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a b s t r a c t

In this paper, new experimentally determined octane numbers (RON and MON) of blends of a tri-compo-
nent surrogate consisting of toluene, n-heptane, i-octane (called toluene reference fuel TRF) arranged in
an augmented simplex design are used to derive a simple response surface model for the octane number
of any arbitrary TRF mixture. The model is second-order in its complexity and is shown to be more accu-
rate to the standard ‘‘linear-by-volume” (LbV) model which is often used when no other information is
available. Such observations are due to the existence of both synergistic and antagonistic blending of
the octane numbers between the three components. In particular, antagonistic blending of toluene and
iso-octane leads to a maximum in sensitivity that lies on the toluene/iso-octane line. The model equa-
tions are inverted so as to map from RON/MON space back into composition space. Enabling one to
use two simple formulae to determine, for a given fuel with known RON and MON, the volume fractions
of toluene, n-heptane and iso-octane to be blended in order to emulate that fuel. HCCI engine simulations
using gasoline with a RON of 98.5 and a MON of 88 were simulated using a TRF fuel, blended according to
the derived equations to match the RON and MON. The simulations matched the experimentally obtained
pressure profiles well, especially when compared to simulations using only PRF fuels which matched the
RON or MON. This suggested that the mapping is accurate and that to emulate a refinery gasoline, it is
necessary to match not only the RON but also the MON of the fuel.

� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The drive to produce ever more efficient forms of internal com-
bustionengine is requiringa greater symbiotic relationshipbetween
the engine and the fuel that burns within it. In particular, the fuel’s
resistance to auto-ignition (or propensity to autoignite) is an impor-
tant characteristic which can, to a large part, dictate the ability of an
engine to work to its full thermodynamic potential. In a compres-
sion-ignition (CI) engine, one wishes the fuel to ignite rapidly after
injection into the combustion chamber. In a spark-ignition (SI)
engine however, a high resistance to auto-ignition is favoured as
the main limiting factor of thermodynamic efficiency is ‘‘knock-
ing”-an unwanted ringing sound caused by auto-ignition (which
can lead to serious engine damage) of the fuel/air mixture ahead of
the turbulent flame front (called the ‘‘end-gas”).

For some 70 years now, the measure by which a fuel’s resis-
tance to knock is characterised has been the octane number
(ON). These are measured under two differing engine conditions
in a standard ‘‘Cooperative Fuels Research” (CFR) Engine. The
two conditions produce two octane numbers: the research

octane number (RON) [1], and the motor octane number
(MON) [2]. The fuel’s RON (or MON) is measured by inducing
‘‘maximum” knock using the test fuel by adjusting some param-
eters (dependent on the test) of the engine, then finding a blend
of n-heptane and i-octane (2,2,4 trimethyl pentane) – known as
primary reference fuel (PRF) – which matches that knocking
behaviour. The volume percentage of i-octane in the reference
fuel then tells one the ON of that fuel.

In general, a refinery-blended gasoline will have a higher RON
than its corresponding MON, the difference being denoted the ‘‘fuel
sensitivity” (S):

S ¼ RON�MON: ð1Þ

The reason has been alluded to the ‘‘negative temperature coeffi-
cient” (NTC) region in the ignition delay curves of paraffinic (and
hence primary reference fuels [3]) which means that paraffinic fuels
are more resistant to auto-ignition at the temperatures and pres-
sures associated with the MON test than real fuels. Actual gasolines
contain a mixture of n-, i-and cyclo-paraffins, olefins, and aromatics,
the latter three of which do not tend to possess such a strong NTC
region (if, indeed, any at all). Hence, under the MON test, paraffinic
fuels are more resistant to auto-ignition and hence have higher
MON numbers.
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The fact that real gasoline exhibits fuel sensitivity is of critical
importance to future engine technologies [4]. In particular, there
is strong evidence that as engines become boosted (turbocharged)
and ‘‘downsized”, the true auto-ignition resistance of the fuel shifts
from its RON or MON to another value known as its Octane Index
(OI). The Octane Index is defined by

OI ¼ RON� K � S; ð2Þ

where K is a constant which is dependent only on the engine condi-
tions. By definition, K ¼ 0 for the RON condition and K ¼ 1 at the
MON condition. One can see that as K becomes negative, it is possi-
ble for a sensitive fuel to have an OI greater than its RON. This has
major implications for the way that future engines could make the
best possible use of the refinery blended fuels available – benefits
including greater efficiency and power, arising from the fact that
the engine can be run at its most efficient spark timing for more
of its operating window.

