseous fuel (NG or LPG) operation in bi-fuel
engines.

In recent years, various researchers have focused their efforts
on the study of mixtures of two or more fuels. The ethanol
gasoline blends have been extensively studied [3, 4] and are
nowadays used in the automotive field. Many researchers
carried out studies on gaseous fuels, such as methane or
hydrogen [5], and on mixtures of gaseous fuels [6 ÷ 27], with
particular attention on efficiency improvement and pollutant
emissions [12]. The use of natural gas has also been studied
with particular emphasis on the effects of the variation of its
chemical composition [12, 13, 27]. In order to measure the
knocking resistance of gaseous fuels, the Methane Number
(MN) method, developed by Leikar et al. [14, 13, 15, 16, 17],
is often used as alternative respect to the ASTM Motor
Octane Number method (MON) [22], which is not suited for
the rating of very high knock resistance fuels, i.e. for
MON>120: below this threshold the Methane Number,
nowadays fairly widespread, showed a good correlation with
the MON [13]. The octane scale is not as appropriate for use
with very high octane number fuels as it is for lower octane
number liquid fuels. In fact the ASTM test method is
currently used to rate gasoline but has a rating upper limit of
120.3 MON that is close or lower to the values of several
natural gas octane number [12]. However others researchers,
including the authors, conducted their works by means of the
extrapolation method [13] that allows to extend the octane
scale rating capabilities up to approximately 127 MON. This
method allows to rate an ordinary natural gas with a methane
content lower than 90 percent, that is the scale commonly
used among the automotive industry. However, despite many
works were carried out on alternative fuels and mixtures of
various fuels [3 ÷ 29], the authors did not find any studies on
the knock resistance of NG-gasoline or LPG-gasoline blends.
This lack of information and of experimental data induced the

authors to carry out a specific experimental campaign with
the aim to quantify the knock resistance of the two blends as
function of the their compositions. The knock resistance was
measured in terms of Motor Octane Number by means of a
CFR engine meticulously following the reference standard
ASTM D2700 test method [22]. To this purpose the CFR
used for this experimental campaign was endowed with two
independent injection systems in order to realize each desired
proportion between gasoline and gaseous fuel and to control
the overall air-fuel ratio.

EXPERIMENTAL SETUP
This experimental study has been carried out using a
Cooperative Fuel Research (CFR) engine [22] manufactured
by Dresser Waukesha, whose characteristics are resumed in
Table 1. The CFR engine is a four-stroke two valve stationary
single-cylinder spark-ignition engine. The particular engine
arrangement allows to vary quickly and accurately the
Compression Ratio (CR) from 4.5 to 16 by moving the
engine head (fixed to the cylinder sleeve) with respect to the
piston. This system is operated by a hand crank mechanism
and does not affect valve clearances. The combustion
chamber is of discoid type and its basic configuration does
not change with the compression ratio.

The CFR engine is connected to an electric synchronous
motor that keeps a constant engine speed of 900 rpm both in
fired and motored condition. The CFR features a capacitive
discharge ignition system with a mechanical arrangement that
automatically varies spark advance as function of
compression ratio: from 26° Before Top Dead Centre
(BTDC) with CR=4.5 to 10° BTDC when CR is 16, as
prescribed by the ASTM test method D2700.

The CFR is also equipped with two electric heater controlled
by two independent PID control systems in order to maintain
both inlet air temperature and air/fuel mixture temperature at
their reference values. Another electric heater is used to
control engine lubricant temperature. The CFR is also
endowed with a thermo siphon cooling system to maintain
the cylinder jacket coolant temperature at the desired value.
All the temperatures were measured using K-type
thermocouples.

As regards fuel supplying, the CFR engine features an
original carburettor system with three independent bowls.
This arrangement allows a fast fuel change while the engine
is running, as required during an octane rating test, but does
not allow the use of gaseous fuels. The authors hence
endowed the CFR engine with two independent injection
systems in order to run the engine with gaseous fuel-gasoline
mixtures controlling both the proportion between the two
fuels and the overall air-fuel ratio.



Table 1. CFR Engine Specifications [22].

Figure 1. Experimental system layout.

Two port fuel injectors were placed on the CFR intake duct
before the carburettor (Figure 1): this arrangement was
chosen in order to preserve the original air inlet path without
varying any part dimension. The gaseous fuel used in the test,
stocked in proper tank, passed through a Bronkhorst mini
CORI-FLOW® Coriolis effect mass flow meter and 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 oscillation
due to pulsed injection.

