(@

alllauc &llall aeala
sidillg aglell

King Abdullah University of
Science and Technology

Blending Octane Number of Toluene with Gasoline-
like and PRF Fuels in HCCI Combustion Mode

ltem Type Conference Paper

Authors Wagas, Muhammad; Masurier, Jean-Baptiste; Sarathy, Mani;
Johansson, Bengt

Citation Wagas MU, Masurier J-B, Sarathy M, Johansson B (2018)

Blending Octane Number of Toluene with Gasoline-like and PRF
Fuels in HCCI Combustion Mode. SAE Technical Paper Series.
Available: http://dx.doi.org/10.4271/2018-01-1246.

Eprint version

Post-print

DOl 10.4271/2018-01-1246

Publisher SAE International

Journal SAE Technical Paper Series

Rights Archived with thanks to SAE International in United States

Download date

09/08/2022 17:21:01

Link to Item

http://hdl.handle.net/10754/627588



http://dx.doi.org/10.4271/2018-01-1246
http://hdl.handle.net/10754/627588

2018-01-1246

Blending octane number of toluene with gasoline-like and PRF fuels in HCCI combustion mode

Author, co-author (Do NOT enter this information. It will be pulled from participant tab in MyTechZone)
Affiliation (Do NOT enter this information. It will be pulled from participant tab in MyTechZone)

Abstract

Future internal combustion engines demand higher efficiency but
progression towards this is limited by the phenomenon called knock.
A possible solution for reaching high efficiency is Octane-on-Demand
(OoD), which allows to customize the antiknock quality of a fuel
through blending of high-octane fuel with a low octane fuel. Previous
studies on Octane-on-Demand highlighted efficiency benefits
depending on the combination of low octane fuel with high octane
booster. The author recently published works with ethanol and
methanol as high-octane fuels. The results of this work showed that the
composition and octane number of the low octane fuel is significant
for the blending octane number of both ethanol and methanol. This
work focuses on toluene as the high octane fuel (RON 120). Aromatics
offers anti-knock quality and with high octane number than alcohols,
this work will address if toluene can provide higher octane
enhancement. Our aim is to investigate the impact of three gasoline-
like fuels and two Primary Reference Fuels (PRFs). More specifically,
fuels are FACE (Fuels for Advanced Combustion Engines) I, FACE J,
FACE A, PRF 70 and PRF 84. A CFR engine was used to conduct the
experiments in HCCI mode. For this combustion mode, the engine
operated at four specific conditions based on RON and MON
conditions. The octane numbers corresponding to four HCCI numbers
were obtained for toluene concentration of 0, 2, 5, 10, 15 and 20%.
Results show that the blending octane number of toluene varies non-
linearly and linearly with the increase in toluene concentration
depending on the base fuel, experimental conditions and the
concentration of toluene. As a result, the blending octane number can
range from close to 150 with a small fraction of toluene to a number
closer to that of toluene, 120, with larger fractions.

Introduction

Higher thermal efficiency for Spark Ignition (SI) engines is mainly
restricted due to knock [1]. The gasoline produced from the refineries
have low octane rating [2]. The most popular choice for increasing the
octane rating for the gasoline is by addition of aromatics and alcohols
[3-5]. Alcohols such as ethanol and methanol are widely accepted
because of their higher octane number and latent heat of vaporization.
The addition of high octane fuel to a lower octane fuel can be done by
both splash blending and customized blending. For the customized
blending, the two fuels are blended in real time and the anti-knock
quality of the final blend can be varied depending on the engine
requirements. This method of blending is known as Octane on Demand
(OoD).
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The knock rating of the fuel is experimentally performed using
Cooperative fuel research (CFR) engine according to ASTM standards
[6. 7]. RON and MON are two parameters that are used to understand
the knocking behavior of the fuels [8]. The mixtures of n-heptane and
iso-octane are known as Primary Reference Fuels (PRFs) [8]. The
octane number of the fuel is obtained by comparing its auto-ignition
behavior with the PRF mixture. The sensitivity (S = RON-MON) of
the PRF mixture is zero by definition [1]. Commercial fuels used in
vehicles do not have zero sensitivity and consist of many components
such as aromatics, olefins, paraffins and oxygenates [9]. In order to
introduce sensitivity and understand the auto ignition behavior of such
fuels, toluene is used and one of the possible surrogate fuels for the
commercial gasoline is toluene reference fuel (TRF) [1. 9, 10]. The
toluene reference fuel consist of three components: toluene, n-heptane
and iso-octane [11].