With this in mind one can see that to successfully model a gaso-
line fuel in current and future engines, one needs to be able to simu-
late a fuel with a RON different to itsMON. This is simply impossible
to dowith the PRFmodels used traditionally. Toluene reference fuels
(TRFs) – ternary mixtures of toluene, n-heptane and i-octane – pos-
sess inherent fuel sensitivity and have gone someway to help us de-
velop simple gasoline surrogate models which capture the
important combustion metrics [5,6]. The question for engine com-
bustion modellers then becomes: ‘‘Is a surrogate fuel model which
can re-create the RON and MON properties of a real gasoline suffi-
cient for modelling the combustion of any real fuel?” In order to an-
swer that, one requires a way to determine the RON and MON of a
particular mixture, and vice-versa – to mimic a fuel with a given
RON and MON, how should one blend up the surrogate fuel?

While for a PRF there is a direct and concrete link between fuel
composition and the ON, for ternary TRF blends no such link exists.
Without experimental data, in practice ‘‘linear-by-volume” (LbV)
models are the only means of how to estimate the RON and
MON of tri-component blends, however this can introduce errors,
especially when one knows that there may be synergistic or antag-
onistic blending of properties between components.

The purpose of this paper is therefore is to address the problem
using a 2nd order response surface model [7] to map the toluene/
n-heptane/i-octane space with respect to RON and MON (and
hence Sensitivity), and then use this fit to allow one to determine
the RON and MON for any TRF surrogate. This would allow the re-
search community to refer to surrogate fuels in a manner which
would be more beneficial to industry (i.e. in terms of RON and
MON). The second purpose of the paper is to use the above meth-
odology to further validate a recently published TRF mechanism
[6] within the framework of a stochastic reactor model (SRM) [8]
to simulate HCCI combustion of a non-reference fuel of known
RON and MON [9].

2. Experimental

2.1. Procedure and design

When compared to a shock-tube experiment for the determina-
tion of an ignition delay time, or a combustion bomb experiment to
elucidate the laminar flame speed of a fuel, the RON and MON tests
can seem somewhat abstract. Both tests make use of the CFR en-
gine which has a variable compression ratio (CR), a fuel metering
system which easily adjusts the fuel–air ratio (/), and a ‘‘knock
meter” which gives a value of the ‘‘knocking intensity” based on
the pressure rise rate in arbitrary units between 0 and 100. The
pressure rise rate is measured using a ‘‘detonation” (the term taken
from directly from the test procedures [1,2] albeit an incorrect def-

inition based on the observations of [10]) pickup which is a magne-
tostrictive-type transducer fixed to the engine cylinder. The
dimensions of the engine are given in Table 1.

The RON test is run under the engine conditions laid out in
Table 2.

The procedure to determine the octane number is described
below:

1. Calibrating the knock meter: A reference fuel with ON thought to
be close to that of the test fuel is introduced into the engine and
the compression ratio is adjusted according to tables such that
knocking is induced. The fuel level (air–fuel ratio) is adjusted to
give maximum knock intensity (KI) and the knock meter gain is
adjusted to give a reading of 50 ± 2.

2. Initial estimation of test fuel’s ON: The test fuel is introduced into
the engine and the compression ratio adjusted to achieve a
‘‘mid-scale” knock meter reading. The fuel level (air–fuel ratio)
is adjusted to give maximum KI and then the compression ratio
is adjusted so that the knock reading is 50 ± 2. This meter read-
ing is recorded (KItest) and the compression ratio used to esti-
mate the ON of the fuel.

3. Selection of PRFs for comparison: Two PRF fuels, one with an ON
slightly higher and the other with an ON slightly lower than the
test fuel are prepared (the difference between the fuels is
dependent on the estimated ON of the test fuel).

4. Determining the KI of the first PRF: The first PRF fuel is introduced
to the engine and the fuel level (air–fuel ratio) adjusted to give
maximum knock intensity which is then recorded (KIPRF�L).

5. Determining the KI of the second PRF: The second PRF fuel is
introduced to the engine and the fuel level (air–fuel ratio)
adjusted to give maximum knock intensity which is then
recorded (KIPRF�H).

Using the three readings for knock intensity, KItest for the test
fuel, KIPRF�L for the lower PRF fuel, and KIPRF�H for the higher PRF
fuel and the octane numbers of the PRF fuels, the octane number
for the test fuel is determined by linear interpolation using the for-
mula below

ONtest ¼ ONPRF�L þ KIPRF�L � KItest
KIPRF�L � KIPRF�H

� �
þ ðONPRF�H � ONPRF�LÞ: ð3Þ

The MON test procedure is identical to the RON test procedure how-
ever the test conditions are subtly different as shown in Table 3.

Note that the spark timing is inversely proportional to the cyl-
inder height and proportional 1/CR (highest cylinder height? 26�
BTDC, lowest cylinder height? 14� BTDC).

Table 1
Physical dimensions of the CFR engine for RON and MON tests.