The gasoline injection system was composed by an electric
fuel pump and an automatic pressure regulator to maintain a
constant injection pressure of 4 bar. A fuel cooler, placed on
the return line, ensured a proper gasoline temperature.
Gasoline mass flow was deduced on the base of the injection
time by means of the injector flow chart, previously
experimentally determined on the same fuel supply system
using the mentioned high precision Coriolis type flow meter.
Both gaseous fuel and gasoline injectors were operated
through two IGBT transistors activated by digital pulses
generated by means of a National Instruments DAQCard

6062E. A personal computer was used to manage the
injection systems and perform data acquisition, both
programmed in LabVIEW environment. In order to realize
the desired overall air-fuel ratio, the gaseous fuel injection
system was controlled in closed-loop using as feedback the
output signal of a Universal Exhaust Gas Oxygen (UEGO)
sensor placed in the exhaust duct. The gasoline injection was
instead operated in open-loop in order to reach the desired
proportion with the gaseous fuel. The ambient pressure, a
very important parameter for the fuel octane rating, has been
measured by means of a barometric pressure sensor Druck
PMP 1400 and its value has been used for the correction of
compression ratio values, as prescribed by the ASTM
standard method.

Also intake air humidity is a critical parameter for the fuel
octane rating because of its strong influence on knocking
phenomena: as the amount of water vapour in the intake air
increases, knock intensity decreases. For this reason a relative
humidity sensor Measurement Specialties HTM2530LFL
together with an air temperature sensor were used to measure
the amount of water vapour in the inlet air, thus checking the
respect of the limits (3.56 ÷ 7.12 g of water per kg of dry air)
imposed by the ASTM standard method.

All the relevant quantities were sampled using as trigger and
scan clock the outputs of a 360 pulses per revolution
incremental optical encoder connected to the engine
crankshaft.

During each octane rating test, the knock intensity was
measured by means of the original CFR system, constituted
by a knock sensor placed on the combustion chamber (Figure
1), a knock meter for knock signal conditioning and an
analogical display showing the knock intensity. As required
by the reference standard ASTM D2700 [22], the knock
meter has been properly calibrated before each test.

TEST METHODS AND
EXPERIMENTAL RESULTS
The aim of the present work was to evaluate the correlation
between the overall knock resistance and the composition of
the two blends: NG-gasoline and LPG-gasoline. These
mixtures were experimentally tested according to the ASTM
D2700 test method [22], whose operating conditions are
reported in Table 2, under different proportions between
gaseous and liquid fuel.

The octane rating values are strictly dependent on the CFR
engine features and therefore some preliminary tests were
conducted in order to validate the octane rating capabilities of
the CFR engine endowed with the double injection systems.
To this purpose, a gasoline sample was rated using
alternatively both the original carburettor system and the port
injection system: as a result, the same MON value of 84.1
was obtained by both fuel supplying systems. The validation
of the gaseous fuel injection system was instead carried out



by rating the octane number of both NG and LPG used for the
test, whose composition is shown in Table 3 and Table 4. As
a result, for NG a 122.1 MON was measured, which is very
similar to the 122.6 MON obtained by means of the empirical
formula of Kubesh et. al. [13], based on the natural gas
composition and widely used by others researchers [15, 17].
The octane rating of the LPG sample gave a result of 92.7
MON, which is very similar to the 93.0 MON achieved with
same LPG composition by other researchers [20, 21]. It is
worth to mention that a difference of 0.3÷0.5 MON is quite
admissible since lower than the CFR MON reproducibility
standard deviation, which varies from 0.4 to 0.7 MON on a
range of 90÷120 MON, as reported on the standard reference
ASTM D2700 [22]. Moreover, at the beginning of the
experimental campaign, the overall engine compliance was
instead established in accordance with the standard “Fit-for-
Use” procedure using Toluene Standardisation Fuels, whose
known accepted reference values are prescribed by reference
ASTM D2700 [22].

Table 2. Motor octane number rating conditions [22].

As is known, the standard octane test procedure requires the
use of some Primary Reference Fuels (PRF) obtained mixing
isooctane and n-heptane in predetermined volumetric
proportion [22]. The knock rating of the tested fuel is
determined by a comparison of its knocking tendency with
that of two Primary Reference Fuels (PRF), whose octane
number is known by definition on the basis of their
composition: the octane number of the tested fuel is then
obtained by means of an interpolation procedure. The PRF
blends were prepared on a gravimetric basis using a high
precision balance. The isooctane and n-heptane used in the
experimental campaign were analytical grade quality with a
minimum purity of 99.75%. In the test performed, the PRF
were always used with the original carburettor system, which,
thanks to its three independent fuel bowls, allowed rapid

change of fuel without stopping the engine. The gaseous fuel-
gasoline mixtures instead were realized by injecting the
proper amount of both fuels (gaseous and liquid) in the intake
duct using the added injection systems (Figure 1), thus
pursuing a very accurate control on the overall air-fuel ratio
and on the proportion between the two fuels.