The RON of toluene was found to be 120 [11-13]. It has been
previously shown that the addition of toluene to the base fuels (iso-
octane and n-heptane) resulted in a non-linear blending behavior of
octane number with the increasing content of the toluene into the
mixture [11, 14]. The blending octane number (BON) is used to
describe the non-linear blending behavior [15-17]. Mathematically, the
blending octane number is given by [15, 18]:-

RONpix—RONpgse-Chase

BON(SI) = ,(1)

Chooster

where RONpase stands for the RON of the base fuel, Cpase is the
concentration of the base fuel, Croosier is the concentration of the
booster and RONnmixis the octane number of the mixture (either vol. %
or mol. % of the liquid phase). The RON term is replaced with the
HCCI fuel number for HCCI conditions.

For the non-linear behavior to exists, the blending octane number has
to be greater or less than the research and motor octane number of base
fuel. It has been reported that the addition of toluene into iso-octane
generates antagonistic blending effect for MON. However, for n-
heptane, synergistic blending behavior is observed for both RON and
MON [11]. For the antagonistic blending behavior, the octane number
of the mixture is lower than the octane number of base fuel [14, 18].
This is opposite to the synergistic blending behavior when ethanol is
added into iso-octane, n-heptane and the mixtures of both [14]. For
synergistic blending behavior, the octane number of the mixture is
higher than the base fuel octane number [18].

Homogeneous Charge Compression Ignition (HCCI) combustion
mode is well known for its lower nitric oxides emissions and reduced
fuel economy [19. 20]. RON and MON are not considered to be ideal
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parameters to describe the auto-ignition behavior in HCCI but instead Table 1: Four HCCI fuel numbers
Lund-Chevron HCCI fuel number is used [21]. Previously the addition

of toluene into ethanol reference fuels which consist of ethanol, iso- HCCI fuel numbers | Engine speed (rpm) | Intake air

octane and n-heptane have shown that the RON and HCCI number do Temperature Tin(°C)
not correlate well at both lower and higher inlet air temperatures [21]. HCCI-1 (RON) 600 52

The presence of aromatics in the gasoline fuel offers significant anti- HCCI-2 600 149

knock quality [22, 23]. Previous studies by the author about the

addition of ethanol and methanol have shown a strong non-linear HCCI-3 900 52

blending behavior into the base fuels [15, 24, 25]. The blending octane

number (BON) for ethanol was around 200 at small concentrations and HCCI-4 (MON) 900 149

at 100% ethanol concentration,, the BON decreased to 108 [15]. A

synergistic blending effect was observed for the ethanol[15]. Small
concentrations of ethanol were quite effective in increasing the octane
number in a disproportional manner[15]. Base fuel composition and

. o Table 2: Engine specifications and operating conditions
octane number changed the blending octane number significantly[15, P ’ ¢

17].

Engine Type Single Cylinder CFR
The octane number of toluene is higher than the octane number of Injection System Port Fuel Injection
ethanol and methanol. This study will utilize toluene as an octane
booster and determine if it can offer the same octane boosting benefits Bore 82.55 mm
as prev.igusly founq for ethanol . and metha.nol. The base f}lel Stroke 114.3 mm
composition has an important role in the non-linear RON evolution
[14]. The presence of aromatics in the base fuel can significantly Connecting Rod 254 mm
influence the RON response with the addition of octane booster. It has Compression ratio Variable from 4:1 to 15:1

been reported that with the addition of octane booster such as ethanol

into the base fuel having aromatics will lead to a decrease in the octane Speed 600-900 rpm

number [1]. Less is known about the role of toluene if its addition to

the base fuel will cause a decrease in octane number in HCCI Intake Pressure 1 bar

combustion mode. This study will determine whether the combustion Minimum Intake Air Temperature 52+2°C

mode has important role when toluene is added as octane booster. The

role of base fuel composition and octane number in the HCCI fuel Maximum Intake Air Temperature 149£2°C

number evolution with toluene addition will also be determined. Five Lambda (1) 3(HCCI)

base fuels were chosen, of which two, FACE I and FACE J gasoline’s,
have similar RON close to 70 but the aromatic contents differ by 30%.
This will enable to understand the role of base fuel composition on
blending octane number.