Bore (mm) 82.6
Stroke (mm) 114.3
Displacement (cm3) 611.7
Connecting rod length (mm) 265.2
Compression ratio 4:1–18:1
Inlet valve opening (IVO) (CAD BTDC) 350
Inlet valve closing (IVC) (CAD BTDC) 146
Exhaust valve opening (EVO) (CAD ATDC) 140
Exhaust valve closing (EVC) (CAD ATDC) 375

Table 2
Test conditions for the RON test.

Intake temperature (�C) 52
Engine speed (RPM) 600
Spark timing (CAD BTDC) 13
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Ten blends of toluene, i-octane and n-heptane were created
according to an augmented simplex experimental design for mix-
tures. The design points in n-dimensions (in this case n = 3) are ar-
ranged in such a way as to reduce variance bias in the estimation of
the coefficients of a polynomial function which is fitted to the re-
sults of the experiments. This was all done according to Response
Surface Methodology (RSM) [7] which is a collection of statistical
and mathematical techniques which combines experimental de-
sign with rigorous regression of polynomial ‘‘surfaces” onto those
design points.

The TRF blends were made up from high-grade (>99.75% pur-
ity) component chemicals in accordance with the ASTM standards,
and the octane numbers found according to the test procedures
above (see [1] and [2] for more details).

2.2. Results

The blend compositions are presented in Table 4 along with the
corresponding RON and MON numbers determined using the
above procedures for those blends.

3. Fitting response surfaces

The results from the previous section were used to fit various
forms of response surface such that a simple mapping could be
established between blend composition and octane number.

3.1. The linear-by-volume (LbV) model

The simplest mixing model for tri-component blends is the lin-
ear-by-volume, LbV, model. This is simply a sum of the contribu-
tions of the three components weighted by their volume
fractions, denoted xi – Note that x is not used to denote mole frac-
tion. With respect to the TRF blends, the equation can be written as

RON ¼ atolxtol þ aiOxiO þ anHxnH; ð4Þ

where the as represent the coefficients for toluene (tol), i-octane
(iO) and n-heptane (nH), and are equal to 120, 100 and 0 respec-
tively. For the corresponding MON equation the constants would
be atol ¼ 109; aiO ¼ 100 and anH ¼ 0. The coefficients for sensitivity
would simply be the difference between the RON and MON
coefficients.

3.2. Second order model (O2M)

As mentioned earlier, LbV models lack any ability to describe
antagonistic or synergistic blending. This is of concern, especially
when there is clear evidence that the blending of certain compo-
nents – take for example toluene and n-heptane – is non-linear
(see Fig. 1). To redress this, one may wish to use a 2nd order model
which includes parameter interaction.

The full 2nd order model (denoted O2M) for this particular sys-
tem can be written as

RON ¼ atolxtol þ aiOxiO þ anHxnH þ atol;iOxtolxiO þ aiO;nHxiOxnH

þ atol;nHxtolxnH þ atol;iO;nHxtolxiOxnH; ð5Þ

where the coefficients atol; aiO and anH are the same as with Eq. (4),
atol;iO; aiO;nH; atol;nH are the coefficients for the binary-interaction
terms, and atol;iO;nH is the coefficient for the ternary interaction term.
The binary interaction coefficients are found by multiplying the
deviations from linear behaviour at the three 1:1 blends by 4, whist
the ternary interaction term is found by multiplying the 1:1:1
blend’s deviation from linearity by 27 (see [7] for more details).

3.3. The modified linear-by-volume (MLbV) model

One could think of all the blends considered as consisting of tol-
uene blended with a certain ‘strength’ PRF. As such, it would be
useful to define the model equations in terms of PRF and toluene
volume fraction. We will define a variable, p, which is simply a
renormalisation of PRF from [0,100] to [0,1], and by using the iden-
tity for p:

p ¼ xiO
xiO þ xnH

; ð6Þ

and using the fact that anH ¼ 0, one can re-write Eq. (4) as

RON ¼ atolxtol þ aiOp� aiOxtolp: ð7Þ
Note that p is undefined when xtol ¼ 1 which could lead to un-
wanted behaviour of the equation. As such we will prescribe that
when xtol ¼ 1; p ¼ 0.

In addition to response surface Eqs. (4) and (5), a third equation
will be defined, the Modified Linear by Volume (denoted MLbV)
equation, which is more simple than the full 2nd order equation
but still contains a non-linear blending term:

RON ¼ appþ atolxtol þ atol2x
2
tol þ atol;pxtolp: ð8Þ

The coefficients for this model were fitted to the 10-point experi-
mental design in Table 4 using a least-squares technique.

Table 3
Test conditions for the MON test.

