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Abstract

By evaluating combustion duration and flame development, it is possible to evaluate the effects of utilizing a new type of
fuel. This allows for optimization of the operational parameters such as the ignition timing, air—fuel ratio, and throttle
opening with respect to efficiency, knock, emissions, and performance. In this work, the combustion of a Brazilian
hydrous ethanol fuel was evaluated in a commercial flexfuel engine. Investigations were conducted by performing a heat
release analysis of the experimental data and providing combustion characteristics. The experimental design comprised
of variations in engine speed, load, ignition timing, and air—fuel ratio under lean condition. The results indicated the rela-
tionship between the engine parameters and combustion characteristics under a wide range of operational conditions,
and identified the relationship between the physical characteristics of the fuels and their combustion in the commercial
engine. For high engine speed, lean combustion presented a similar duration to the stoichiometric combustion duration.
When comparing the combustion characteristics obtained for the hydrous ethanol with gasoline combustion, the main
differences noted were reduced sensitivity to detonation and a shorter duration of combustion, although the tempera-
ture at the start of combustion was lower for ethanol. In addition to shorter combustion duration, ethanol presented a
lower value for the Wiebe exponent. The results obtained from the combustion duration values and Wiebe function
parameters enable the composition of a set of data required for a simplified combustion simulation.
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Introduction unit (ECU) during the operation of the engine, such as
air—fuel ratio, spark timing and load. From the HRR
profile, it is also possible to understand the effect of
each tested parameter on the phases of combustion,
specifically the flame development phase (usually the
phase until 10% of the fuel is burnt), fast burn phase
(burnt fuel is from 10% to 90%), and quenching
phase.” Much research has been conducted on spark
ignition engines (SIs), and it is possible to derive the

isolated f.rom other phenomena such as blo;zv-by, heat mass fraction burned (MFB) from the AHR profile by
transfer, internal energy change, and work.” The out- knowing the trapped mass in the cylinder and the
puts of the procedure are known as the apparent heat
release (AHR) and the heat release rate (HRR) profiles.
The start of combustion (SOC), end of combustion 'Laboratory of Biofuel Engines, School of Mechanical Engineering,
(EOC), and other secondary parameters such as the ,oniversity of Campinas, Campinas, Brazil o o
combustion duration, ignition delay, and form of com- 2:21:2: né:;i::sgyéf:;ro' of Mechanical Engineering, University of
bustion can be deduced from the AHR profile. 3Departme;nt of Comi:utational Mechanics, School of Mechanical
Therefore, it is possible to perform this analysis to  Engineering, University of Campinas, Campinas, Brazil

determine the effect on combustion from engine design .
Corresponding author:

parameters such as piston geometry’ compression ratio, Caio H Rufino, Laboratory of Biofuel Engines, School of Mechanical

and valve timing, as well as Operational parameter, Engineering, University of Campinas, 13083-970 Campinas-SP, Brazil
which are constantly adjusted by an electronic control  Email: rufinol 19186@gmail.com

Combustion diagnosis is a powerful tool employed in
internal combustion engines, and it provides informa-
tion regarding combustion characteristics using a ther-
modynamic approach. It is performed using the
measured in-cylinder pressure, as it is the most accessi-
ble thermodynamic property in the cylinder.! The com-
bustion effect on the in-cylinder pressure can be
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energetic content of the fuel, thereby providing a value
for the fraction of burned fuel along the engine cycle.*
Other methods can characterize combustion from a
more detailed and microscopic approach. For example,
the flame growth, structure, and speed can be measured
in optical engines or closed vessels to obtain the effects
of specific parameters on combustion, for example, the
air—fuel ratio,” diluent concentration® and tempera-
ture.” Such analyses can also be used to present com-
parisons between different types of fuels.>® However,
determining the effect of the combined variation of
many parameters within the wide operational condi-
tions of an engine can be a difficult task. Thus, combus-
tion diagnosis is still a reliable tool for characterizing
combustion, and can be used in parallel to those meth-
ods, based on a more theoretical approach. Moreover,
combustion diagnosis can provide data for data-based
MFB models for engine simulation. The most fre-
quently used correlation that describes the MFB profile
is the Wiebe function.'® Consequently, several studies
in combustion diagnosis have evaluated combustion
characteristics by fitting the parameters of the Wiebe
function to the studied case.*!' 3
Many implementations of combustion diagnosis can
be found in the literature, such as a study on effects of
a secondary injection of natural gas on compression-
ignition (CI) engines'* or a study on the effects of using
blends of ethanol and n-butanol in diesel.'”” Some
investigations suggest the implementation of such mod-
els on real-time diagnosis to assist engine control, such
as determining the beginning of combustion in CI
engines'® or the combustion duration in SI engines."’
Other examples of application for combustion diag-
nosis include the simulation of homogeneous charge
compression ignition and spark assisted compression
ignition, in which the model must consider the effects
of auto-ignition together with flame propagation,'® in
addition to experimental exergetic analysis,'® calibra-
tion of predictive simulation models for engines,' and
educational purposes, such as engineering education.®
Bioethanol is a promising alternative as a substitute
for fossil fuels,”! and the development of engines
adapted for this fuel relies on fuel characterization,
which can be performed through combustion diagnosis.
In addition to being produced from renewable sources,
ethanol presents a higher heat of vaporization and
faster flame speed, leading to a higher resistance to
knock onset, thus facilitating downsizing through tur-
bocharging.”'*> Moreover, the presence of oxygenates
contributes to flame stability, resulting in a reduction
of carbon monoxide and hydrocarbons emission.>* As
examples of research, studies performed on ethanol
usage in internal combustion engines one can cite eva-
luations of anhydrous and hydrous ethanol combustion
in port fuel injection (PFI) and direct injection (DI)
engines,”* the effects of spark advance and compression
ratio on gasohol blends,”” and effect of water content
on DI engines.? Studies on the performance, emission,
and combustion characterization of engines operating

with hydrous ethanol, gasohol blends, and wet ethanol
(ethanol with high water content) were summarized in
a review by El-Faroug et al.?’

