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ABSTRACT

Accurate simulation of fuel properties influence in internal combustion engines performance
iIs a very complex approach and combines many physical and chemical concepts such as
combustion phenomena, chemical kinetics, fluid dynamics, turbulence and thermodynamics.
The right modelling of that is still a challenge and currently available software packages for
engines simulation usually consider standard or surrogate fuels. Besides that, new engine
technologies, including those for sport motor application, can achieve better performances if
custom fuels are formulated and applied. This development usually requires a large number of
tests with different fuels, which leads to very expensive researches. Therefore, simulation is
an option to reduce the number of tests and the associated costs. This paper presents the use of
a response surface approach based on Radial Basis Functions to simulate a flexible fuel
engine running with distinct blends of iso-octane, n-heptane, toluene and ethanol.
Performance, energetic efficiency and pollutant emissions are predicted in different operating
conditions.

INTRODUCTION

The development of high quality fuels for internal combustion engines has been increased
very largely and became an important research item in the last decades for the main oil and
fuel companies in the world. In the beginning of fuel production, only few specification items
were defined to simply assure that fuels were able to run engines and vehicles. With the
growth of environmental concerns, mainly from the seventies, new properties have being
added to fuels specs. Additionally, the development of new engine technologies requires a
correspondent fuel quality improvement, not only to achieve better performances, but also to
comply with regulatory indexes.

Researches for new fuel development usually require a large number of different tests to
cover the main quality attributes such as engine performance, fuel consumption, pollutant
emissions, engine cleaning, and parts durability. Therefore, there is a need of expensive
laboratory setups, high quantities of different fuel formulations, vehicles, engines, specialized
staff and so on, that results in huge budgets and times.

Computational simulation is a very attractive alternative to aid on development costs
reduction, not yet as the only tool, but as a first screening of candidate fuel formulations or



additivations, pointing the experimental effort tiee best predicted results. Currently, a
number of very powerful engine simulators are a@dd on the specialized market and are
largely used by the automotive industry to desigd aptimize new engines and vehicles.
However, as these packages are dedicated to endg@vesopment, they normally consider

standard or surrogate fuels to run performancelstiouns for different engine configurations.

Nevertheless, fuel development need the oppositegtration, fixing engine parameters and
changing fuel properties and compositions.

Phenomenological approaches to simulate fuel paedoce changes related to their properties
deal with very complex disciplines as combustiombtilence, chemical kinetics, fluid
dynamics and thermodynamics, for instance. Usuligse calculations need a large number
of coupled equations with very hard mathematicalitsmn and computational effort, and in
fact are still not completely dominated. But, thatistical treatment of available experimental
data or the knownledge of a defined experimentéipsdehavior can be used to build
powerful and feasible computational alternativesi¢ourately predict new fuel formulations
performance.

In this work, a response surface approach, baseal Radial Basis Functions (RBF) model
was applied on a previously available experimed#th set, composed by fuel properties and
engine operating conditions, with their correspagdperformance, efficiency and emission
results. This data set was acquired from a flexargine running with different blends of
iso-octane, n-heptane, toluene and ethanol. Thidysis still under development and this
paper presents preliminary results obtained in amensive job, devoted to build new
computational tools to be applied on the Petrolitasearch and Development Center in
future research projects for new fuels or additivesulations.

1. RADIAL BASISFUNCTIONS

Radial Basis Functions (RBFs) is becoming an estadad approach in recent years to
simulate different problems in many areas of ergyimg [1-10]. This technique was first
proposed by Kansa [113fter the work of Hardy [12)n multivariate approximation.

Kansa proposed the asymmetric collocation methat dtarts by building an approximation

to the field of interest, which are normally dispganent components, from the superposition
of RBFs, globally or compactly supported, convetlyeplaced at points in the domain and/or
at the boundary.

RBFs may be classified into two main groups, agddfin Colacaet al [13]:

a) The globally supported ones namely the multiquad{dQ, /(x— %)’ + ¢ whereg
is a shape parameter), the inverse multiquadhas piate splines, Gaussians etc;

b) The compactly supported ones such as the Wendbfidfamily (for example,
(1 —7r)} + p(r) wherep(r) is a polynomial and1 — )% is O forr greater than the
support).

It is worth mentioning that there are several otthmathods for automatically constructing
multi-dimensional response surfaces available énopen literature [15-18].



The RBF model used in this work has the followirgngral form, for a function ot
variables, i =1,...,L [13]:

N
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wherex ={xy, ..., X% ..., X}, f(X) is the exact value of the function as() is the estimated

value obtained by interpolation. [19].