Intake temperature (�C) 149
Engine speed (RPM) 900
Spark timing (CAD BTDC) 26–14

Table 4
Experimental design points for the tri-component mixtures with corresponding
experimentally derived octane numbers.

Toluene (vol.%) i-Octane (vol.%) n-Heptane (vol.%) RON MON

100.0 0.0 0.0 120.0 109.0
66.6 16.6 16.6 98.0 87.4
50.0 50.0 0.0 110.0 99.3
50.0 0.0 50.0 65.9 57.7
33.3 33.3 33.3 76.2 70.9
16.6 66.6 16.6 87.0 84.0
16.6 16.6 66.6 39.0 37.0
0.0 100.0 0.0 100.0 100.0
0.0 50.0 50.0 50.0 50.0
0.0 0.0 100.0 0.0 0.0

Fig. 1. Octane number vs. vol.% toluene for toluene/n-heptane blends with
quadratic lines of best fit.
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The coefficients for Eqs. (4), (5) and (8) are presented in Tables
5–7 respectively.

3.4. Validation of the response surface models

The models were fitted using the data in Table 4 and were then
validated against other known values of RON and MON that could
be found in the literature for these ternary mixtures. This valida-
tion data is presented in Table 8.

The three models were used to calculate RON and MON for each
of the N data points presented. Their sum of squared errors, calcu-
lated using

SSE ¼
XN
i¼1

RONexpt;i � RONcalc;i

� �2
; ð9Þ

were tabulated – the results of this analysis are presented in Table
9. One can see that the LbV model introduces significant errors
when compared to the O2M model or the MLbV model. Given its
relative simplicity with respect to the number of free parameters,
and it’s lowest overall SSE, the MLbV model will be used for the rest
of this paper.

Figs. 2–4 show the response surfaces for RON,MON and Sensitiv-
ity respectively in the tri-component mixture space. The curvature

Table 5
Coefficients for the LbV response surface model for RON, MON and Sensitivity.

Coefficient atol aiO anH

RON 120 100 0
MON 109 100 0
Sensitivity 11 0 0

Table 6
Coefficients for the 2nd order response surface models for RON, MON and Sensitivity.

Coefficient atol aiO anH atol;iO aiO;nH atol;nH atol;iO;nH

RON 120 100 0 0 0 23.6 77.3
MON 109 100 0 0 �20.8 12.8 33.3
Sensitivity 11 0 0 0 20.8 10.8 44.0

Table 7
Coefficients for the modified LbV response surface model for RON, MON and
Sensitivity.

Coefficient ap atol atol2 atol;p

RON 100 142.79 �22.651 �111.95
MON 100 128.00 �19.207 �119.24
Sensitivity 0 14.79 �3.444 7.29

Table 8
Experimentally determined RON and MON data for ternary mixtures of toluene, n-heptane and i-octane.

Toluene (vol.%) i-Octane (vol.%) n-Heptane (vol.%) PRF RON MON S Refs.

50 0 50 0.0 65.1 58.0 7.1 [1,2]
58 0 42 0.0 75.6 66.9 8.7 [1,2]
66 0 34 0.0 85.2 74.8 10.4 [1,2]
74 15 11 57.7 103.3 92.6 10.7 [1,2]
74 20 6 76.9 107.6 96.6 11.0 [1,2]
74 26 0 100.0 113.0 100.8 12.2 [1,2]
70 0 30 0.0 89.3 78.2 11.1 [1,2]
74 0 26 0.0 93.4 81.5 11.9 [1,2]
74 5 21 19.2 96.9 85.2 11.7 [1,2]
74 10 16 38.5 99.8 88.7 11.1 [1,2]

100 0 0 0.0 120.0 109.0 11.0 [27]
65 0 35 0.0 83.9 73.2 10.7 [28]
64 0 36 0.0 82.3 73.1 9.2 [29]
62 0 38 0.0 80.5 70.3 10.2 [28]
50 0 50 0.0 64.1 58.1 6.0 [29]
75 0 25 0.0 94.2 82.6 11.6 [28]
20 63 17 78.8 88.0 85.0 3.0 [6]
14 69 17 80.2 87.0 85.0 2.0 [6]
66.7 16.7 16.7 50.0 98.0 87.4 10.6 This work
16.7 16.7 66.7 20.0 39.0 37.0 2.0 This work
16.7 66.7 16.7 80.0 87.0 84.0 3.0 This work
50.0 0.0 50.0 0.0 65.9 57.7 8.2 This work
50.0 50.0 0.0 100.0 110 99.3 10.7 This work
33.3 33.3 33.3 50.0 76.2 70.9 5.3 This work

Table 9
SSE analysis of the three response surface models for RON and MON.

