-

P
brought to you by .. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Aston Publications Explorer

Heat and Mass Transfer (2018) 54:2079-2087
https://doi.org/10.1007/500231-018-2295-5

ORIGINAL

@ CrossMark

Comparison of aldehyde emissions simulation with FTIR measurements
in the exhaust of a spark ignition engine fueled by ethanol

Paola Helena Barros Zarante’ - José Ricardo Sodré>>

Received: 8 July 2017 / Accepted: 19 January 2018 /Published online: 7 February 2018

© The Author(s) 2018. This article is an open access publication

Abstract

This work presents a numerical simulation model for aldehyde formation and exhaust emissions from ethanol-fueled spark
ignition engines. The aldehyde simulation model was developed using FORTRAN software, with the input data obtained from
the dedicated engine cycle simulation software AVL BOOST. The model calculates formaldehyde and acetaldehyde concentra-
tions from post-flame partial oxidation of methane, ethane and unburned ethanol. The calculated values were compared with
experimental data obtained from a mid-size sedan powered by a 1.4-1 spark ignition engine, tested on a chassis dynamometer.
Exhaust aldehyde concentrations were determined using a Fourier Transform Infrared (FTIR) Spectroscopy analyzer. In general,
the results demonstrate that the concentrations of aldehydes and the source elements increased with engine speed and exhaust gas
temperature. The measured acetaldehyde concentrations showed values from 3 to 6 times higher than formaldehyde in the range
studied. The model could predict reasonably well the qualitative experimental trends, with the quantitative results showing a
maximum discrepancy of 39% for acetaldehyde concentration and 21 ppm for exhaust formaldehyde.

1 Introduction

Ethanol is an interesting alternative fuel for spark ignition
engines, as it can improve fuel economy and reduce carbon
monoxide (CO), hydrocarbons (HC) and oxides of nitrogen
(NOy) emissions [1]. However, the incomplete combustion of
ethanol produces high concentrations of aldehydes (RCHO) in
the engine exhaust [2]. Aldehydes are highly reactive organic
compounds that participate in complex chemical reactions in
the atmosphere. Only the aldehydes encountered in the gas-
eous state are considered pollutants in internal combustion
engines: formaldehyde (HCHO) and acetaldehyde
(CH3CHO). The emissions of aldehydes are higher for ethanol
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fuel due to the presence of the hydroxyl functional group
(OH), which is absent in gasoline [3].

Experiments conducted in a flexible fuel spark ignition
engine showed that hydrous ethanol addition to gasoline with
25% v/v of anhydrous ethanol reduced CO and total HC, but
increased carbon dioxide (CO,), unburned ethanol and alde-
hyde emissions [4]. The results obtained from a spark ignition
engine fueled with hydrous ethanol with up to 40% water
content showed that increasing load decreased HC, formalde-
hyde and acetaldehyde emissions [5]. Benzaldehyde, acetal-
dehyde, formaldehyde and volatile organic compounds
(VOCs) are the dominant emission products from bioethanol,
similarly to ethanol-gasoline blends [6]. Formaldehyde emis-
sion from an ethanol fueled single cylinder engine was ob-
served to be slightly lower in comparison with gasoline, but
acetaldehyde emission was much higher [7].

From experiments in a spark ignition engine fueled by 5%
of ethanol in gasoline (ES), 15% of ethanol in gasoline (E15),
5% of methanol in gasoline (M5) and 15% of methanol in
gasoline (M15), higher exhaust concentrations of unburned
ethanol and formaldehyde were found for E15 [8]. M15 emit-
ted higher concentrations of methanol and formaldehyde, and
acetaldehyde was not detected for M5 and M15 blends.
Exhaust unburned ethanol was shown to be easier to eliminate
than methanol in a vehicle three-way catalyst, while formal-
dehyde and acetaldehyde were eliminated with approximately
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equal efficiency [9]. Carbonyl species, including acetaldehyde
and formaldehyde, are heavily dependent on engine operation
and combustion mode, as noted by comparing spark ignition
and homogeneous charge compression ignition [10].