This approximation is solved for tlsg unknowns from the system bflinear equations, and
the Multiquadrics Radial Basis Functions (Eq. 2yevased in this work, where the shape
parameter; is used to control the smoothness of the RBF:

Blix-x)= (- x%) + @

1.1 Performance Measurements

In order to verify the accuracy of the metamodetvedboped in this work, three
different metrics were used: R SquaR®)( relative average absolute error (RAAE),
and relative maximum absolute error (RMAE) [20].
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wherey; is the observed valug; is the corresponding predicted value and the
mean of the observed values. It is the ratio batwtbe mean square error (MSE),
which represents the distance of the metamodel tf@mreal simulation model, and
the variance that captures how irregular the probie LargerRPvalues mean more
accurate metamodels.

» Relative Average Absolute Error
Ziz1lyi = 3l

RAAE = 1 +STD (4)

where STD is the standard deviation. Smaller RA/&HI®s indicate more accurate
metamodels.

* Redative Maximum Absolute Error

max — 941, —9%l,..., -9
RMAE = (lys = 94 |YZSTD3’2| |y — Fnl) (5)

Since RMAE indicates the maximum error in one ragid the design space, small
RMAE values are preferred. Even whet and RAAE present very good overall
accuracy, RMAE can be large if there is a largereim one region. Since it cannot



show the overall performance, it is not as impdréaR’ and RAAE.
Also, percentage deviations between experimenthlpaedicted values of each testing
point were calculated.

2. EXPERIMENTAL DATA

Response surfaces based on RBF models were bsdét lman fuel properties and experimental
performance data that were available in the previsark of Machadet al.[21-23], In that
study, it was presented a comprehensive analyssimwbgate fuels performance related to
their composition. Ternary plots of response s@sdawere statistically determined based on
normalized concentrations of three basic gasolo®ponents (iso-octane, n-heptane and
toluene) and mathematical models were developedtingl the percent volumetric
concentration of each component with various ddifer fuel properties and engine
performance parameters [24, 25].

In that study, a DoE was built to cover the centegiion of a fuel blend composition ternary
diagram, as shown in Figure 1. The central regsothé best range to represent the properties
of a commercial gasoline in Brazil. In fact, thextares are not specified commercial
gasolines, but represent well the range of vanatibtheir properties and the engine operated
smoothly with all of them. Ten blends of iso-octanéheptane and toluene were defined. A
fixed concentration of 25% by volume of anhydrotigaol was added to all surrogate blends
to comply with the Brazilian commercial gasolingutation (A_E25 to J_E25).
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Figure 1: Ternary diagram of fuel blends composition [21].

Additionally, experimental data from four alternativariations of anhydrous ethanol content
in mixture B (B_EOO to B_E75); pure anhydrous ethgiiEAC); and pure hydrous ethanol
(EHC) were available. Table 1 summarizes all thenb&ure compositions.



Table 1: Matrix of experimental fuels composition.

Volumetric Concentration (%)

Mixture | so-octane N-heptane Toluene EAC
A E25 25 25 25 25
B E25 31.25 12.5 31.25 25
C_E25 12.5 31.25 31.25 25
D _E25 31.25 31.25 12.5 25
E_E25 37.5 18.75 18.75 25
F E25 18.75 37.5 18.75 25
G_E25 18.75 18.75 37.5 25
H E25 0 37.5 37.5 25
| E25 37.5 37.5 0 25
J E25 37.5 0 37.5 25
B _E00 41.67 16.66 41.67 0
B E15 35.42 14.16 35.42 15
B _ES50 20.84 8.32 20.84 50
B E75 10.42 4.16 10.42 75

EAC NA NA NA 100
EHC NA NA NA 94.7

NA — not applicable.

Machadoet al. [21-23] performed their experiments on a fourdogbr four-stroke Fiat Fire
1.4L Tetrafuel engine that is able to run with pgesoline, Brazilian regular gasoline (that is
a gasohol with 18% to 25% of anhydrous ethanol blpme), any mixtures of Brazilian
gasoline and hydrous ethanol, pure hydrous ethamiblalso natural gas. Details of the main
engine specifications are presented in Table 2.

Table 2: Specifications of Fiat Fire 1.4L Tetrafuel engine

Total swept volume 1368 cm3
Number of cylinders 4in line
Cylinder diameter 72 mm
Stroke 84 mm
Piston bore 71.9 mm
Compression ratio 10.35:1
Valves per cylinder 2
Camshaft 1 (Overhead)

A MoTeC m800 programmable electronic control uBCU) replaced the original one and
tests followed the ISO 1585 standard [26] at sffedint operating points, varying speed and
throttle position, in order to cover a wide randgeengine operating conditions. Two fixed
values of Lambda, the ratio between the real aoidtsbmetric air/fuel ratio, were defined:
0.9 for full-load, with wide open throttle (WOT) @r..O for partial load.

In order to achieve the maximum break torque (MBpgrk timing was varied according to
fuel and engine operating conditions, limited t@éking occurrence and a maximum exhaust
gas temperature of 900 °C. At least three measursnoé torque and fuel consumption were
performed for each fuel after a minimum of one nénof engine stabilization per operating
condition. CO and C®emissions were acquired with a Napro Modal 2010-dispersive
infrared analyzer. The maximum experimental expdndeertainty was 0.6% [21, 23].