LbV O2M MLbV

RON 352.3 59.9 15.7
MON 188.8 38.4 73.0
Sensitivity 186.2 58.4 60.3

Total 727.4 156.7 149.1

Fig. 2. A contour plot of RON in the tri-component mixture space generated using
the 3-parameter MLbV model.
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of the contours shows that there is some degree of non-linearity in
the blending of the components, and the shape of the sensitivity
contours in Fig. 4 show that there is clearly someantagonistic blend-
ing between toluene and i-octane.

3.5. Inverting the equations

Now that there exists a mapping from the ternary mixture space
of toluene/n-heptane/i-octane into RON/MON/Sensitivity space, it
would be useful from an engineering point of view to be able to re-
verse this, i.e. answer the question: ‘‘which composition of fuel
should be used in order to emulate a specified RON &MON?”.

Eq. (8) for RON can be rearranged to give

p ¼ RON� ðatolxtol þ atol2x
2
tolÞ

100þ atol;pxtol
; ð10Þ

which can then be substituted into the MLbV equation for Sensitiv-
ity to give

Sensitivity ¼ aS;tolxtol þ aS;tol2x
2
tol

þ aS;tol;pxtolðRON� aR;tolxtol � aR;tol2x
2
tolÞ

100þ aR;tol;px2Tol
; ð11Þ

where the extra initial subscripts on the coefficients (R or S) refer to
the ‘‘RON” or ‘‘Sensitivity” coefficients to use.

With these two equations, one is now in a position to calculate
the composition of a mixture with a specified RON and Sensitivity
(and hence MON). Fig. 5 shows how the Sensitivity of fuels with
specified RONs change with varying toluene content. Hence, for a
given RON and Sensitivity, one now knows how much toluene
should be in that blend. Fig. 6 subsequently shows how strong
the PRF that is to be blended with the toluene needs to be to attain
the specified attributes.

It is interesting to note that for some of the higher RON fuels
(RON > 80) with high fuel sensitivity (S > 8), there appears to exist
two compositions which satisfy the RON, MON and Sensitivity
requirements. This could arise because of the form of the equation
that was chosen for the fit. However, since it is known that there
exists some antagonistic blending behaviour between toluene
and i-octane for MON, and synergistic blending between toluene
and n-heptane for RON and MON, there might also be a chemical

Fig. 3. A contour plot of MON in the tri-component mixture space generated using
the 3-parameter MLbV model.

Fig. 4. A contour plot of sensitivity in the tri-component mixture space generated
using the 3-parameter MLbV model.

Fig. 5. Curves of toluene vol.% vs. Sensitivity (RON–MON) for a required RON.

Fig. 6. Curves of toluene vol.% vs. the PRF strength to be added for a required RON.
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explanation for the duality of solutions. To confirm this, more
experiments around these points should be performed.

Two octane numbers which are of particular interest to engine
modellers are: RON = 95, MON = 85. These correspond to the min-
imum British and European standard, EN-228 [11] for the RON and
MON of a gasoline fuel. From the equations derived above, there
appear to be two blends which satisfy these specifications. Their
compositions are shown in Table 10.

4. Simulations

4.1. Chemical kinetics

In order to gain further insight into the sources of antagonistic
blending behaviour noted in RON and MON for the tri-component
blends, a series of sensitivity tests were carried out using an in-
house chemical solver operated in homogenous reactor mode sim-
ilar to that described by [8]. The chemical kinetics were modelled
using a semi-detailed reaction mechanism for TRF oxidation [6]
which contains 137 species. This fuel model has been validated
against a wide variety of experimental data, from shock tubes
and rapid compression machines for ignition delay times, to com-
bustion bomb data for laminar flame speeds.

Two computations considered representative of the RON and
MON tests were adopted, the key boundary conditions for these

are given in Table 11. Resulting ignition delay times from these
computations are presented as ‘‘RON-like” and ‘‘MON-like” condi-
tions in Figs. 7 and 8 respectively.

Bearing in mind that in the actual octane tests, the progress of
auto-ignition chemistry is facilitated by the preceding pressure–
temperature history driven by the compression of the end gas by
both piston and an expanding propagating flame front, that there-
fore these auto-ignition events are (at least in part) coupled to the
corresponding turbulent flame speed [12]. When the correspond-
ing ignition delay times are compared with the actual RON and
MON experiments in Figs. 2 and 3 respectively, the main trends
of concave lines of constant ‘‘auto-ignition” behaviour in terms of
RON, MON or here the ignition delay are observed, particularly at
higher octane numbers. This suggests that these ignition delay
compactions are still sensitive to those same key reactions which
are responsible for the non-linear responses noted in the RON
and MON tests.