In the European Union (EU) regulations, all carbon com-
pounds measured with the FID (Flame Ionization Detector)
analyzer is treated as hydrocarbon emissions, while, in the
United States of America (USA), alcohols and aldehydes are
measured and reported separately from hydrocarbons [11]. In
Brazil, the alcohol part can be measured separately on volun-
tary basis. The FID sensitivity was higher at the detector tem-
perature of 113 °C, as stated by the USA Emissions Prevent
Association (EPA) when testing alcohol fueled vehicles, than
at 190 °C, often used as default setting in the EU. The stan-
dardized method approved in the USA to analyze aldehyde
emissions is FTIR (Fourier-Transform Infrared) spectroscopy,
and, in Brazil, HPLC (High-Performance Liquid Chromatography).
For both methods the sample should be taken in DNPH (2,4-
dinitrophenyl hydrazine) cartridges.

Detailed kinetic models were developed by different au-
thors [12—14] to describe the chemical reactions occurring
during ethanol combustion. These models simulate the chem-
ical reactions within reactors used for combustion studies.
However, they exhibit great chemical complexity, requiring
several hundreds of reactions to reach the results. The kinetic
mechanism in one of those models contains 107 chemical
species and 568 reactions in order to simulate formaldehyde
formation accurately [15]. Other models presented elsewhere
for ethanol combustion include from 43 to 135 chemical spe-
cies [16, 17]. From a 47-species model applied to an ethanol
fueled engine, methane (CH,4) emission was found at higher
concentration than ethane (C,Hg), both participating on alde-
hyde formation [18]. Acetaldehyde and formaldehyde were
found in significant quantity, the former higher showing
higher concentration.

The intermediate temperature heat release of an engine has
been examined using a simulation model [19], based on de-
tailed chemistry for ethanol combustion previously described
elsewhere [12]. A quasi-dimensional engine simulation code
was used to predict the gas dynamics, combustion and knock
occurrence in alcohol engines [20]. An in-house developed
model with detailed chemical kinetic mechanism of methanol
and ethanol combustion and consideration to formaldehyde
and acetaldehyde has satisfactorily reproduced fuel decay as
well as major and intermediate species profiles [21].

This paper presents a quasi-dimensional model of formalde-
hyde and acetaldehyde formation to simulate exhaust concen-
trations of a spark ignition engine fueled by gasoline or ethanol.
Differently from the previous models here reviewed, the cur-
rent model calculates the rate of formation of aldehydes from
chemical reactions of methane, ethane and unburned ethanol
oxidation, formed as intermediate products of ethanol combus-
tion. This approach is expected to lead to much faster
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calculations. The results from the simulation are compared with
experimental data from laboratory tests in a production vehicle,
with exhaust aldehydes being measured by FTIR spectroscopy.

2 Aldehyde formation mechanism

The chemical kinetics reaction mechanism of aldehyde forma-
tion from in-cylinder ethanol combustion that serve as a basis to
the simulation model is explained next. The aldehydes formed
in the intermediate stages of the combustion process are imme-
diately consumed by the flame front due to the high tempera-
ture attained in the combustion chamber. The aldehyde forma-
tion reactions here described take place during the post-flame
oxidation process of the unburned fuel, starting in the cylinder
and propagating through the exhaust pipe. In order to calculate
the exhaust aldehyde concentration, the oxidation reactions are
considered separately, being the final concentration given by
the sum of the parts produced in each reaction.

The exhaust acetaldehyde (CH;CHO) is mainly formed in
the intermediate phase of the post-flame oxidation of un-
burned ethanol (CH;CH,OH), according to [22]:

1
CH3CH,0H + 5 02—CH;CHO + H0 (1)

The rate of acetaldehyde formation from ethanol oxidation
is developed from the reaction equation described by Eq. (1),
and is given by [22]:
d[CH;CHO]
dt
—E4 7,200 —69,090

o) Gy

)-[02]1/2-[CH3CH20H]

(2)

where constants A and E, assume the values of 1.12 x
10" em®/gmol.s and 127.3 kJ/gmol, respectively [22]. The
unit of measure for acetaldehyde formation rate given by Eq.
(2) is gmol/cm?s.

Acetaldehyde is also formed from the post-flame oxidation
process of ethane (C,Hg), which is generated when the decom-
position process of unburned fuel in the exhaust gas is stopped
at an intermediate stage of the chemical reaction. The interrup-
tion is mainly due to reduction of temperature and oxygen
concentration. The first product of ethane oxidation is ethanol
(Eq. (3)), which is subsequently oxidized by the oxygen present
to produce acetaldehyde as given by Eq. (1) [22]:

1
CyHg +§02—>C2H50H (3)

The mathematical model that represents the rate of forma-
tion of acetaldehyde from ethane oxidation is written as [22]:
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d[CH;CHO]
dt
-E 7,200 —69, 090
IA'T"'GXP<——A>. 7 12 ~exp< }" )'[02]1/2'[C2H6]
RT (R-T)

(4)

where constants A and E, assume the values of 3.98 x
10" cm’/gmol.s and 213.0 kJ/gmol, respectively [22].
The unit of measure for acetaldehyde formation rate given
by Eq. (4) is gmol/cm®.s.