Experimental Set up

A Cooperative fuel research (CFR) engine was used to conduct the
experiments in the lean combustion environment. It was a variable
compression ratio engine with a range from 4 to 19. The standard CFR
engine is equipped with carburetor but for HCCI combustion, it was
replaced by port fuel injector. The fuel was injected 5 cm away from
the inlet valve using a constant feed fuel pressure of 6 bar. The intake
air flow temperature was regulated using two electric heaters. The first
electric heater was placed 75 cm away from the inlet valve and the
other one 125 cm away. The in-cylinder pressure was measured using
AVL GH14 D pressure transducer at a resolution of 0.2 CAD. The
engine control and the data acquisition were carried using the Figure 1: CFR engine.
LABVIEW software. Some of the engine specifications are shown in

Table 2. Figure 1 shows the CFR engine used for the experiments.

Four different HCCI fuel numbers were defined for this study. Table 1
shows the experimental conditions for the four HCCI numbers. HCCI-
1 (600 rpm, 52°C) and HCCI-4 (900 rpm, 149°C) were defined
equivalent to RON and MON of SI combustion mode. The other two
were defined to investigate the effect of temperature (HCCI-2) and
speed (HCCI-3) independently. Previously four HCCI fuel numbers
were also defined experimentally by Truedsson et al and support this
work [21].
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Fuels

Five base fuels consisting of three FACE gasolines FACE I, FACE J
and FACE A and two PRF (Primary reference fuels) 70 and PRF 84
were used for this study. More details about the properties, ignition and
heat release characteristics can be found in Ref [26-31]. Three of the
base fuels (FACE I, J and PRF 70) are classified as low octane fuels
with RON close to 70 and two other fuels (FACE A and PRF 84) as
high octane fuels with RON closer to 84. Toluene was added to these
base fuels at a concentration of 0%, 2%, 5%, 10%, 15% and 20% by
volume in liquid phase. Some of the details about the properties of the
base fuels are shown in Table 3.

Table 3: Base fuel properties

Low octane fuels High octane
Fuels fuels
FACE | FACE PRF FACE PRF

1 J 70 A 84
RON 70.2 73.8 70.0 83.9 84.0
MON 69.5 70.1 70.0 83.5 84.0
Octane Sensitivity 0.7 37 0.0 0.4 0.0
Aromatics (vol. %) 1.2 31.7 0.0 04 0.0
n-Paraffins (vol. %) 14.4 31.6 30.0 11.7 16.0

HCCI fuel number of blends

It is well established that for SI combustion, RON and MON are the
two parameters which are used to characterize the auto-ignition
behavior [8]. For HCCI, these two parameters are not ideal and
therefore Lund-Chevron HCCI number was introduced to understand
the auto-ignition behavior of the fuels in lean combustion environment
[21]. As a first step to obtain HCCI fuel numbers, PRF mixtures (PRF
60, PRF 70, PRF 80 and PRF 90) were tested and four transfer
functions equivalent to four HCCI fuel numbers were obtained as
shown in Figure 2. As expected, h the increase in the intake air
temperature, the compression ratios required for the auto-ignition
decreased for each of the tested blends. The method to obtain the
transfer function requires finding compression ratios for the auto-
ignition of the PRF mixtures with CAS50 (50% heat released) of 3° after
TDC. A line of best fit was obtained for each of the HCCI fuel numbers
which was further used to estimate the HCCI fuel number of the
toluene blends. The line of fit was in quadratic form as given by:-

HCCI fuel number = xR2 + yR; + z (2)

Where HCCI fuel number represents PRF (Iso-octane/n-heptane)

mixtures (60, 70, 80 and 90) tested and R, was the compression ratio.
The compression ratios obtained from the toluene blends are used
alongside the equation 2 to estimate the HCCI fuel numbers for the
blends. The constant values for each of x, y and z are given in the
Appendix B for each of the HCCI conditions.
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Figure 2: Transfer function in HCCI mode.