In order to identify the sources of these behaviour, further anal-
ysis of the main cross-over reactions was carried out using a mod-
ified sensitivity analysis at both the ‘‘RON-like” and ‘‘MON-like”
conditions. A measure of the non-linearity of the octane numbers
was defined as the difference between the computed ignition delay
times and those determined directly on the basis of a linear-by-
volume, LbV blending model by calculating the residual

R2 ¼ ðs� sLbV Þ2: ð12Þ

In this formula, where s is the ignition delay time determined from
the mechanism and sLbV is the ignition delay time calculated on a
linear-by-volume, LbV basis i.e.

sLbV ¼ ðsiOxiOÞ þ ðsnHxnHÞ þ ðstolxtolÞ; ð13Þ

where siO; snH and stol are the computed ignition delay times for
pure i-octane, n-heptane and toluene respectively and x are their
respective mixture volume fractions.

The ignition delay times were determined for 1% deviations in
the reaction rate, k or more specifically the pre-exponent factor,
A for the cross-over reactions, r in the mechanism. Their corre-
sponding residuals, Rr were then computed. The sensitivity of
the reaction with respect to the residual, Sr was determined as
below.

Table 10
Compositions of two fuel blends with RON = 95 and MON = 85 according to the fitted
blending equation.

Fuel no. Toluene (vol.%) i-Octane (vol.%) n-Heptane (vol.%)

1 60.537 20.645 18.818
2 71.366 6.598 22.036

Table 11
Representative ‘‘RON” and ‘‘MON” conditions for chemical kinetic simulations.

Operating point Pressure (bar) Temperature (K) / (–)

‘‘RON-like” 23.0 800 1.0
‘‘MON-like” 20.0 900 1.0

Fig. 7. A contour plot of ignition delay times in ms at the representative ‘‘RON-like”
condition in the tri-component mixture space generated using the 3-parameter
MLbV model.

Fig. 8. A contour plot of ignition delay times in ms at the representative ‘‘MON-like”
condition the tri-component mixture space generated using the 3-parameter MLbV
model.
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Sr ¼ Rr � R0

kr � k0
; ð14Þ

whereR0 is the residual obtainedwith zerodeviation. Thiswas carried
out for both the ‘‘RON-like” and ‘‘MON-like” conditions for all TRF
blends over the whole mixture space with results presented in Fig. 9.

As presented, reaction no. 620 is the most significant source of
the observed antagonistic blending, through the formation of a
benzylperoxy radical from toluene. To demonstrate in which com-
positions this reaction is most active, corresponding local sensitiv-
ities are presented in Figs. 10 and 11.

These diagrams demonstrate the impact of reaction 620 at the
‘‘RON-like” and ‘‘MON-like” conditions over the complete mixture
space, this reaction proved most active at higher i-octane and tol-
uene concentrations and thus in the same mixture spaces in which
most antagonistic blending is reported, suggesting its influence is
the most significant source of the reported antagonistic blending.

4.2. Engine

In order to further assess the validity of the response surface
model for selecting the appropriate composition of TRF blend when
emulating a gasoline fuel, simulations were performed using a sto-
chastic reactor model (SRM) code and a TRF kinetic mechanism to
model an engine running in HCCI mode.

In the past, the SRM code has been successfully employed in a
number of studies of port fuel injected HCCI combustion [13],
alternative fuel blends [14], single early direct injection HCCI
[15], dual injection HCCI [16], multi-cycle transient simulation
and control [17–19], soot formation [20], and has been coupled
to the computational fluid dynamics (CFD) code KIVA [21]. The
SRM is employed to simulate the internal mixing and chemical
processes in the combustion chamber, along with heat transfer to
the cylinder walls. The model is preferable to conventional homo-
geneous reactor models for modelling HCCI combustion as it ac-

Fig. 9. Parametric sensitivities with respect to a LbV blending model for all cross-over reactions.

Fig. 10. Local parametric sensitivities with respect to a LbV blending model of
reaction 620: C6H5CH2OOþ C7H16 ¼ C6H5CH2OOHþ C7H15 � 2 at ‘‘RON-like”
condition.

Fig. 11. Local parametric sensitivities with respect to a LbV blending model of
reaction 620: C6H5CH2OOþ C7H16 ¼ C6H5CH2OOHþ C7H15 � 2 at ‘‘MON-like”
condition.
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counts for temperature and mixture inhomogeneities which are
important in smoothing out the heat release rate. CPU times were
of the order one hour which, while longer than homogeneous com-
bustion models (taking of the order one minute), is considerably
shorter than if a computational fluid dynamics (CFD) code were
coupled even with vastly simplified chemistry.