Currently, the Brazilian market offers hydrous etha-
nol and gasohol, which are referred to in this paper as
E95h and E27, respectively. Only a few studies have
evaluated the operation of Brazilian hydrous ethanol in
flexfuel engines. For example, Costa and Sodré com-
pared gasohol and hydrous ethanol operations in terms
of their brake specific consumption, thermal efficiency,
and emission in a wide range of speed under full load
conditions.”® Subsequently, the authors studied the
effects of the compression ratio for a flexfuel engine
operating with ethanol on the specific fuel consump-
tion, brake mean effective pressure, brake power, brake
torque, and thermal efficiency under the same condi-
tions as the previous study.”’ Another study was con-
ducted by Melo et. al., who measured the brake thermal
efficiency and emissions in a flexfuel engine operating
at a constant torque under different speed conditions.*
Further investigations of the same engine were per-
formed to evaluate the effects of hydrous ethanol and
gasohol blends on knock, cyclic variability, and com-
bustion duration at a constant torque and under three-
speed conditions.?! Another investigation expanded the
cited study by evaluating the effects of hydrous ethanol
and gasohol blends on heat release and emissions under
two-load conditions and at three speeds under stoichio-
metric and rich conditions.?? In these studies, the eva-
luations were performed either under a full load or
specific load condition, the air—fuel ratio was set to
either a stoichiometric condition or a rich condition,
and the spark advance was set to either maximum brake
torque (MBT) or limited knock. Moreover, there were
no data related to the effect of the air—fuel ratio under a
lean condition and only a limited range of data can be
found for analysis on the effect of load. The use of etha-
nol does not limit itself for the Brazilian transportation
sector. Sileghem et al.*® discussed that the use of bio-
fuels and their blends with gasoline should be inter-
preted as an evolution. They cited the European
market, in which ethanol is currently being used as
mean for improving fuel octane number, and the North
American market, in which the E85 fuel is used.

This work contributes to the literature by presenting
a combustion diagnosis of E95h on a commercial SI
PFI flexfuel engine in the context of a two zone heat
release model. The objectives of this study consist of
evaluating the effects of engine parameters on hydrous
ethanol combustion, correlating those effects to studies
found in the literature and indicating the degree of
influence of each engine parameter. Moreover, a com-
prehensive set of results provides an experimental data
for modeling hydrous ethanol combustion in a flexfuel
engine simulation. Thus, experiments were conducted
in a wide range of operational conditions for engine
speed, throttle position and ignition timing. In some
cases, the calibration strategy of the ECU for the com-
mercial engine was preserved. In addition, there is a
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scarcity of results regarding the combustion character-
istics of an air—fuel ratio in a lean condition; this topic
is also covered by this work. Although the catalyst
operation limits the air—fuel ratio to stoichiometric and
rich conditions, lean mixtures have been considered for
partial load operations with the objective of reducing
pumping losses.?? This is because the combustion stabi-
lity of ethanol enables operation at lean conditions
without significantly reducing the vehicle drivability.?
The characteristics of combustion were indicated by
the values of the Wiebe function parameters: combus-
tion duration, form factor, 50% of MFB and combus-
tion phases duration, which are presented in the
Methodology section. A comparison of E95h with
gasohol E27 was also performed to determine the dif-
ferences between the characteristics of both fuels com-
bustion. The method used to perform the heat release
analysis is also described in the Methodology.
Descriptions of the experimental setup and the tests are
provided in Experimental setup section. The section
Results discloses and discusses the results. The infer-
ences obtained from the evaluation results are summar-
ized in the Conclusion.

Methodology

The pioneer method for determining heat release from
experimental data was developed by Rasswiler and
Withrow (RW), and consists of correlating the MFB to
the pressure rise fraction caused by the combustion.** A
more elaborated method was proposed by Krieger and
Borman (KB), as described by Gatowski et al.,” and is
based on the energy conservation law as applied to the
in-cylinder gases, allowing for the inclusion of heat
transfer and blow-by effects. A comparison between the
methods was conducted by Brunt and Emtage,* which
demonstrated that the KB method provides higher
reliability and accuracy. However, when the amount of
heat release is low, that is, in a partial-load condition,
the RW method presents more robustness to noise and
uncertainties owing to its simplicity, and it remains pre-
ferred by some researchers to date. Many researchers
have expanded both methods to a two-zone approach,
in which reactants and combustion products are ana-
lyzed separately. Stone et al.*® and Ball et al.’” have
described two-zone models based on the RW method.
Only few combustion diagnosis methods were based on
the two—zone approach. This approach consists of sepa-
rately applying the energy conservation law to reactants
and to combustion products."*** A higher accuracy
and the possibility of obtaining temperature profiles for
reactants and products are the main advantages of
implementing the two—zone diagnosis model.

In this work, a two—zone model was developed and
implemented to conduct the combustion diagnosis and
thereby to obtain the MFB profile. The parameters
evaluated in the analysis are obtained from the MFB
profile, such as SOC, CA10, CAS50, CA90, EOC,

combustion duration, n and ignition delay. All these
parameters were used to evaluate the behavior of the
combustion with respect to the operational conditions
of the engine.

Heat release profile

First, the mass of a homogeneous mixture trapped in
the cylinder is estimated by measuring the instanta-
neous fuel flow and air—fuel ratio. Although the intake
manifold design can lead to a non-homogeneous distri-
bution of mass, the adopted hypothesis (homogeneous
mass distribution for all cylinders) is very close to that
of SI engines, as reported by Depcik et al.*°

Work and heat transfer are the only interactions of
energy exchange in the cylinder prior to the ignition
event. Hence, this part of the cycle can be used to esti-
mate the temperature of the cylinder wall. The energy
transfer via the work interaction occurs in the cylinder
only because of the piston displacement, thus
oW = P‘é—g. The internal energy depends only on tem-
perature as a consequence of the ideal gas hypothesis.
Therefore, the differential of internal energy is given by
the differential of temperature times the specific heat of
the mixture (c,). Its value is fitted for all substances as
a function of temperature, by using data provided by
the National Institution of Standards and Technology
thermophysical tables, and then it is calculated for the
mixture. The reactants are considered to be a mixture
of fuel and air. Dry air is modeled as an ideal gas com-
posed of nitrogen, oxygen, carbon dioxide, and argon.
Air humidity is measured at the location where the tests
were performed.