Blending HCCI Fuel Number (BON)

It has been highlighted in the previous publications of the author that
the non-linear blending behavior can be described by the blending
octane number (BON) [15, 18].

For HCCI mode, equation 1 can be expressed as:-

HCClyix—HCClpgse-Chase

BON(HCCI) = , (3)

Chooster

Where HCCI pgse stands for HCCI fuel number for the base fuel (0%
toluene)

C pase = Concentration of the base fuel (%vol in liquid phase.)

C pooster = Concentration of the booster (%vol in liquid phase.)

HCCl,ix = HCCI fuel numbers of the toluene blends (2%, 5%, 10%,
15%, 20%vol in liquid phase.)

Results

HCCI fuel number of different blends

Five base fuels were tested in this study and toluene was added to these
base fuels in volume percentage of 2%, 5%, 10%, 15% and 20%. As
described earlier, the HCCI fuel numbers for the blends were obtained
from the transfer function, as shown in Figure 2.

Figure 3 illustrates the variation of HCCI fuel number #1 with toluene.
At this operating condition, the engine was running at 600 rpm with an
inlet air temperature of 52°C, which is equivalent to the RON condition
of SI. As expected, the addition of toluene resulted in the increase of
HCCI fuel number. For the low ON fuels (FACE I, J and PRF 70),
20% addition resulted in the increase of HCCI fuel number from about
70 to 84. For the high ON fuels (FACE A and PRF 84), the increase in
the HCCI fuel number was only from 84 to 88. The missing data for
the high ON fuel is due to the limitation of compression ratios from
the engine hardware and as such, toluene could not be added beyond
10% by volume.
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Figure 3: HCCI fuel number for FACE fuels, PRFs at 600 rpm, T;,= 52°C and

A=3.

Figure 4 shows the variation of HCCI fuel number # 2 with toluene
addition. At this operating condition, the engine was running at 600
rpm with an inlet air temperature of 149°C. As expected, the trends for
all the base fuels remain the same with the increase in HCCI fuel
numbers for the base fuels. With the high inlet air temperature, the
increase in HCCI fuel number has decreased with toluene addition, as
compared to HCCI fuel number # 1. This is true for all base fuels and
can be observed from the slopes.

100 ;

LSRN SR, T— T -

HCCI fuel number # 2

=
\
i
i

HCCI-. 2 PRF?G

65

o
w
O I .
o J
ik
o

20
Toluene (Vol%)

Figure 4: HCCI fuel number for FACE fuels, PRFs at 600 rpm, Tin = 149°C and
A=3.

Figure 5 illustrates the variation of HCCI fuel number # 3 with toluene
addition. At this operating condition, the engine was running at 900
rpm with an inlet air temperature of 52°C. With the increase in speed
to 900 rpm, the increase in the HCCI fuel numbers remains about the
same when compared to HCCI fuel number # 1. This is true for all base
fuels. Both FACE A and PRF 84 have about the same HCCI fuel
numbers at different toluene concentrations which shows that the
composition effect is negligible at high engine speed for high ON fuels
but for the low ON fuels, the compositional effect is significant. FACE
J and I have about the same ON but the aromatic contents are higher
for FACE J.
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Figure 5: HCCI fuel number for FACE fuels, PRFs at 900 rpm, Tj, = 52°C and
A=3.