4.2.1. Chemical kinetic mechanism validation against engine data
Whilst during the mechanism development process significant

validation was carried out against flame speeds [5], ignition delays
times and some limited HCCI engine experiments [6], further con-
fidence was attained by carrying out a more comprehensive valida-
tion study with HCCI engine experiments [22]. This was completed
using the SRM for a range of i-octane/n-heptane, toluene/n-hep-
tane and toluene/i-octane/n-heptane blends in two engines over
a total of seven operating points. Key model parameters such as
stochastic heat transfer coefficient and turbulent mixing times
were fixed throughout, whilst initial mixture pressures, tempera-
tures and equivalence ratios, / were derived from the experiments
themselves. Generally, the model proved very robust typically
yielding 50% heat release times to within ±2.0 crank angle degrees.
An example of model performance compared to experiment from
the validation study is presented in Fig. 12. Here the model cap-
tures the ignition onset time as well as the heat release profiles
very well thus developing further confidence firstly, in the adop-
tion of the SRM for such applications and secondly, in the em-
ployed mechanism.

4.2.2. Model application to a practical fuel
Having successfully validated the model, simulations were

compared with experimental data obtained from a Volvo TD100
engine operated in HCCI mode using a typical practical high-octane
gasoline fuel [9]. The engine dimensions are shown in Table 12 and
the inlet conditions for three cases where the compression ratio
(CR) and inlet temperature of the engine is changed are shown in
Table 13.

The fuel used was a high-octane gasoline (Grön 98 MK1) with a
RON of 98.5 and a MON of 88. The inverse equations (Eqs. (10) and
(11)) were used to calculate the composition of the TRF mixture
that would have the same RON and MON as the gasoline. Two

PRF blends which matched the RON and MON of the gasoline sep-
arately were also emulated. The compositions of the fuels are
shown in Table 14.

The cylinder pressure profiles for the experiments and simula-
tions are shown in Figs. 13–15. As one can see, the TRF fuel accu-
rately captured the timing of the main heat release event just
after TDC for all three cases. By comparison, the 98.5 ON PRF fuel
was much too resistant to auto-ignition at these particular engine
conditions, and in the milder conditions (CR = 17.7 and 20), it did
not ignite at all. The 88 ON fuel ignited far too easily for the
CR = 22.4 and 20 cases but ignited at a similar time to the gasoline
and TRF fuel in the CR = 17.7 case.

This suggests that in cases #1 and #2 the OI for the gasoline fuel
is somewhere between its RON and MON, implying that the K-va-
lue for these experiments lie somewhere between 0 and 1. For case
#3 however the ON of the gasoline was almost exactly the same as
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Fig. 12. Pressure curves from the validation study of Surrogate A comprised of 63%
i-octane/17% n-heptane/20% toluene and Surrogate B comprised of 69% i-octane/
17% n-heptane/14% toluene, an engine with bore = 86 mm, stroke = 86 mm, con-rod
length = 143.5 mm, CR = 14.0.

Table 12
Physical dimensions and test conditions of the Volvo TD100 engine for the gasoline
HCCI experiment.

Bore (mm) 120.6
Stroke (mm) 140.0
Displacement (cm3) 1600
Connecting rod length (mm) 260.0

Table 13
Test conditions for the HCCI tests.

Case
no.

CR Intake
temperature (�C)

Intake pressure
(bar)

Engine speed
(RPM)

k

1 22.4 30 1.01 1000 3.0
2 20 70 1.01 1000 3.0
3 17.7 110 1.01 1000 3.0

Table 14
Composition of surrogate fuel blends with RON = 98.5 and MON = 88.

Fuel RON MON Toluene (vol.%) i-Octane (vol.%) n-Heptane (vol.%)

TRF 98.5 88.0 75.418 5.833 18.749
PRF 98.5 98.5 0.000 98.500 1.500
PRF 88.0 88.0 0.000 88.000 12.000
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Fig. 13. Pressure curves for the HCCI engine experiment with gasoline at CR = 22.4-
experimental results and simulations.
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its MON, implying that the K-value was around 1. This highlights
the need for a surrogate fuel model that can accurately represent
the differing resistances to auto-ignition that occur as engine con-
ditions change.

5. Discussion

With significant research efforts being focused on understand-
ing the oxidation of higher molecular mass liquid fuels [23,24],
the impact of these collaborations on practical technologies will
most likely come through improved chemical kinetic mechanisms.
The possibility of full mechanisms for practical fuels, with or with-
out additives, is unlikely to become a reality especially considering
that these mechanisms would prove much too large to be of any
practical use as within engineering tools such as 3D CFD. Further-
more, fundamental data of practical fuels such as flame speed and
ignition delay times are not likely to be adopted as a metric of the
quality of practical fuels in the same way that the RON and MON
standards have been. As such the success of the uptake of new sur-

rogate mechanisms must come through the adoption of the octane
numbers into the kinetic mechanism development process.