The heat transfer 6Q is obtained by isolating it from
the energy balance and neglecting blow-by

dv dTr

=P 4+ o —
Q=P tag (1)
The differential of the temperature is given by the fol-

lowing state equation

dTr 1dP 14V
— =T == + = (2)
de Pde V de

By substituting equation (2) into equation (1) and re-
arranging the terms, the heat transfer profile is obtained
as follows

cy dVv ¢, dP

50 P(R - 1) do - VR de ®)
In the above, the constant R is the difference between
specific heats at a constant pressure and constant vol-
ume. Once the in-cylinder gas is colder than the cylinder
wall at the beginning of the compression stroke, and
after closing the intake valve, the heat transfer occurs
from the wall to the gas. Then, the gas is compressed
and its temperature rises, changing the direction of the
heat flux. Consequently, there is a moment in which the
gas and the cylinder wall are at the same temperature,
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and this instant can be determined as the time when the
heat flux is calculated as null. The cylinder walls tem-
perature is defined in this instant as being the same as
the in-cylinder gas temperature. Most works found in
the literature arbitrarily estimate the cylinder walls tem-
perature or adjust the temperature ad hoc. Although
this information is not essential for a combustion diag-
nosis, it is fundamental for a second law analysis of
experimental engine data.

The combustion energy released after the ignition can-
not be differentiated from the heat transfer in the energy
balance, and the equations provide the net heat release.
To achieve a higher accuracy, many studies in the litera-
ture implement an estimate of heat transfer, thus separat-
ing the effects of combustion and heat losses, and obtain
the gross heat release. In this analysis, the heat release is
estimated from the convection law

HT
so = AT = Tw) (4)
In the above, A4 is the heat transfer area of each zone
and T, is the cylinder wall temperature. The heat trans-
fer coefficient A7 is calculated as a function of volume,
pressure, temperature and mean piston velocity, as sug-
gested by Hohenberg.*

The two zone model consists of applying the energy
conservation law to two zones: one formed by reactants
(represented by the subscript r) and the other formed
by combustion products (represented by the subscript
p). The development of the model assumes that the
gases do not mix, that the zones are at the same pres-
sure and different temperatures, and that the zones are
separated by the flame front.

The composition of combustion products is consid-
ered to be dependent on the stoichiometric condition.
This model considers a fixed composition for combus-
tion products. A complete combustion leads to a mix-
ture of carbon dioxide, water, argon, and nitrogen if
the stoichiometric condition (A = 1) is achieved. For
conditions of excess air, that is, a lean condition
(A >1), oxygen is present in the combustion products.
On the other hand, if the air is insufficient, that is,, the
rich condition (A < 1), then the combustion is incom-
plete. Thus, part of the carbon present in the fuel is
converted into carbon monoxide, whereas a part of the
hydrogen present in the fuel is converted into molecular
hydrogen. It should be noted that the species balance
does not provide a sufficient number of relationships to
solve the stoichiometric balance. Thus, it is necessary
to assume that a relationship exists between carbon
monoxide and molecular hydrogen, based on an esti-
mative of the chemical equilibrium between those
substances.*!

By applying the energy conservation law to reactants
and using the relation between the internal energy U
and enthalpy H : U = H + PV, it can be established

dH dp dm
— =80+ V— +h—
de 00+ V de h de )

This equation can be applied for both zones, reactants
and products. The enthalpy in the mass transfer term
(h) is the enthalpy of reactants while the mass transfer

rate is given by %’ = —md(f;” for reactants and
d _ dX) . .
99 = m~g for combustion products, being X, the

MFB.

By separating the effects of mass and temperature on
the extensive enthalpy of the gas as, it is possible to iso-
late the temperature differential for reactants
a7, 80, + v, 4 »

de cp.r(1 — Xp)m

and for combustion products

dT, _
d_ap = (cp,prm) 1{ [Mﬁle/LHV +
7)
dx, dp (
m(cp, Ty = cppT))] d—eb +80, + V,,@}

Here, the energy release by combustion is given by
My LH V% with the lower heating value LHV and
the admitted mass of fuel my,.; as calculated using the
measured air—fuel ratio.

The rate of volume dislocation is given by

dv_ dr,

de de

dv,
¥ (8)

and by applying the ideal gas law, together with the
temperature differentials obtained from the energy con-
servation law, it is possible to isolate the MFB

dX,

do
R, dP dv dp
L -80,-V,— |+ P— +V——
Lp,p < &=V de) a Vde

©)
m(1 = Xp)R, dd%] {m[R, T, — R.T, +

R, (muaLHV -
— | —— *+ ¢, T, — ¢, T,
Cp,p ( m p,ror 1272

For those three differential equations, it is necessary to
define an initial value to implement the Runge-Kutta
method. The initial value for the MFB is null. The ini-
tial temperature value for the reactants is determined
by the ideal gas model applied at the instant of intake
valve closing, and the initial temperature for the first
portion of the combustion products is considered to be
the adiabatic flame temperature.

CA50

Once the profile of the released heat is determined, a
criteria for specifying the start and EOC must be cho-
sen. It was selected using a method based on identifying
instants of 10, 50, and 90% of the MFB, also known as
CA10, CAS50, and CA90, respectively. These para-
meters are given by the integration of the HRR, that is,
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the heat released, which is smoother than the HRR
(owing to the integration process).

