Cambridge Centre for Computational
Chemical Engineering

University of Cambridge

Department of Chemical Engineering

Preprint ISSN 1473 — 4273

Mapping Surrogate Gasoline Compositions into
RON/MON Space

Neal Morgan 1 Andrew Smallbone 2 , Amit Bhave 2 , Markus Kraft ! ,

Roger Cracknell ® Gautam Kalghatgi *

released: 5 August 2009

! Department of Chemical Engineering and 2 Reaction Engineering Solutions Ltd.

Biotechnology Sheraton House
University of Cambridge Castle Park

New Museums Site Cambridge, CB3 0AX
Pembroke Street UK

Cambridge, CB2 3RA

UK

E-mail: mk306@cam.ac.uk

3 Shell Global Solutions
Shell Technology Centre Thornton P.O. Box 1
Chester, CH1 3SH
UK

Preprint No. 79

Key words and phrases: RON, MON, Fuel Sensitivity, Surrogate Gasolines, modelling


mailto:mk306@cam.ac.uk

Edited by

Cambridge Centre for Computational Chemical Engineering
Department of Chemical Engineering

University of Cambridge

Cambridge CB2 3RA

United Kingdom.

Fax: + 44 (0)1223 334796
E-Mail: c4e@cheng.cam.ac.uk
World Wide Web: http://www.cheng.cam.ac.uk/cde/


mailto:c4e@cheng.cam.ac.uk
http://www.cheng.cam.ac.uk/c4e/

Abstract

In this paper, new experimentally determined octane numbers (RON & MON)
of blends of a tri-component 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 arbi-
trary TRF mixture. The model is second-order in its complexity and is shown to be
more accurate 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 simula-
tions 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.
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1 Introduction

The drive to produce ever more efficient forms of internal combustion engine is requiring
a greater symbiotic relationship between 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 compression-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 autoignition is favoured as the main limiting factor
of thermodynamic efficiency is “knocking” - 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 resistance to knock is characterised
has been the octane number (ON). These are measured under two differing engine con-
ditions 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 “maxi-
mum” knock using the test fuel by adjusting some parameters (dependant 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 = RON — MON. (1)

The reason has been alluded to the “negative temperature coefficient” (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 pressures
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.

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 = RON — K - S, (2)

where K is a constant which is dependent only on the engine conditions. By definition,
K = 0 for the RON condition and K = 1 at the MON condition. One can see that
as K becomes negative, it is possible 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 gasoline fuel in current and
future engines, one needs to be able to simulate a fuel with a RON different to its MON.
This is simply impossible to do with the PRF models used traditionally. Toluene reference
fuels (TRFs) — ternary mixtures of toluene, n-heptane and i-octane — possess inherent
fuel sensitivity and have gone some way to help us develop simple gasoline surrogate
models which capture the important combustion metrics [5, 6]. The question for engine
combustion modellers then becomes: “Is a surrogate fuel model which can re-create the
RON and MON properties of a real gasoline sufficient for modelling the combustion of
any real fuel?” In order to answer 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 practise “linear
by volume” (LbV) models are the only series educated guess 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 antagonistic 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 it to allow one to determine the RON
& MON for any TRF surrogate. This would allow the research 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 methodology
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 determination 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 engine
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 definition based on the observations of [10]) pickup which is
a magnetostrictive-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:



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

Bore / mm 82.6
Stroke / mm 114.3
Displacement / cm? 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

Table 3: Test conditions for the MON test.

Intake temperature / °C 149
Engine speed / RPM 900
Spark timing / CAD BTDC 26-14




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 (//) 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 reading is recorded
(K I;es¢) and the compression ratio used to estimate 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 differ-
ence 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 (K Ipgrr_1).

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 (K Ipgrp_p).

Using the three readings for knock intensity, K I;..; for the test fuel, K /prp_j for the
lower PRF fuel, and KIpgrpr_p for the higher PRF fuel and the octane numbers of the
PREF fuels, the octane number for the test fuel is determined by linear interpolation using
the formula below

KlIprp_1 — Kliest
Klprp_1 — Klprr_u

ONiest = ONprp—p, + ( )+ (ONpgrr—n — ONprr-1) (3)

The MON test procedure is identical to the RON test procedure however the test condi-
tions are subtly different as shown in table 3.