Figure 6 illustrates the variation of HCCI fuel number # 4 with toluene
addition. At this operating condition, the engine was running at 900
rpm with an inlet air temperature of 149°C. With the increase in both
speed and inlet air temperature, the changes in the HCCI fuel number
is smaller with the addition of toluene except for FACE I. This is
similar to the case of HCCI fuel number # 2. It is certain that the
increase in the inlet air temperature weakens the octane enhancement
effect of toluene addition to base fuels.
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Figure 6: HCCI fuel number for FACE fuels, PRFs at 900 rpm, Tj, = 149°C and

A=3

Opverall, it could be observed that the addition of toluene into the base
fuel results in the increase of HCCI fuel number at all four HCCI
conditions. The increase is observed to be greatest for low ON fuels as
compared to high ON fuels. This is true for all four HCCI conditions.
This is consistent with the previous study of ethanol addition into these
five base fuels [15]. With the addition of ethanol into these base fuels,
the increase in HCCI fuel number was greater compared to toluene
addition into the same base fuels [15]. The octane enhancement effect
of toluene addition is not as strong as it was observed to be for ethanol.
For SI combustion, when octane booster is added to the base fuels, it
is reported that a greatest increase in ON is seen for the low ON fuels



[16]. In that sense, base fuels seems to behave similar both in
stoichiometric and lean combustion conditions.

Blending HCCI fuel number (BON)

Figure 7 illustrates the Blending HCCI fuel number # 1 for all five base
fuels. The overall BON range for low ON fuels is from 90 to 145. PRF
70 has a higher BON as compared to FACE I and FACE J, showing
the compositional effect on the blending behavior. The higher BON
values for the PRF 70 indicates that toluene has a strong octane
enhancement effect on PRF 70 than FACE I and FACE J. For the non-
linear behavior to exist, the blending HCCI fuel number has to be
greater or less than 120 which is the ON of toluene. For 100% toluene,
it is expected that the Blending HCCI fuel number will approach 120.
At low concentrations, FACE 1 shows synergistic blending effect
whereas FACE J shows antagonistic blending effect. With the
increasing toluene concentration, non-linearity seems to vanish and
blending HCCI fuel number remains somewhat constant and equal to
be 120. For the high ON fuels, blending HCCI fuel number is
somewhat constant and equal to 120, which shows that the non-linear
behavior does not exists for high ON fuels.

240 i ! ] i — I
' ! ! HCCI-1-A
220 f----t reecsiiiceeibei | HCCI-1-PRF84 |-
: . : HCCI-1-1
L4 | D>HCCK1w |
=0 : ' ! HCCI-1-PRF70|
E L e S S S SRS

Blending HCCI fuel number # 1

Toluene (Vol%)

Figure 7 : Blending HCCI fuel numbers (BON #1) for toluene with FACE
gasolines and PRFs as base fuels (600 rpm, Tin = 52°C and A = 3).

Figure 8 illustrates the Blending HCCI fuel number # 2 for all five base
fuels. The BON range has increased from 80 to 200 for low ON fuels.
With an increase in the inlet air temperature, a non-linear blending
behavior is observed at low concentrations for low ON fuels. At high
toluene concentrations, the blending octane number for low octane
base fuels seems to converge around 120 showing a somewhat weaker
non-linear effect. FACE J shows the strongest antagonistic non-linear
blending effect among the low ON fuel. Different slopes for low ON
fuels show the compositional effect on blending behavior. The increase
in inlet air temperature has resulted in a non-linear blending behavior
for both FACE A and PRF 84 as compared to HCCI fuel number # 1.
PRF 84 has synergistic non-linear blending whereas FACE A has
antagonistic effect, reflecting on the compositional effect.
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Figure 8 : Blending HCCI fuel numbers (BON #2) for toluene with FACE
gasolines and PRFs as base fuels (600 rpm, Tin = 149°C and A = 3).

Figure 9 illustrates the Blending HCCI fuel number # 3 for all five base
fuels. With the increase in engine speed to 900 rpm, a very weak non-
linear blending behavior or linear behavior is observed for all the base
fuel at high toluene concentrations. FACE J has shown some
improvement for the BON values when compared to HCCI # 1 and 2
whereas BON values for PRF70 have reduced. The high octane fuels
also seems to have BON value around 120 showing linear blending
effect.
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Figure 9 : Blending HCCI fuel numbers (BON #3) for toluene with FACE
gasolines and PRFs as base fuels (900 rpm, Tin = 52°C and A = 3).