Generally, the MFB is approximated by a function
which describes the development of combustion. The
researcher Ivan Wiebe developed a semi—empirical cor-
relation for reproducing the effect of a complicated
chemical reaction chain with a simple expression.'®
Thus, this developed model can reproduce the behavior
of combustion, by adjusting a few parameters®* cali-
brated with experimental data. It has been reported
that each engine and condition can provide different
parameters for this model. The function is given in
equation (10)

n+1
X, =1—exp lln(l -7) (0 ;060> ]

The above equation is commonly referred to in the liter-
ature as the Wiebe function.

The term 7 is the maximum value of the MFB and is
dependent on the combustion efficiency. In this work,
the combustion efficiency is estimated rather than cal-
culated. This parameter is usually replaced by another
parameter, a = — In(1 — ). Many authors have chosen
arbitrary values for this parameter, a, which varies
from 4 to 6.908.° The latter value was the pioneering
suggestion of Wiebe,'” and was reinforced by other
authors.'>** That value is adopted for this work, and
leads to a combustion efficiency of n = 0.999.

Moreover, the use of CA50 is fundamental for esti-
mating the parameters A6 (combustion duration) and n
(form factor).

(10)

Form factor

In this study, the parameter n represents the form fac-
tor. The form factor indicates the degree of asymmetry
of the combustion profile. The effects of this parameter
on the burning profile can be verified from the works of
Mueller et al.>* and Gallo.* The higher the value of n,
the slower the combustion will be at its beginning. In
contrast, small values of n indicates that the combustion
develops quickly, and that the fast burn region occurs
early.

By substituting the obtained crank angles of CA10
(610), CAS0 (650), and CA90 (89) in 6 and 0.1, 0.5, and
0.9 in X}, (equation (10)), respectively, it is possible to
determine the SOC

610 — 60 _ <050 - 90>L
oo — 0o 90 — 6o
in which the constant L is
In <ln 0.9)
I - In0.1 (12)

In In0.5
In0.1

(11)

Multiple roots can be found when solving equation (11)
for 6y (SOC). Hence, the bisection method of numerical
solving is implemented for the interval between the igni-
tion and CA10. In most cases, the start of the combus-
tion was given as the same instant as the ignition. In
other cases, it was observed that there is a brief delay
between the ignition and the SOC. This period of time
is defined as the ignition delay.

The parameter n can be
following:"?

1n(ln0.9>
"y = In0.1 (13)

In (910 - 90>
090 — 0o

Combustion duration

determined by the

One of the most fundamental parameters in the com-
bustion analysis is the duration of combustion. This
parameter is directly linked to the efficiency of the
engine, and a faster combustion is preferred in most
conditions. By using the developed equation, the com-
bustion duration can be determined as follows:"?

-1
In0.5\" T
A6 = (050 — 6 ( )
(050 0) =

(14)

Experimental setup

The experimental tests were executed in the PSA’s
spark—ignition port fuel injection engine (Table 1). It
includes three cylinders with an in—line configuration
and a nominal compression ratio of 12.5:1. Although
data were measured for all cylinders, it was arbitrarily
opted to evaluate the data acquired for cylinder 1,
whose measured compression ratio was 12.28:1. The
tested engine was a multi—fuel engine, also known as a
flexfuel engine. Flexfuel engines are widely used in light
duty vehicles in Brazil and are capable of being fuelled
by gasoline, hydrous ethanol, or even a blend of both
fuels, composed of any proportions. The bench tests
were executed at the Instituto Maua de Tecnologia
(IMT) facilities. A ETAS ECU for development was
used to control the engine. The in—cylinder pressure
was acquired by using instrumented spark plugs AVL

Table I. Engine characteristics.

Cylinders 3in line
Compression ratio 12.28:1
Connecting rod length [mm] 145.6
Displacement [cm®] 1200

Bore [mm)] 75
Stroke [mm] 90.5
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Table 2. Test parameters.

Full load Ignition timing Lean mixture
sweep
Engine speed  1000-6000 1500 and 3000  1000—4000
A < | 1-1.3
Load Full 20-100% 25 and 50 Nm
Fuel E27&E95h E27&E95h E95h

ZI31_YS5S. The tests were performed with a passive
eddy current positron Brown-Boveri dynamometer.**

The fuels used in the test were those currently avail-
able in the Brazilian market for SIs: E95h and E27.
E27, also known as gasohol, consists of a gasoline 86
MON/95 RON blended with 27% ethanol in volume.
E95h, that is, hydrous ethanol, consists of a blend of
95% ethanol and 5% water in a volume of liquid. In all
conditions, the engine was running under normal
operational conditions. The experiments were sepa-
rated into three categories: full load, ignition timing
sweep and lean mixture (Table 2). It was not possible
to obtain a stable engine operation for the condition of
A = 1.3 for 50 Nm of load. Thus, results are not pro-
vided for that specific condition.

Load is indicated by throttle position for the ignition
timing sweep test, whereas it is indicated by torque for
the lean mixture test (Table 2).

The air—fuel ratio was not controlled for the full load
test, as it was at a rich condition during the entire test.
The ignition timing was set either to the MBT condi-
tion or to knock limited for both the full load and lean
mixture tests. The conditions of 25 and 50 Nm of load
are representative of the vehicle’s engine operation and
they represent a different percentage of the torque at
full load for different engine speed conditions, between
20% and 40% for 25 Nm and between 40% and 80%
for 50 Nm.

Data processing consisted of averaging the obtained
cycles for the in—cylinder pressure and the parameters
used in the calculation of the released heat, such as the
rate of fuel flow, ambient temperature, humidity, air-
fuel ratio, and ambient pressure. In that regard, 300
cycles with a resolution of 0.5 °CA were obtained for
the full load and ignition sweep tests, whereas 150
cycles with a resolution of 0.2 °CA were obtained for
the lean mixture test. After averaging, the pressure pro-
file was smoothed to eliminate noise and fluctuations
caused by phenomena that were not modeled in the
heat release analysis, e.g. charge motion and pressure
waves caused by valve closing. In addition to those
phenomena, noise can also influence the signal. When
the measured signal was differentiated without signal
processing for noise elimination, those fluctuations
were amplified, decreasing the reliability of the diagno-
sis. Although digital filters (such as Butterworth filters),
or smoothing techniques (such as Savitsky-Golay) are
commonly used to perform signal processing for

E95h 25Nm
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Z
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Figure I. Combustion duration for different A/F ratios and
engine speed at 25 Nm.