Note that the spark timing is inversely proportional to the cylinder height and proportional
1/CR (highest cylinder height — 26°BTDC, lowest cylinder height — 14°BTDC).

Ten blends of toluene, i-octane and n-heptane were created according to an augmented
simplex experimental design for mixtures. The design points in n-dimensions (in this
case n = 3) are arranged in such a way as to reduce variance bias in the estimation of
the coefficients of a polynomial function which is fitted to the results 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 design
with rigorous regression of polynomial “surfaces” onto those design points.

The TRF blends were made up from high-grade (>99.75% purity) 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).
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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.

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

toluene i-octane n-heptane | RON MON
vol% vol% vol%
100.0 0.0 0.0 120.0 109.0
66.6 16.6 16.6 98.0 874
50.0 50.0 0.0 110.0 99.3
50.0 0.0 50.0 659 57.7
333 33.3 33.3 76.2  70.9
16.6 66.6 16.6 87.0 84.0
16.6 16.6 66.6 39.0 370
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

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 linear-by-volume, LbV, model.
This is simply a sum of the contributions of the three components weighted by their vol-
ume fractions, denoted z; — Note that x is not used to denote mole fraction. With respect
to the TRF blends, the equation can be written as

RON = a1 + @i0%i0 + QnuTnm, 4)

where the as represent the coefficients for toluene (tol), i-octane (¢0) and n-heptane (nH),
and are equal to 120, 100 and O respectively. For the corresponding M ON equation the
constants would be a;,; = 109, a;0 = 100 and a,,z; = 0. The coefficients for sensitivity
would simply be the difference between the RON and M ON coefficients.



3.2 2" 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 components — take for example toluene and n-heptane — is non-linear (see figure
1). To redress this, one may wish to use a 2"¢ order model which includes parameter
interaction.

120\ T T T T T T T T T T T T T -4

—>— RON
-e— MON

100 -

soj;

60 -

Octane Number

Volume % toluene

Figure 1: Octane number vs volume % toluene for toluene/n-heptane blends with
quadratic lines of best fit.

The full 2"¢ order model (denoted @2 M) for this particular system can be written as

RON = AtolTtol + a;0T;0 + AnHInH
rl + Qtol,i0TtolTiO + Q0 nHTiOTnH + Qtol nHTtol TnH (5)

+ Aol O nHLtol LiOLnH ,

where the coefficients a;, a;o and a,y are the same as with equation (4), as01,i0, @Gi0nH»
atol i are the coefficients for the binary-interaction terms, and a0 ;0. # 18 the coefficient
for the ternary interaction term. The binary interaction coefficients are found by multi-
plying the deviations from linear behavior 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 toluene blended with a cer-
tain ‘strength’ PRE. 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 identity for p:

X0
=9 6
b Ti0 T TnH ©)
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and using the fact that a,,; = 0, one can re-write equation (4) as
RON = a1o1%101 + @iop — @i0TtolP- (7)

Note that p is undefined when x,,;, = 1 which could lead to unwanted behaviour of the
equation. As such we will prescribe that when z;,; = 1, p = 0.

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

RON = app + Q01101 + Qo2 T2y + Qrol pTiolP (8)

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

The coefficients for equations (4),(5) and (8) are presented in tables 5, 6 and 7 respectively.

Table S: Coefficients for the LbV response surface model for RON, MON & Sensitivity.

Coefficient ay, @0 QanE
RON 120 100 0
MON 109 100 0
Sensitivity 11 0 0

Table 6: Coefficients for the 2" order response surface models for RON, MON & Sensi-
tivity.

Coefficient a0  Qi0  GnH  Qtoli0  @iOmH  QtolnH — (toliOnH

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 &

Sensitivity.
Coefficient  a, Aol Qo2 Aol p
RON 100 14279 -22.651 -111.95
MON 100 128.00 -19.207 -119.24

Sensitivity 0 1479 -3.444 7.29




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
mixture. This validation data is presented in table 8.