Similar to acetaldehyde formation from ethane, formalde-
hyde is originated from methane (CH4) formed during the
post-flame oxidation of unburned ethanol. The first product
of methane oxidation is methanol (CH;OH), which is imme-
diately oxidized to formaldehyde in the presence of oxygen
remaining [22]:

1
CH, +502—>CH3OH (5)
1
CH30H+§02—>HCH0+H20 (6)

Therefore, the formation rate of formaldehyde from meth-
ane oxidation takes the form [22]:
d[HCHO)|
dt

—Es\ 7,200 (—69, 090

(7)

where A is the pre-exponential factor of Arrhenius (6.46 x
10" cm?/gmol.s) [14], T'is the temperature (K), 7 is the tem-
perature exponent, £, is the reaction activation energy
(179.9 kJ/gmol) [12], and R is the universal gas constant
(8.31434 x 10 kJ/gmol.K) [22].

3 Methodology
3.1 Numerical simulation

The differential equations of the chemical reactions in the
cylinder and the exhaust pipe are time-integrated,
obtaining algebraic expressions for the final concentrations
of methane, ethane formaldehyde and acetaldehyde.
Aldehyde formation is calculated from the combustion
chamber to the sampling point in the exhaust pipe. While
the concentration of unburned ethanol is given by the com-
mercial software AVL BOOST [23], the concentrations of
methane, ethane, formaldehyde and acetaldehyde are cal-
culated by a FORTRAN-based aldehyde emission model

from the reaction equations presented by Marinov [12] and
Costa et al. [22]. The calculation is performed through the
exhaust process.

The AVL BOOST software was used to simulate the cycle
of an ethanol-fueled, four-stroke, spark ignition engine, with
focus to produce complementary data to aldehyde simulation.
The software offers two possibilities for gas composition
modeling: the classical species transport and the general spe-
cies transport. The software calculates the gas properties in
time steps, giving instant composition. For the current simu-
lation, the general species transport module was used to pres-
ent a larger amount of exhaust species. The composition of the
gas can be described based on an arbitrary number of species
that are defined directly by the user. The minimum number of
species is 7: fuel, O,, N,, CO,, H,O, CO and H,. For each
species a mass fraction conservation equation is solved with
each of the model elements.

The flow in the pipes is treated by the software as one-
dimensional. This means that pressures, temperatures and
flow velocities obtained from the solution of the gas dynamic
equations represent mean values over the cross-section of the
pipes [24]. The input data for the simulation correspond to the
engine used in the experiments performed to compare with the
model. Figures 1 and 2 shows a schematics of the simulated
engine.

The AVL BOOST simulation reproduced the engine test
conditions applied in the experiments. The tests were per-
formed at engine crankshaft speeds of 2000, 3000, 4000 and
5000 rpm. From this simulation the temperature, pressure,
oxygen concentration and unburned ethanol concentration
were obtained inside the cylinder and in the exhaust pipe.
The input data for the simulation are shown in Table 1. As
the software is not able to calculate aldehyde emissions, the
calculated cylinder temperature and pressure diagrams
throughout the cycle and the exhaust concentrations of oxygen
and unburned ethanol were used as input data for a model
developed to calculate aldehyde emissions in FORTRAN
code.

The model built in FORTRAN uses the chemical reaction
equations to calculate the concentrations of ethane, methane
and unburned ethanol within the cylinder for subsequent cal-
culation of the concentrations of formaldehyde and acetalde-
hyde in the cylinder and exhaust pipe. The exhaust pipe con-
centrations of ethane, methane and unburned ethanol were
also calculated by the model. The simulation was performed
varying the engine speed, and the input parameters provided
by the AVL BOOST simulation software is shown by Table 2.
The flowchart of the numerical simulation algorithm is shown
by Fig. 1, and includes the following steps:

— Reading data of crankshaft speed, cylinder and exhaust

temperatures and pressures, oxygen and ethanol mass
fraction from the AVL BOOST software.