E95h 50Nm
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Figure 2. Combustion duration for different A/F ratios and
engine speed at 50 Nm.

pressure data, it was decided to implement a new tech-
nique based on a support vector machine®® as this
method was proven to be more robust and reliable. A
numerical differentiation of the fourth order was used
to perform the pressure differentiation.

Results and discussion

The heat release profiles were obtained for the afore-
mentioned experimental conditions. The combustion
duration, n and ignition delay were calculated based on
the heat release profile according to the method shown
through equations (11)-14.

AJF ratio and load effects

The combustion duration decreases with increased
engine speed owing to increased turbulence (Figure 1).
However, in terms of °CA, this trend could not be
observed, as crank displacement is dependent to the
engine’s angular velocity. Therefore, an analysis for
combustion duration in terms of time (milliseconds) is
more appropriate.

The major contribution to flame speed comes from
the turbulence,”” which was easily verified from the sig-
nificant decrease in combustion duration with an
increase of engine speed (Figures 1 and 2). Although
the flame is turbulent in engines, the laminar flame
speed is a characteristic that can indicate the effect of
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Figure 3. Ignition delay for different A/F ratios and engine Figure 4. Ignition delay for different A/F ratios and engine
speed at 25 Nm. speed at 50 Nm.
other parameters on combustion. The laminar flame  Taple 3. CA50 for different A/F ratios and engine speed.
speed is affected by the pressure, temperature and A/F
ratio.” Eisazadeh-Far et al.® showed that the concentra-  Load Engir)e speed A
tion of diluent gases also influences the laminar flame (r/min)
speed, by illustrating that a higher concentration of 25 Nm 10 Ll 12 13
diluent gases induces a decrease of the adiabatic flame 1000 8 ) I5 18
temperature, which decreases the flame speed. Varea 2000 10 13 17 19
et al.*® and Giilder® showed that flame velocity is maxi- 3000 8 10 I3 16
mized for slightly rich mixtures. Moreover, studies have 4000 9 10 14 19
. 50 Nm 1000 9 10 12 -
shown that the flame speed of ethanol is lower for a 2000 9 12 16 2
lean mixture as compared to that of a stoichiometric 3000 9 T I5 19
condition.*’” In the obtained results, the combustion 4000 9 11 14 I8

duration did not present a strong relation to the A/F
ratio, except for the condition of A = 1.3, which pre-
sented a longer combustion duration than those of
other A/F ratio conditions. This trend may be attrib-
uted to the fact that the stochastic nature of the turbu-
lent flame can overlap the effect of the A/F ratio on the
laminar flame speed. As the load control is performed
by limiting the amount of trapped mass, the in—cylinder
pressure is reduced for low loads. Therefore, a decrease
in combustion duration is observed for 50 Nm as com-
pared to that for 25 Nm (Figures 1 and 2), which agrees
with the results found in the literature for engines
fueled with gasoline''* and gasohol.*®

The ignition delay proved to be lower for higher
loads (Figures 3 and 4), indicating the relationship
between pressure and flame development. Moreover,
the ignition delay decreased with increased engine speed.
For low speeds, a higher level of sensibility to A/F ratio
was observed in the ignition delay. Leaner A/F ratios
induced a higher ignition delay, exposing the effects of
diluent gases and low adiabatic flame temperature.

The parameter CAS50 presented a shift from top dead
center (TDC) for high values of A as the combustion dura-
tion was increased for leaner mixtures. No relation
between CAS50 and engine speed was observed (Table 3)
once the values were constant aside from minor fluctua-
tions. The fixed value for CA50 is explained by the fact
that the combustion duration reduction with engine speed
was compensated for by the increasing angular velocity.

Combustion is divided into four main phases in this
analysis: the flame development phase, defined as the

period between the SOC and CA10; the beginning of
the fast burn phase, defined as the period between
CA10 and CAS0; the end of the fast burn phase,
defined as the period between CAS50 and CA90; and
the final phase, defined as the period between CA90
and the EOC. The fast burn period comprehends the
period between CA10 and CA90. Absolute and nor-
malized values are presented, that is, the ratio between
each phase and the total combustion duration. Values
are respectively provided for 25 and 50 Nm (Appendix
2, Tables 5 and 6).

The stoichiometric condition presented the longest
flame development phase for 25 Nm, except for 4000 r/
min, where the turbulence effect overlapped the effect
of the A/F ratio as previously mentioned. For 50 Nm,
the effect of the load overlapped the effect of the A/F
ratio and no trend was observed. The engine speed
clearly reduced the phase of flame development inde-
pendently of the load condition. The decrease in the
flame development phase was verified by absolute val-
ues, but only for 1000 r/min.

For the fast burn and final phase of the combustion,
the increasing A/F ratio induced a longer duration for
each phase in terms of °CA. However, it was possible
to verify some conditions for the 50 Nm load in which
this trend was not confirmed. A/F ratio was verified to
present more effects on the second half of the fast burn
period (CAS50 to CA90).
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Figure 5. Combustion duration for different loads and ignition
timing at 1500 r/min.

Figure 7. Ignition delay for different loads and ignition timing
at 3000 r/min.
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Figure 6. Combustion duration for different loads and ignition
timing at 3000 r/min.

The overall fast burn phase participation in the com-
bustion duration presented a reduction with increased
engine speed. In relative terms, the effect of the A/F
ratio on fast burn phase was not clearly observed for 25
Nm. For the 50 Nm condition, the stoichiometric con-
dition presented the lowest share of the fast burn phase
in combustion. However, there was no direct relation
between the duration of fast burn phase and the A/F
ratio as the condition A = 1.2 presented the longest fast
burn phase and A = 1.3 presented the second longest
duration for the fast burn phase.