The presented methodology proposes a ‘‘second” generation of
surrogate fuels to represent gasoline which adopts the practical
standards – the road- and motor-octane numbers (RON and
MON) – to dictate the composition of the surrogate blend. The
example case of a 98.5 RON gasoline is that of a relatively high
quality fuel, however equivalent blends can be formed for standard
European gasolines and the ‘‘cheaper” grades of gasolines adopted
in developing nations. By mapping the RON and MON for different
TRF fuel blends, engineers now possess, for the first time, the abil-
ity to model different fuel grades. This also presents an opportunity
for the simultaneous development of an engine and fuel together
via computational modelling. This is of particular interest to those
examining Premixed Charged Compression Ignition technologies
where gasolines and blends of gasoline and diesel with lower RONs
and MONs are proving more appropriate [25].

The studyoutlinedhere, links to the fundamentals of chemical ki-
neticmechanismdevelopment via the adoption of a stochastic reac-
tor model to simulate engine combustion. By eliminating the
complex engine combustion flow processes (adequate for HCCI)
but still retainingmixture strength- and temperature-stratification,
the full benefits of detailed mechanisms can be exploited. Benefits
including improved robustness in terms of heat release rate and
emissions calculations. Critically, when compared to conventional
CFD, computationsare completed in timescales (1 h)whichare ame-
nable to carryout optimisationandparametric studies. The latter are
of particular importancewhen seeking subtle efficiency gains in en-
gine performance for ‘‘blue-sky” development phases of projects
such as searching for ideal fuelling choice and strategy.

The RON/MON test data have highlighted a number of interest-
ing observations which require further thought. Firstly, the fact
that TRFs do not blend in a linear manner is critical when employ-
ing this sort of methodology as small deviations in the calculation
of RON and MON can lead to significantly different engine perfor-
mance. This justifies these research efforts, and demonstrates its
importance when considering the adoption of next-generation sur-
rogate fuel models. Secondly, given that there are a number of TRF
blends with equivalent RONs and MONs, a third metric should be
employed to identify the most appropriate surrogate blend for im-
proved fuel matching. The authors propose that this could either be
that of closest flame speed, or in terms of most similar aromatic/
paraffinic proportions. Indeed the former may well prove most
appropriate for computations of SI combustion heat release, but
the latter in terms of emissions such as soot where the toluene
component can rapidly form benzene and other soot precursors.

Given the success of the proposed methodology for the simula-
tion of HCCI combustion, thiswork has demonstrated that surrogate
fuels can be used to emulate practical fuels when basing their com-
position on the practical fuel’s more industrially-minded metrics.

6. Conclusions

A simple 2nd order polynomial was employed to map ternary
compositions of toluene, i-octane and n-heptane into RON and
MON space based on new experimental data for the octane num-
bers of these toluene reference fuels. This mapping was then in-
verted, allowing one to calculate the composition of surrogate
blend according to the specified RON and MON of a real fuel.

The 2nd order response surface was found to be considerably
more accurate than the standard linear-by-volume equations more
commonly used. This implied that the blending of RON and MON
are non-linear and consist of both synergistic and antagonistic re-
gions, the latter being especially prevalent when blending toluene
and i-octane together. The sources of these behaviour were identi-
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Fig. 14. Pressure curves for the HCCI engine experiment with gasoline at CR = 20-
experimental results and simulations.
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Fig. 15. Pressure curves for the HCCI engine experiment with gasoline at CR = 17.7-
experimental results and simulations.
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fied using a modified sensitivity analysis to isolate the key reac-
tions from a detailed chemical kinetic mechanism. The reverse
mapping showed that it was possible for some blends to share
the same RON and MON, suggesting that a third metric might be
used to affix one to a particular blend. It was found that a TRF fuel,
blended according to the mapping to match the RON and MON of a
refinery gasoline with RON = 98.5 and MON = 88, accurately cap-
tured the main heat release event and pressure profile of the HCCI
experiments using that gasoline. Two PRF fuels, blended to match
the RON or MON were either too resistant or ignited too quickly.

The method outlined is not limited to TRF blends. As more com-
ponents are added to surrogate fuels (ethanol and diisobutylene
(DIB) [26] for example) the number of design points can be in-
creased to incorporate the new dimensions, and the response sur-
faces can be adapted accordingly. There will also be scope to
increase the number of metrics that the response surfaces approx-
imate for. Not stopping at RON and MON, but adding flame speed,
volatility, viscosity, smoke point, and a host of other physical prop-
erties that the real fuel may possess, and that modellers will wish
to capture in their surrogate.

These results go some way to show that when considering the
merits of a surrogate fuel for the modelling of gasoline, the ability
to match the research octane- and motor-octane numbers simulta-
neously is of great importance.
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