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

toluene i-octane  n-heptane | PRF | RON MON S | Reference
volume % volume % volume %

50 0 50 0.0 | 651 580 7.1 [1, 2]

58 0 42 0.0 | 756 669 8.7 [1, 2]

66 0 34 0.0 852 748 104 [1, 2]

74 15 11 57.7 | 103.3 92.6 10.7 [1, 2]

74 20 6 769 | 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 89.3 782 11.1 [1, 2]

74 0 26 0.0 | 934 815 119 [1, 2]

74 5 21 192 | 969 852 11.7 [1, 2]

74 10 16 385 | 99.8 88.7 11.1 [1, 2]
100 0 0 0.0 | 120.0 109.0 11.0 [11]

65 0 35 0.0 83.9 732 10.7 [12]

64 0 36 0.0 823 73.1 9.2 [13]

62 0 38 0.0 80.5 703 10.2 [12]

50 0 50 0.0 | 641 58.1 6.0 [13]

75 0 25 0.0 | 942 826 11.6 [12]

20 63 17 78.8 | 8.0 85.0 3.0 [6]

14 69 17 80.2 | 87.0 850 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 | 659 57.7 8.2 | This work
50.0 50.0 0.0 100.0 | 110  99.3 10.7 | This work
33.3 333 333 50.0 | 76.2 709 5.3 | This work

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

N
SSE — Z(RONempt,i — RONcalc,i)2 (9)
=1

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

LbV O2M MLbV

RON 3523 599 15.7
MON 188.8 384 73.0
Sensitivity 186.2 584 60.3
Total 7274 156.7 149.1

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.

Figures 2, 3 and 4 show the response surfaces for RON, MON and Sensitivity respectively
in the tri-component mixture space. The curvature 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 figure 4 show that there is clearly some antagonistic blending between toluene
and i-octane.

110
100

0,4 06
i-Octane

Figure 2: A contour plot of RON in the tri-component mixture space generated using the
3-parameter MLbV model.
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110
100

0.4 06
i-Octane

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

18
16
114
12
110

0.4 06
i-Octane

Figure 4: A contour plot of sensitivity in the tri-component mixture space generated using
the 3-parameter MLbV model.
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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 reverse this, i.e. answer the question: “which composition of fuel
should be used in order to emulate a specified RON & MON?”.

Equation (8) for RON can be rearranged to give

2
_ RON — (@tolwtol + at0l2xtol)

(10)
100 + ol pLtol ’
which can then be substituted into the MLbV equation for Sensitivity to give
a Tol(RON — QR 101Tt0) — QR 1012 T2
SGTLSZtZUZty _ a57to[$tol+a57tol2xfol+ S,tol,p tol( R,tolLtol R,tol tol)’ (11)

2
100 + ap tol, pT7;

where the extra initial subscripts on the coefficients (R or .5) refer to the “RON” or “Sen-
sitivity” 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 (& hence MON). Figure 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.
Figure 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 fwo 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 antagonis-
tic 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 expla-
nation 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 minimum British & European standard, EN-228 [14]
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 & MON for the tri-component blends a series of sensitivity tests were carried

13
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10 -

Sensitivity of blend
(o]

—¥—RON =95
—&— RON =90 1
—&—RON =85 -
—#— RON =80
—*—RON =75

0 10 20 30 40 50 60 70 80
Toluene volume % for desired RON

Figure 5: Curves of Toluene volume % vs Sensitivity (RON-MON) for a required RON.
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Figure 6: Curves of Toluene volume % vs the PRF strength to be added for a required
RON.
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Table 10: Compositions of two fuel blends with RON = 95 and MON = 85 according to
the fitted blending equation.

Fuel No.  toluene i-octane  n-heptane
volume % volume % volume %

1 60.537 20.645 18.818

2 71.366 6.598 22.036

out using an in-house chemical solver operated in homogenous reactor mode similar 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 com-
pression machines for ignition delay times, to combustion bomb data for laminar flame
speeds.

Two operating points 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 for "RON-like” and "MON-like” in figures 7 and 8
respectively.

Table 11: Representative ’RON’’ and "MON” conditions for chemical kinetic simulations

Operating Pressure Temperature ¢
point bar K -
”RON-like” 23.0 800 1.0
"MON-like”  20.0 900 1.0

Bearing in mind that in the actual octane tests, that the progress of auto-ignition chemistry
is facilitated by compression of the end gas by both piston and an expanding propagating
flame front and that therefore auto-ignition events are (at least in part) coupled to the
corresponding turbulent flame speed [15]. When the corresponding ignition delay times
are compared with the actual RON and MON experiments in figures 2 and 3 respectively,
the main trends of concave lines of constant “autoignition” behavior in terms of RON,
MON or here the ignition delay, are observed particularly at higher octane numbers.