The final phase of combustion presented no relation
to the A/F ratio, but was increased with increases in
engine speed for both 25 and 50 Nm.

Effect of ignition timing

A large variability was observed in the results for low
engine speed (Figures 5 and 6). Owing to the great
variability presented by the condition of 1500 r/min of
engine speed and to the similarity found in the results
for this condition, the results are presented only for
3000 r/min. The combustion duration presented a
decrease for high loads owing to higher in-cylinder
pressure. Moreover, the late ignition timing induced a
higher combustion duration in an exponential relation,
similar to the results found by Liu et al.*’ for engines
fueled with gasoline.
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Figure 8. CADS5O for different loads and ignition timing at
3000 r/min.

The ignition delay presented a significant relation to
ignition timing and was slightly influenced by load
(Figure 7). As ignition was retarded, the pressure and
temperature of the reactants were higher and, therefore,
the period of flame kernel development was decreased
in a linear relation to the ignition timing.

CAS50 presented an almost linear relation to the igni-
tion timing (Figure 8). This trend was a result of the
effect of the late SOC due to late ignition timing
increased combustion duration caused by late ignition
timing (Figure 6). Therefore, it was possible to verify a
relation between CAS0 and combustion duration
(Figure 9).

Aleiferis et al.*” indicated that the position of CA50
and the pressure peak location can be used as an
approximation for the MBT. Although industries apply
some empirical rules to determine the location of the
optimum CA50,* different values were found: approxi-
mately 6°CA ATDC for the optimum CAS50 against the
10 °CA ATDC provided by the literature and a pres-
sure peak located at 12°CA against the 16 °CA ATDC
provided by the literature. Those results corroborate
the conclusions of De Oliveira Carvalho et al.”°

The relation between ignition timing and indicated
mean effective pressure (IMEP) is well established in
the literature. There is an optimum value for ignition
timing as late combustion is longer, decreasing the rate
of heat release whereas early combustion increases the



Rufino et al. 253
5 Full load at 3000 rpm =18 E95h 3000 rpm
15 T T T < T
o e CL\/ o 20% o
10 a " o160« 35% we® ]
_ 10t o o ] 2 4Ll o 50% o A
S e & o) = 100% o, @ ****oo
< L o
25, . ‘:uu o 4 S 12t ane **’booo 1
3 e ° 5 5 oooao?® “““: * o000 ©°
< ] 10 - o oofg® * 4 % %% o
O gl 7 B | = *****o*o*o*o*’”ooooo e %
.‘E sl ° &wcmw i
o g o
5 ‘ ‘ ‘ ‘ ‘ 5 6! - . -
2 2.1 2.2 2.3 2.4 2.5 2.6 -50 -40 = -20 -10
Combustion duration [ms] Ignition timing [*CA]
Figure 9. Relation between CA50 and combustion duration. Figure 12. Absolute beginning of fast burn phase of
combustion for 3000 r/min.
Full load at 3000 rpm
7.05 T T T
. E95h 3000 rpm
7 o ° e’ ] <20 : .
. ig o8 “a @ S a 20% o a
£695. o a " i o B« 35% o il
= 3 e Z g © O0% ag” .
& ool o | o = 100% a *
g o %14, . %% * %0
" on | o L < o *X%x o
6.85 O 121 B ““uuunuiuu: B K kx S0 © 1
6.8 ‘ : ‘ ‘ : ‘ § 10 : x> " *o*obiobkoﬁo %% 0:0‘9* 000°%0°
8, - - — - - - 2 10L o 1
2 2.1 2223 24 2.5 2.6 g St Rt
Combustion duration [ms] A 8 | | |
-50 -40 -30 -20 -10
. X X X Ignition timing [°C'A|
Figure 10. Relation between IMEP and combustion duration. °

Figure 13. Absolute end of fast burn phase of combustion for
3000 r/min.
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Figure 1 1. Absolute initial phase of combustion for 3000 r/min.

pressure during the compression stroke, generating neg-
ative power** (Figure 10). It was verified that the IMEP
is reduced for faster combustion since the ignition time
was too advanced, indicating that IMEP was not only a
function of combustion duration but also of combus-
tion phasing.

Load presented a negligible influence on the flame
development in terms of °CA (Figure 11).

The beginning of the fast burning phase presented a
relation to ignition timing, whereas it presented no rela-
tion to load (Figure 12). The final part of the fast burn-
ing phase presented no relation to the ignition timing
for the full load condition only (Figure 13). The overall
fast burn phase was increased with respect to the igni-
tion timing (Figure 14).

The final phase of the combustion presented an
increase (Figure 15). The results indicated that the effect
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Table 4. Comparison between CA50 of ethanol and gasohol
for different speed at full load.
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Figure 16. Comparison between combustion duration of
ethanol and gasohol for different speed at full load.

of retarding ignition timing induced a longer initial
phase of combustion. These results were unexpected as
the flame development phase should be shortened by
retarding the ignition timing owing to the increased
pressure and temperature at the SOC,>! similar to the
trend observed for ignition delay. One hypothesis is that
the implemented algorithm could not identify the SOC
precisely and, thus part of the flame development was
being accounted for as the ignition delay.

Comparison between ethanol and gasohol for full
load condition

A comparison between the combustion durations for
ethanol and gasohol is presented for a full-load condi-
tion (Figure 16). As expected, ethanol presented a
shorter combustion duration than gasohol, confirming
the remarks in the literature. The heat of vaporization
of ethanol is higher than that of gasohol, leading to a
lower temperature for the ethanol-air mixture.
Although low temperatures caused a decrease in flame
speed, the effect of the ethanol combustion chemistry
prevailed over the temperature effects as the turbulent
flame speed of ethanol is significantly higher than that
of gasoline for combustion under engine
conditions.>?>?