A picture of the engine test bench can be seemguré 2.
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Figure 2: Test bench with Fiat Fire 1.4L Tetrafuel engine.

3. RBF MODEL CONSTRUCTION

To construct this first simplified version of theodel, based on RBFs, the following list of
available experimental data was used, includind fueperties, operating conditions and
measured test results with the 16 fuels listedahld 1:

a) Fuel Properties: density; lower heating value; alpy of vaporization; H/C and
O/C molar ratios; stoichiometric air/fuel ratio;caanti-knock index;

b) Operating Conditions: engine speed and spark tiffarank angle degrees BTDC);

c) Experimental Measurements: torque; specific fuelsconption (SFC); volumetric
efficiency; CO and C@emissions.

Input data set was built by normalizing all avaléatuel properties and operating conditions
listed above and the linear system was solved &oh eexperimental measured parameter.
Twelve of the available fuels in Table 1 were ugetuild response surfaces (Egs. 1 and 2)
and four of them were chosen to test and valida¢eniodel after construction. As can be
noticed in the experimental fuel composition teyndiagram (Fig. 1), mixtures B, C and D
are in the middle of domain. Thus, mixtures B_E@5FE25 and D_E25 were selected to
validate the surfaces. Also, the mixture B with 18%EAC (B_E15) was chosen. In this
simulation, only three full load operating condits with 5500, 3875 and 2250 rpm were
used.

The shape parameterwas fixed as the lowest distance between two pamthe domain.
Computational code was made in Fortran language. lifear system was composed by a
36 x 36 matrix and solved by the LSARG subroutnoef IMSL package [27].



4. RESULTSAND DISCUSSION

Figure 3 presents comparisons between predicted eapdrimental results for the four
selected fuel mixtures. Torque, specific fuel canption, volumetric efficiency, CO and GO
emissions are analyzed. Simulations of torque, iBpeouel consumption and volumetric
efficiency have achieved good adherences for mb#teocases. Emissions predictions had
worse performances. However, this level of simatatan already be considered satisfactory
from the point of view of tendencies analysis.

As it can be seen, prediction models were ablendicate that mixtures C_E25 and D_E25
produce lower output torque and higher fuel congionpand could be eliminated in a
preliminary selection, reducing experimental eBo®n the other hand, if emissions were the
main concern, predictions indicated clearly the pesformance of mixture D_E25.
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Figure 3: Comparisons between predicted and experimentalsesu



In order to verify the accuracy of the predictedutes, Figure 4 presents their correlations
with the experimental ones. It can be noticed thatalready verified in Figure 3 analysis, for
torque, specific fuel consumption and volumetridicedncy, strong correlations were
achieved, but were not so good for emissions simams. However, most of the result
deviations from the perfect prediction line (predec= experimental) were lower than £3%.
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Figure 4: Comparisons between predicted and experimentaltsesu

Table 3 presents the summary of performance indéegraphically observed in Figure 4,
torque, SFC and volumetric efficiency obtained hijHevels and low values of RAAE and
RMAE, indicating a good adjust for response suades also already noticed, IoRf and
high RAAE and RMAE values, from CO and g@missions response surfaces, indicate poor
agreement between prediction and experimental salue



Table 3: Performance Indexes.

Performance Torque BSFC Volgr_netric co CcO?2
Index Efficiency
R? 0.9776 0.9744 0.9850 0.7987 0.4681
RAAE 0.1165 0.1253 0.1028 0.3425 0.5570
RMAE 0.2703 0.3104 0.2638 0.8522 1.6904

Figure 5 summarizes all absolute deviations betwemlicted and experimental values.
Besides the low performance indexes that were mddafor emission simulations, it can be
noticed that only two predictions deviations weighler than 3%, among all of them, which
indicates that, at least for tendencies indicatiassdiscussed above, this first model is
satisfactory enough.
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Figure5: Absolute deviations between predicted and experiahenlues.

CONCLUSIONS

This paper presented the first step of a respamdace prediction model development, based
on Radial Basis Functions (RBF) to predict perfamoe and emissions of an internal
combustion engines. Models were built with a sifigdi approach for the method and first
results presented satisfactory performances.

The obtained results have satisfactory accuracytdoque, specific fuel consumption and
volumetric efficiency and poor correlations for @@d CQ emissions.Models could capture
very well engine performance tendencies relatedfuil properties, which is already
satisfactory to choose candidate formulations xpeeimental developments.

Next steps of this model development include: aaptide choice of the shape paramejdo
optimize the surfaces to each output parameterintiheduction of polynomials to improve
the response surface domain; comparison with etie¢hods, such as Kriging technique [13];
and uncertainty analysis.
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