Figure 10 illustrates the Blending HCCI fuel number # 4 for all five
base fuels. The increase in both the speed and inlet air temperature has
significantly reduced the saturation behavior around ON 120 for all
base fuels at high toluene concentrations as compared to other HCCI
fuel numbers showing non-linear blending behavior. The BON range
for low ON fuels is from 98 to 180. The BON values for PRF 70 has
been reduced where as an improvement in the BON values are
observed for FACE I as compared to HCCI fuel number # 1. FACE J
has shown antagonistic non-linear blending effect at high
concentrations, which is opposite to what was observed at HCCI fuel



number # 1. FACE A and PRF 84 shows weak non-linear behavior
with most of the data points scattered around 120.
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Figure 10 : Blending HCCI fuel numbers (BON #4) for toluene with FACE
gasolines and PRFs as base fuels (900 rpm, Tin = 149°C and A = 3).

Effect of speed and temperature

In this section, each of the base fuels has been shown separately in four
different HCCI conditions. This will help to explain the effect of speed
and temperature clearly for each of the base fuels. Figures 11, 12 and
13 presents the BON for FACE I, FACE J and PRF70, respectively.
Among the three base fuels, one common observation is that at higher
toluene concentrations either the non-linear blending effect is weak or
there is no non-linear effect which means that the effect is linear and it
can be concluded that toluene is not a strong octane booster. The
degree of linearity is less observed for FACE I, which shows a
scattered lines for all four HCCI conditions. FACE I and FACE J has
ON close to 70 but different composition which leads to different BON
values at different HCCI conditions highlighting the compositional
effect on the blending behavior of toluene with the base fuels. The
speed and temperature effect was negligible for FACE J at higher
toluene concentrations. FACE I and PRF 70 have somewhat same
BON range (105 to 150) at high toluene concentrations, which shows
that both are behaving similarly. At high speed and low inlet air
temperature higher BON is observed for FACE J than PRF 70.
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Figure 11: Blending HCCI fuel number (BON) for toluene with FACE I as base
fuel, A=3.
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Figure 12: Blending HCCI fuel number (BON) for toluene with FACE J as base
fuel, A=3.
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Figure 13: Blending HCCI fuel number (BON) for toluene with PRF 70 as a
base fuel, A=3.



Figures 14 and 15 presents the BON for the FACE A and PRF 84. Both
the base fuels have same BON range from 100 to 160. The BON values
are closer to 120 showing linear blending or weak non-linear blending
behavior for both base fuels except at low toluene concentrations. The
saturation of BON values at high toluene concentrations shows that the
effect of speed and temperature is negligible, which is true for both
base fuels.
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Figure 14: Blending HCCI fuel number (BON) for toluene with FACE A as
base fuel, A=3.
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Figure 15: Blending HCCI fuel number (BON) for toluene with PRF 84 as base
fuel, A=3.

Discussion

It has been established that the fuel aromatics are important in
determining the HCCI operating range [32]. The addition of aromatics,
olefins and oxygenates into the commercial gasoline helps to increase
the RON for SI combustion and hence anti-knock quality [33]. HCCI
fuel number is used to characterize auto-ignition in the HCCI
combustion mode as described earlier and the results obtained in this
study highlights that the addition of toluene or aromatics to the base
fuels in the lean combustion environment helps to increase the HCCI
fuel number. It was found that the addition of ethanol or methanol
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resulted in greater increase of the HCCI fuel numbers for the same base
fuels as compared to toluene [15. 24]. This shows that ethanol and
methanol still remains to be strong octane boosters as compared to
toluene. Previous studies on ethanol for both volume and molar basis
showed a large difference in the blending octane number [18]. At 20%
ethanol concentration with FACE 1 and HCCI # 1, on volume basis,
BON was 193 and on mole basis was 132 [18]. This study with toluene
on volume basis already shows that for most of the data, the blending
octane number is close to 120 and if considered on molar basis using
equation 3 and the measured data, there is not going to be a big
difference in the blending octane number of toluene.