As prescribed by the standard method, each fuel used was
rated at the air-to-fuel ratio that produces the maximum
knock intensity (KI): for each of the fuel tested hence, this
operative condition was achieved by means of a sweep
procedure in which all the other parameters were kept
constant. For each NG-gasoline blend, as well as LPG-
gasoline mixture tested, the MON value presented in this
paper was obtained as mean value over three successive
measurements which satisfied certain stability and
repeatability conditions exposed in the standard procedure
[22], such as a maximum difference of 0.3 MON between
two consecutive knock ratings. For octane rating of sample
fuel with a knock resistance greater than 100 MON, the
standard procedure involves the use of reference blends
consisting of iso-octane with specified quantities of tetraethyl
lead (TEL). Figure 2 shows the relationship between MON
and the TEL quantity to add to 400 ml of iso-octane: as can
be observed, the effect of TEL addition on MON is not linear.
The ASTM standard sets a maximum of 0.634 ml of TEL per
400 ml of iso-octane which results in an upper rating limit of
120.3 MON for a CFR engine. However, by means of the
extrapolation method [13], it is possible to extend the octane
scale up to 127 MON, that is sufficient to rate a natural gas
with a methane concentration up to 90 percent (vol.).

Figure 2. Relationship between MON and TEL addition
to 400 ml of iso-octane [13, 22].

The entire experimental campaign was carried out using
unique samples of commercial gasoline, natural gas and LPG.
In fact, as known, both LPG and NG are mixtures of various
gases and their composition may differ according to the
producer, to the period of production and to the geographic
location. The main components of commercial NG are
methane, ethane, propane, others heavier hydrocarbons and
inert gases, such as CO2 and N2, in lower quantities.
Commercial LPG is instead usually constituted by propane,
butane, propylene and others in lower quantities.



All these components feature different knocking resistance
and, as consequence, both LPG [19] and NG [13] MON are
heavily dependent on mixture composition. Methane has the
very high knock resistance of 140 MON [13], while heavier
hydrocarbons, such as propane and ethane (characterized by
lower MON) tend to lower NG knock resistance.

Carbon dioxide increases the knocking resistance of the
mixture [13, 27] since acts as a fuel diluent and has a high
specific heat. As observed by Brecq et al. [27], CO2 has a
higher anti-knock effect than N2. Table 3 and Table 4 report
the composition of the natural gas and of the LPG samples
used in the tests.

Table 3. Composition and properties of the natural gas
used

Table 4. Composition and properties of LPG used

The tests performed confirmed that the addition of NG or
LPG to gasoline significantly raises the resistance to
autoignition. As reported in Figure 3, the MON of each
gaseous fuel-gasoline mixture tested is represented as

function of the gaseous fuel mass fraction (i.e. the ratio
between the gaseous fuel mass and the total amount of fuel
injected, xNG for NG and xLPG for LPG) which varies from
0% for pure gasoline, to 100%, which instead refers to pure
NG or pure LPG. The upper (blue) curve refers to the NG-
gasoline mixtures while the lower (orange) curve to the LPG-
gasoline blends.

As can be observed, for both the gaseous fuels used, the
relationship between MON and gas mass fraction is not linear
and it is quite different between the two type of mixtures.
Due to the higher knock resistance of natural gas (122 MON)
with respect to LPG (92.6 MON), the same gas mass fraction
produces in the NG-gasoline mixtures a higher knock
resistance than in the LPG-gasoline blends. Moreover, the
difference between the two gas on enhancing the overall
MON raises as the gaseous fuel mass fraction increases.

The experimental data of the NG-gasoline mixtures can be
interpolated by means of the following quadratic function:

(1)

Figure 3. Measured MON of NG-gasoline mixtures and
LPG-gasoline blends as function of the mass fraction of

the respective gaseous fuels.

Referring to the upper blue curve of Figure 3, as the NG mass
fraction increases from 0% to 20%, the MON of the
NGgasoline mixture increases from 84.1 to 88.3, which
results in a significant knocking resistance improvement. In
fact, starting from a common gasoline, the same results can
be achieved by means of particular additives or increasing the
quantity of oxygenates components, usually present in
gasoline composition.

Using a natural gas mass fraction from 20% to 25%, allows to
reach an overall MON between 88 and 90, which corresponds
to the high knock resistance of commercial gasoline type with
100 RON (Research Octane Number), such as “Super Plus”
quality gasoline. The iso-octane knock resistance (i.e. MON



100) has been reached with natural gas mass fraction between
50% and 60%.