The effects of charge cooling owing to fuel vaporiza-
tion can be verified even in PFI engines, in which the
air—fuel mixture is formed outside the cylinder. The
high resistance of ethanol to knock onset is due to the
high vaporization enthalpy, resulting in a colder air—
fuel mixture than that of gasohol at the beginning of
the combustion.’*>* In addition, the shorter combus-
tion of ethanol compared to that of gasohol prevents
the autoignition being achieved. Consequently, the dif-
ference between the combustion durations of ethanol
and gasohol was more pronounced for engine speeds
lower than 1750 r/min, owing to the ignition retarding
conducted for gasohol to avoid knock onset.

The ECU calibration strategy predicted a late igni-
tion timing for gasohol even for conditions in which the
knock onset was not critical, that is, for values of engine
speed higher than 2000 r/min. By combining the late
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Figure 17. Comparison between ignition delay of ethanol and
gasohol for different speed at full load.

ignition timing and the longer combustion duration, the
CAS50 parameter occurred late for gasohol (Table 4).

The ignition delay presented lower values for gaso-
hol than for ethanol (Figure 17). This result can be
attributed to the low temperature of the ethanol-air
mixture.

Ethanol presented a faster combustion as compared
to that of gasohol in all of its phases, in absolute terms
(Appendix 2, Tables 7 and 8). Although the ignition
delay was longer for ethanol, the flame development
presented a larger share of the combustion duration for
gasohol.

The initial part of the fast burn was shorter for etha-
nol, whereas the final part of the fast burn was shorter
for gasohol.

The share of the overall fast burn phase in the com-
bustion duration, that is, fast burn duration in terms of
percentage of total combustion duration was longer for
ethanol owing to the its shorter flame development than
that of gasohol. Ethanol molecules are simpler than
those of gasoline, and thus less reactions are required to
develop a flame.>> Moreover, the fast burn phase of
ethanol combustion was slightly influenced by engine
speed, whereas the fast burn phase for gasohol pre-
sented a significant sensibility to engine speed.

The final phase of the combustion of gasohol pre-
sented a lower share of the combustion duration for
engine speed above 2000 r/min. This results was caused
by the late ignition timing for gasohol at low speeds,
increasing the combustion duration. Consequently, the
EOC occurred late in the expansion stroke, when the
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Figure 18. Comparison between form factor of ethanol and
gasohol for different speed at full load.

pressure and temperature were reduced because of the
increasing of combustion in the chamber volume.

Cooney et al.>® found a similar trend for different
compositions of gasohol, indicating that an increase of
ethanol concentration decreases the length of the flame
development phase. De Melo et al.** tested various
blends of hydrous ethanol and gasoline in an engine
operating at 3875r/min and at two conditions of load:
60 and 105 Nm, demonstrating that a higher concentra-
tion of ethanol leads to an earlier peak of the HRR.
The results regarding the contribution of each combus-
tion phase found in this work corroborate the remarks
of the literature. These results were caused by the dif-
ference in flame speed between both fuels. By fitting
the Wiebe function using the method described in sec-
tion 2, it was possible to verify the effect of combustion
profile on the form factor n (Figure 18), which was con-
stant for gasohol for low engine speed below 4250r/
min at 2.5 and decreased for high engine speed, attain-
ing values near 2. This result agreed with the values
provided by Mueller et al.,** who have found values
between 2 and 2.7. A value of approximately 1.5 was
observed for ethanol, decreasing to 1 for high engine
speed. The characteristic of an early heat release profile
for ethanol was also verified by comparing the values
found for gasohol to those found for ethanol.

Conclusion

In this work, the effects of operational conditions on
combustion of Brazilian ethanol were evaluated by ana-
lyzing parameters such as combustion duration, CAS50,
and form factor, as obtained from a two zone combus-
tion diagnosis performed on experimental data from
tests on a flexfuel SI engine. The combustion character-
istics were explained using results from the literature
and exposed the effects of the fuel properties, ignition
timing, A/F ratio, load, and engine speed on the com-
bustion. In addition, the combustion of ethanol was
compared with the combustion of gasohol for an engine
operating at wide open throttle condition under normal
operation of the ECU, that is, with the ignition timing
automatically controlled.

The verified influences of engine parameters on E95h
combustion are summarized below.

e The engine speed has the most significant influence
on the combustion because of the turbulence, whose
increase leads to a faster flame propagation, and
mainly affects the initial phases of combustion.

e Leaner mixtures increase the combustion duration.
However, the A/F ratio only has a slight influence
on combustion and it can be overlapped by the sto-
chastic nature of combustion, mainly in high engine
speed conditions.

e Ignition timing increases the combustion duration as

it is retarded, although the ignition delay is reduced
because of the higher in-cylinder temperature.
The CAS50 parameter is related to the MBT.
However, its optimum value is not fixed for differ-
ent types of fuel. Engine speed has a negligible
effect on the optimum CAS0 as the combustion
duration presents a small variation in terms of
crank angle.

A lean mixture strategy (for fuel economy) has con-
ventionally been avoided, owing to issues regarding
both emissions and combustion stability. For slightly
lean conditions, that is, A = 1.1, the NOx emission is
increased.” For higher A/F ratios, the NOx emission is
decreased, but the combustion is not stable enough to
assure drivability when gasoline is used as fuel. The low
sensibility to the air—fuel ratio presented by the ethanol
indicates that ethanol is a promising alternative for lean
mixture operation.

The comparison between the combustion of E95h
and that of E27 showed that the former followed the
same trend as the latter. The most evident difference
between those fuels was that E95h presented faster
combustions with faster phases of flame development
and differences in the beginning of the fast burn phase.
The difference among combustion durations was more
significant at lower speeds, as the engine had to retard
spark advance to avoid knock when running with E27.
As combustion was being evaluated based on the
Wiebe parameters, it is fundamental to consider not
only combustion duration, but also the profile of the
combustion. The exponent of the Wiebe function, n, is
assumed to be 2 independently of the fuel. However,
ethanol has a higher heat of vaporization compared to
that of gasoline and thus, the in—cylinder temperature
is lower at the SOC. Therefore, the ignition delay is
greater and the beginning of the combustion is slower
for ethanol, whereas it becomes faster during the fast
burning period. This trend can be observed in the lower
values of the form factor of the Wiebe function for
ethanol.