Toluene has a higher octane number when compared to neat ethanol or
methanol. However, the higher latent heat of vaporization and the
larger mole fractions for both ethanol and methanol results in a higher
HCCI fuel number. For e.g. 20% volume of ethanol is equal to 38% by
mole but for 20% toluene by volume it is about 25% by mole which
could be the main reason why HCCI fuel number did not increase
significantly with toluene addition.

Previous studies for HCCI combustion have highlighted that the
addition of ethanol or methanol on the same base fuels results in
synergistic blending effect i.e. the BON is higher than the ON of the
ethanol or methanol [15, 24]. The study with toluene shows both
synergistic and antagonistic blending effect. For SI combustion, it has
been observed that the addition of toluene into PRF mixtures results in
antagonistic blending effect [11]. In that sense, there are experimental
conditions where the addition of toluene into base fuels can result in
the similar blending behavior at both SI and HCCI conditions.

Conclusions

The octane boosting effect of toluene addition to five base fuels (FACE
I, FACE J, PRF 70, FACE A and PRF 84) corresponding to octane
numbers of 70 and 84 was studied in HCCI conditions. Following are
the conclusions from the experimental observations:-

e The non-linear blending effect with toluene addition can be
explained by the blending octane number and is observed to
be both synergistic and antagonistic blending effect
depending on base fuel and experimental conditions.

e  Toluene does not act as a strong octane booster. A weak non-
linear or linear blending with most of the BON values
scattered around 120 explains this observation.

e At small concentrations, toluene is not as effective of an
octane booster as ethanol or methanol. The small increase in
HCCI fuel number at low toluene concentrations explains
this observation.

e The base fuel composition and octane number plays an
important role in the blending behavior of toluene. The
blending octane number for toluene is lower for a base fuel
with higher aromatic contents.

e  Speed and inlet air temperature have secondary effects on
the blending behavior of toluene. Each of the HCCI fuel
numbers, representing certain speed and inlet air
temperature, helped to investigate the effect of operating
conditions on the blending behavior of toluene.
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Definitions/Abbreviations

BON Blending Octane Number

CAD Crank Angle Degree

CA50 Crank Angle for 50% heat release
CFR Cooperative Fuel Research

FACE Fuels for Advanced Combustion Engines

HCCI Homogeneous Charge Compression Ignition
MON Motor Octane Number

ON Octane Number

PRFs Primary Reference Fuels

RON Research Octane Number

SI Spark Ignition

TDC Top Dead Center

Page 9 of 12

7/20/2015


mailto:Bengt.Johansson@kaust.edu.sa

Appendix A

It was found that for small changes in HCCI fuel number, large changes can result for BON. For this purpose uncertainty analysis was performed on
the BON values. Four different average errors were estimated from Figure 2 corresponding to each HCCI fuel numbers. A maximum average error of
0.25 was found for HCCI # 4 and as a worst case scenario, uncertainty analysis was only performed for HCCI # 4. For the estimation of an error, line
of best fit was used. For e.g. for the blend of PRF 60, HCCI fuel number by default equal to 60 and by using the line of best fit, it was estimated around
60.1 for HCCI # 4 giving an error of 0.1. In a similar fashion, an error was estimated for other data points on the line of best fit and then an average of
0.25 was estimated.
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Figure A1 : Uncertainty analysis on Blending HCCI fuel numbers (BON #4) for toluene with FACE A as base fuels (900 rpm, Tin = 149°C and A = 3).
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Figure A2 : Uncertainty analysis on Blending HCCI fuel numbers (BON #4) for toluene with PRF 84 as base fuels (900 rpm, Tin = 149°C and A = 3).
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Figure A3: Uncertainty analysis on Blending HCCI fuel numbers (BON #4) for toluene with FACE I as base fuels (900 rpm, Tin = 149°C and A = 3).
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Appendix B

Table Al: Values of constant in equation 2 for four HCCI fuel numbers

Operating X y z
conditions

HCCI-1 (RON) -0.7999 27.966 -151.45
HCCI-2 -0.8351 26.601 -120.73
HCCI-3 -0.4083 17.448 -91.459
HCCI-4 (MON) -0.3959 16.513 -72.929
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