In order to identify the sources of these behavour, further analysis of the main cross-over
reactions in the chemical kinetic mechanism were identified and a modified sensitivity
analysis was carried out at both the "RON-like” and "MON-like” conditions. A measure
of the non-linearity of the octane numbers were defined as the difference between the
observed ignition delay times and those computed on the basis of a Linear by Volume,
LbV blending model by calculating the residual, R.

R* = (1 — mpv)? (12)

16
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Figure 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.

Figure 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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where 7 is the ignition delay time determined from the mechanism and 7,y is the ignition
delay time calculated on a Linear by Volume, LbV basis i.e.

Ty = (Ti—octane : in—octane) + (Tn—heptane : xn—heptane) + (Ttoluene : xtoluene) (13)

Where T, _octanes Tn—heptane aNd Tiopuene 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, £ or more
specifically the pre-exponent factor, A for the cross over-reactions, r in the mechanism

and their residual 12, computed. The sensitivity of the reaction with respect to the residual,
S, was determined as below.

R, — R
Sr = —07

k, — ko
where Ry is the residual obtained with zero deviation. This was carried out for both the

”RON-like” and "MON-like” conditions for all TRF blends over the whole mixture space
with results presented in figure 9.

(14)

626: CyHyg + CoHy5-2 = CoHys +ACsH | [
I mRON condition

625: CgHqg + C;H 5-1 = C;H g +ACgH 7

624: CeHsCH,00+CgH15=CHsCH,00H+ACsH,, l:[ BMON condition

623: CgHs + CgHyg = AC5Hy7 + CoHe

622: ACgH,7 + CgHsCH, = CgHsCH, + CoHys
621: C4HsCH,00H=C¢H5CH,0+OH |
620: CgHsCH,00+C;H,5=CeHsCH,00H+CH, 52 ——j
619: C5H5CHZOO+C7H15=CGHSCHQOOH+C7H15--—‘—‘

618: CgHs + C;H,q = CyHy5-2 + CoHg

617:C6H5 + C7H16 = C7H15'1 + C5H5
616: CoHys2 + CoHsCH, = CHsCH, +/CoHyg
615: CoHys1 + CoHsCH, = CHaCH, +/CoHyg

-1.00E-04 0.00E+00 1.00E-04 2.00E-04 3.00E-04

Parametric sensitivity with respect to a LbV blending model, S,

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

As presented, the reaction no. 620 is a the most significant source of the observed an-
tagonistic blending, through the formation of a benzylperoxy radical from toluene. To
demonstrate in which compositions this reaction is most active, corresponding local sen-
sitivities are presented in 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
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Figure 10: Local parametric sensitivities with respect to a LbV blending model of Re-
action 620 : 06H5CHQOO -+ C7H16 = C6H5CHQOOH + C7H15 — 2 at
”"RON-like” condition.
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Figure 11: Local parametric sensitivities with respect to a LbV blending model of Re-
action 620 : 06H5CHQOO -+ C7H16 = C6H5CHQOOH + C7H15 — 2 at
"MON-like” condition.
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higher i-octane and toluene concentrations and thus in the same ranges as where most
antagonistic blending is reported, suggesting its influence is the most likely source.

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 Stochastic Reactor Model (SRM) code and a TRF kinetic mechanism
to model an engine running in HCCI mode.

The SRM code has been successfully employed in a number of earlier studies such as
port fuel injected HCCI combustion [16], alternative fuel blends [17], single early di-
rect injection HCCI [ 18], dual injection HCCI [19], multi-cycle transient simulation and
control [20-22], soot formation [23], and has been coupled to the Computational Fluid
Dynamics (CFD) code KIVA [24]. The SRM can model the internal mixing and chemical
processes in the combustion chamber, along with heat transfer to the cylinder walls. The
model is ideally suited to modelling HCCI combustion than fully homogeneous models
as the model allows 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 combustion models (taking of the order one minute), is con-
siderably shorter than if a computational fluid dynamics (CFD) code were coupled 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 experi-
ments [6], further confidence was attained by carrying out a more comprehensive val-
idation study with HCCI engine experiments [?]. This was completed using the SRM
and for a range of i-octane/n-heptane, toluene/n-heptane 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, temperatures 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 per-
formance compared to experiment from the validation study is presented in 12. Here the
model captures the ignition onset time as well as the heat release profiles very well thus
developing further confidence firstly, in the adoption of the SRM for such applications
and secondly, in the employed 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 prac-
tical high-octane gasoline fuel [9]. The engine dimensions are shown in table 12 and the
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inlet conditions for three cases where the compression ratio (CR) and inlet temperature of
the engine is changed are shown in table 13.