For NG mass fraction higher than 60%, the MON increase is
more pronounced. The last 20% of NG mass fraction
produced a great knock resistance improvement, i.e. from 109
to 122.1 MON, quite different from that produced by the first
20% (Figure 3).

As regards the LPG-gasoline mixture, the experimental
results can be interpolated by means of the following
quadratic function:

(2)

The lower orange curve of Figure 3 shows that the LPG-
gasoline mixture reaches a MON of 88.1 with an LPG
addition of 30%. An overall MON between 88 and 90
(corresponding to the high knock resistance of commercial
gasoline type with 100 RON) can be achieved with LPG mass
fraction from 30% to 50%.

Unlike for the NG-gasoline mixtures, for LPG mass fraction
higher than 60%, the MON increase is less pronounced. The
last 20% of LPG mass fraction produced a small knock
resistance improvement, i.e. from MON 92 to 92.7, quite
different from the first 20% of LPG mass fraction, which
instead produced a strong MON increment from 84.1 to 86.7.

CONCLUSIONS
The authors of the present paper experienced in previous
works [1, 2] the simultaneous combustion of NG-gasoline
mixtures, as well as LPG-gasoline blends, on a spark ignition
engine. The strong increase in knocking resistance due to the
addition of gaseous fuel (especially using NG) to the
gasoline/air mixture allowed to run the engine at full load
with both “overall stoichiometric” mixture, thus lowering fuel
consumption and emissions, and to adopt better spark
advance, thus further increasing engine efficiency. These
improvements were obtained without noticeable power losses
respect to the pure gasoline operation. Given the absence in
literature of reports dealing with the knock resistance increase
obtainable by NG, as well as LPG, addition to air-gasoline
mixtures, the authors decided to quantify through a proper
experimental campaigns the knock resistance of both NG-
gasoline mixture and LPG-gasoline mixture as function of the
gaseous fuel concentration.

The knock resistance was measured by means of a standard
CFR engine [7, 22] in terms of Motor Octane Number
(MON), which is the scale commonly used among the
automotive industry. In order to test the simultaneous
combustion of gaseous fuel and gasoline for different
composition of the blend, the CFR engine was endowed with
two independent injection systems, thus allowing to perfectly
control the amount of gas and gasoline injected at each cycle.
A personal computer was used to manage both fuels injection

systems and the data acquisition by means of a specific
software, developed in LabVIEW.

In the experimental campaigns, various blends were tested for
each of the gaseous fuel considered, going from a 0% of
gaseous fuel mass fraction (i.e. the ratio between the gaseous
fuel mass and the total amount of fuel injected) when running
with pure gasoline, to the 100% gaseous fuel mass fraction,
i.e. pure NG or pure LPG.

The results obtained confirmed that the addition of both NG
and LPG to gasoline significantly increase the engine knock
resistance. Obviously, having natural gas a higher knock
resistance than LPG, the addition of NG to gasoline produced
stronger MON increments than those obtained adding LPG.
The difference between the two gas in enhancing knock
resistance increases with the mass concentration of the
gaseous fuel.

The experimental results also showed that the relationship
between mixture MON and gaseous fuel mass fraction is not
linear and is quite different between NG and LPG. The
experimental data of each gaseous fuel can be interpolated by
means of a quadratic function.

As a result, the knock resistance of commercial gasoline type
with 100 RON, such as “Super Plus” quality gasoline, can be
obtained by adding to gasoline a 40% in mass of LPG or a
25% in mass of natural gas. The latter also allowed to reach
the knock resistance of pure iso-octane (i.e. 100 MON, by
definition) with a mixture mass concentration of 55%.
Starting from a standard commercial gasoline, the same
MON increments may be pursued by means of particular
additives or increasing the quantity of oxygenates
components. The simultaneous combustion of gasoline and
gaseous fuel (NG or LPG) in a internal combustion engine
may have further development, including some industrial
application, such as the use of the double fuel strategy on
series production spark ignition engine. The experimental
results presented in this paper hence give an important
contribution for a more detailed comprehension of the
significant effects of gaseous fuel addition in enhancing the
knock resistance of a normal air-gasoline mixture.
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DEFINITIONS/ABBREVIATIONS
A/F - Air to Fuel Ratio
ASTM - American Society for Testing and Materials
BTDC - Before Top Dead Centre
CAD - Crank Angle Degree
CFR - Cooperative Fuel Research
CR - Compression Ratio
KI - Knock Index
LPG - Liquefied Petroleum Gas
MON - Motor Octane Number
PRF - Primary Reference Fuel
RON - Research Octane Number
UEGO - Universal Exhaust Gas Oxygen
xLPG - LPG mass fraction on LPG-gasoline mixture

xNG - NG mass fraction on NG-gasoline mixture
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