Knowledge of the effects of engine parameters on
the combustion of hydrous ethanol and the differences
between hydrous ethanol and gasohol combustion can
help improve the development and calibration of ECUs
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for flexfuel engines by providing information for simu-
lation and engine research. Moreover, the values of
combustion duration and Wiebe parameters are pro-
vided for a wide set of operational conditions, allowing
for the use of this data for combustion modeling in
engine simulation. Future work can provide compre-
hensive results for the effects of direct injection and
compression ratio in ethanol combustion. Following
the trends in engine research, the limits for lean opera-
tion of ethanol can be explored and the combustion
parameters obtained from this type of analysis will indi-
cate the feasibility of implementing such strategy in
commercial engines.
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pendix |

Notation

Roman

Wiebe asymptotic parameter, —

area, m>

specific heat at constant pressure, J/(kgK)
specific heat at constant volume, J/(kgK)
intensive enthalpy, J/kg

coefficient of heat transfer, W /(m?K)
enthalpy, J

auxiliary variable, —
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LHV lower heating value, J/kg A relative air—fuel ratio, —
m mass, kg 0 crank position, °CA4
n Wiebe exponent, — 1) angular velocity, rad/s
P pressure, Pa
Q heat, J Subscripts
R as constant, J/(kgK
£ /(keK) Sfuel fuel
T temperature, K .
. P combustion products
U internal energy, J
3 r reactants
V volume, m .
w cylinder wall
w work, J .
X, mass fraction burned, — 0 start of combustion
b ’ 10 10% of MFB
50 50% of MFB
Greek symbol 90 90% of MFB
A6 combustion duration, °CA4
] maximum MFB, —
Appendix 2
Combustion duration tables
Table 5. Duration of each combustion phase for 25 Nm.
Engine speed (r/min) 1000 2000 3000 4000
A 1.0 1.1 12 13 1.0 1.1 12 13 1.0 1.1 2 13 1.0 1.1 12 13
2SOC—CAIO0 Abs 9 7 7 6 6 6 6 6 5 4 5 6 3 4 5 5
Norm 16 12 9 7 9 8 6 6 7 5 6 7 4 5 6 5
*CAI0—CAS50  Abs 10 12 14 15 12 14 15 16 I 12 13 14 10 I 12 15
Norm 18 18 17 16 18 17 15 15 15 14 15 16 13 14 15 14
*CA50—CA90  Abs 14 16 20 25 18 21 26 29 19 22 22 24 20 21 22 28
Norm 24 26 26 26 26 27 26 26 26 26 26 26 26 26 26 26
*CAI0—CA90  Abs 24 28 34 40 30 35 4] 46 30 33 35 38 3l 32 34 42
Norm 43 44 44 42 44 43 42 4] 4] 40 41 42 39 40 41 40
*CA90—EOC Abs 24 28 37 49 33 39 51 58 38 45 45 46 44 45 44 58
Norm 4l 45 47 51 47 49 53 53 52 54 53 51 56 55 53 55
SOC: start of combustion; EOC: end of combustion.
Table 6. Duration of each combustion phase for 50 Nm.
Engine speed (r/min) 1000 2000 3000 4000
A 1.0 1.1 12 13 1.0 1.1 12 13 1.0 1.1 12 13 1.0 1.1 12 13
2SOC—CAI0 Abs 10 9 9 - 6 7 7 8 4 5 6 7 3 5 6 6
Norm 2l 20 18 - 9 I 10 9 7 6 9 8 4 6 9 6
*CAI0—CAS50  Abs 9 9 10 - I 12 13 15 10 I 12 14 10 I 12 14
Norm 19 20 20 - 17 18 18 18 15 15 17 17 12 15 17 15
*CA50—CA90  Abs I I 12 - 17 17 19 23 17 19 19 22 22 20 19 24
Norm 23 24 25 - 26 26 26 26 26 26 26 27 25 26 26 26
*CAI0—CA90  Abs 21 20 22 - 27 29 32 38 27 30 32 36 32 31 31 38
Norm 43 45 45 - 42 44 45 44 4] 41 4 43 37 41 43 41
*CA90—EOC Abs 17 16 18 - 31 29 32 40 34 38 34 41 50 41 35 48
Norm 36 36 37 - 49 45 45 47 52 53 47 49 59 53 48 53

SOC: start of combustion; EOC: end of combustion.
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Table 7. Duration of each combustion phase for ethanol at full load condition.
Engine speed (r/min) 1000 2000 3000 4000 5000 6000
SOC—CAI0 Abs 7 10 9 9 8 12
Norm 19 23 20 18 16 23
CAI10—CAS50 Abs 8 9 10 10 I I
Norm 21 21 21 21 20 21
CA50—CA90 Abs 9 10 I 12 13 12
Norm 24 23 24 25 25 23
CA10—CA90 Abs 17 19 21 22 24 23
Norm 46 45 45 46 45 45
CA90—EOC Abs 13 14 16 18 21 17
Norm 35 32 35 37 39 33
SOC: start of combustion; EOC: end of combustion.
Table 8. Duration of each combustion phase for gasohol at full load condition.
Engine speed (r/min) 1000 2000 3000 4000 5000 6000
SOC—CAI0 Abs 15 16 18 16 15 13
Norm 29 32 31 30 26 23
CAI0—CAS50 Abs I I 13 12 12 12
Norm 22 22 22 22 22 21
CA50—CA90 Abs 10 10 12 12 12 13
Norm 20 20 20 21 22 23
CAI10—CA90 Abs 22 21 24 24 24 25
Norm 42 41 42 43 44 45
CA90—EOC Abs 15 13 16 15 17 18
Norm 29 27 27 27 30 32

SOC: start of combustion; EOC: end of combustion.