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 / cm?® 1600

connecting rod length / mm  260.0

Table 13: Test conditions for the HCCI tests.

Case CR Intake temperature Intake pressure Engine speed A

No. /°C / bar / RPM

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

The fuel used was a high-octane gasoline (Gron 98 MK1) with a RON of 98.5 and a MON
of 88. The inverse equations (eq.(10) and eq.(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 separately were also emulated.
The compositions of the fuels are shown in table 14.

Table 14: Composition of surrogate fuel blends with RON = 98.5 and MON = §8.

Fuel RON MON toluene i-octane  n-heptane
volume % volume % volume %
TRF 985 88.0 75.418 5.833 18.749
PRF 985 98.5 0.000 98.500 1.500
PRF 88.0 88.0 0.000 88.000 12.000

The cylinder pressure profiles for the experiments and simulations are shown in figures
13, 14 and 15. As one can see, the TRF fuel accurately 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 autoignition at these particular engine conditions, and in
the milder conditions (CR = 17.7 & CR = 20), it did not ignite at all. The 88 ON fuel
ignited far too easily for the CR = 22.4 and CR = 20 cases but ignited at a similar time to
the gasoline and TRF fuel in the CR = 17.7 case.
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This suggests that in cases #1 & #2 the OI for the gasoline fuel is somewhere between its
RON and MON, implying that the k-value for these experiments lie somewhere between
0 and 1. For case #3 however the ON of the gasoline was almost exactly the same as 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 autoignition that occur
as engine conditions change.

5 Discussion

With significant research efforts being focused on understanding the oxidation of higher
molecular mass liquid fuels [25, 26], the impact of these collaborations on practical tech-
nologies will most likely come through improved chemical kinetic mechanisms. The
possibility of full mechanisms for practical fuels, with or without 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. Furthermore,
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 surro-
gate 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 repre-
sent 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
a98.5 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, en-
gineers now possess, for the first time, the ability 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 MONSs are proving more appropriate [27].

The study outlined here, links to the fundamentals of chemical kinetic mechanism devel-
opment via the adoption of a Stochastic Reactor Model to simulate engine combustion.
By eliminating the complex engine combustion flow processes (adequate for HCCI) but
still retaining mixture strength- and temperature- stratification, the full benefits of de-
tailed mechanisms can be exploited. Benefits including improved robustness in terms of
heat release rate and emissions calculations. Critically, when compared to conventional
CFD, computations are completed in timescales (1 hr) which are amenable to carry out
optimisation and parametric studies. The latter are of particular importance when seek-
ing subtle efficiency gains in engine 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 interesting observations which
require further thought. Firstly, the fact that TRFs do not blend in a linear manner is
critical when employing this sort of methodology as small deviations in the calculation of
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RON & MON can lead to significantly different engine performance. This justifies these
research efforts, and demonstrates its importance when considering the adoption of next-
generation surrogate fuel models. Secondly, given that there are a number of TRF blends
with equivalent RONs & MONS, a third metric should be employed to identify the most
appropriate surrogate blend for improved 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 simulation of HCCI combustion,
this work has demonstrated that surrogate fuels can be used to emulate practical fuels
when basing their composition 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 numbers of these toluene reference fuels. This mapping was then inverted,
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 stan-
dard 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 regions, the
latter being especially prevalent when blending toluene and i-octane together. The sources
of these behavior were identified using a modified sensitivity analysis to isolate the key
reactions 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 captured 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 components are added to
surrogate fuels (ethanol and diisobutylene (DIB) [28] for example) the number of design
points can be increased to incorporate the new dimensions, and the response surfaces can
be adapted accordingly. There will also be scope to increase the number of metrics that
the response surfaces approximate for. Not stopping at RON and MON, but adding flame
speed, volatility, viscosity, smoke point, and a host of other physical properties 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 simultaneously is of great importance.
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