@ Springer



2082

Heat Mass Transfer (2018) 54:2079-2087

Fig. 1 Flowchart of the aldehyde
model
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—  Calculation of total number of moles, reaction time and
mass fraction of unburned ethanol.

—  Calculation of Arrhenius constants for methane, ethane,
formaldehyde and acetaldehyde.

—  Calculation of the concentrations of methane and ethane.

— Calculation of formaldehyde and acetaldehyde from the
calculated values of methane, ethane and unburned
ethanol.

—  Calculation of the total aldehyde concentration.

3.2 Experiments
The model results were compared with experimental data

obtained from a 4-cylinder, 1.4-1, FIAT FIRE Flex model
spark ignition engine. The engine also featured 10.35:1
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PPM concentrations of Ethane, <
Methane, Formaldehyde,
Acetaldehyde (etanol portion), <

Acetaldehyde (Ethane portion), Total
Acetaldehyde

compression ratio, 60 kW rated power, 121 N.m rated torque,
and was operated in a bench test dynamometer, fueled with
hydrous ethanol (6.8% wt./wt. of water). K-type thermocou-
ples, with uncertainty of reading of £2 °C, were installed in
the engine to measure the intake air temperature and the ex-
haust gas temperature. The exhaust gas sample was taken
from the exhaust pipe, close to the exhaust port, and driven
through a heated sampling line into a FTIR analyzer, to avoid
condensation of heavy components. The measurements were
made with the engine operating at steady state condition,
wide open throttle, air/fuel equivalence ratio 0.96, variable
load and crankshaft speeds of 2000, 3000, and 4000 rpm,
with corresponding ignition timings of 25.7 crankshaft de-
grees before top dead center (°BTDC), 29.3°BTDC and
27.9°BTDC, respectively. The results shown in the following
section are the average of three tests performed at each engine
operating condition.
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Fig. 2 Schematic diagram of
simulated engine in AVL BOOST
SB2
2
MP16
CAT1
C
MP15
29 MP14

4 Results and discussion

The results from the simulation are compared with experimen-
tal values measured by Fourier Transform Infrared spectros-
copy (FTIR). The concentrations of formaldehyde, acetalde-
hyde and their main producers — methane, ethane and un-
burned ethanol — were measured. Acetaldehyde corresponds
to the sum of the parts formed from the post-flame oxidation
of unburned ethanol and ethane. All substances present a trend
of increased concentration with increasing engine speed, as it
can be seen in Figs. 3, 4, 5, 6 and 7. Model and experiments
generally show qualitative agreement, while the proximity of
the quantitative values depends on the engine operating
condition.

The general trends obtained for formaldehyde and acetal-
dehyde, shown in Figs. 3 and 4, are in agreement with Amaral
and Sodré [24, 25] and Pang et al. [26], who also found in-
creased aldehyde concentration with engine speed. It is

Table 1 AVL BOOST software input data

Parameter Value or specification
Number of simulated cycles 50

Bore x stroke (mm) 72 x 84
Compression ratio 10.35:1

Air/fuel ratio 12

Fuel Ethanol

Crankshaft speed (rpm) 2000, 3000, 4000 and 5000

observed that the concentrations of measured and simulated
acetaldehyde are larger than those of formaldehyde, as found
by Amaral and Sodré [24] using ethanol as fuel, and by Pang
et al. [26], He et al. [27], and Song et al. [28], who used
ethanol-gasoline blends. The acetaldehyde concentration
levels found by Amaral and Sodré [24, 25] are close to the
one found in the present work (Fig. 4).

The increase of formaldehyde (Fig. 3) and acetaldehyde
(Fig. 4) concentrations with engine speed is due to the increase
of exhaust gas temperature with engine speed (Fig. 8) [16],
together with the increase of the concentrations of methane
(Fig. 5), ethane (Fig. 6) and unburned ethanol (Fig. 7), as it can
be inferred from Egs. (4), (5) and (7). The increase of exhaust
gas temperature with engine speed (Fig. 8) is due to the shorter
time for the engine cycle to be completed, making combustion
finish later in the cycle. Thus, when the exhaust valve opens
the burned gas temperature in the cylinder is higher. The ex-
haust gas temperature and the concentrations of methane, eth-
ane and unburned ethanol are the main factors that affects

Table2 FORTRAN software input data

Data calculated by the AVL BOOST software

Temperature (K) Start of the exhaust process

Pressure (KPa) End of exhaust process
Sampling point
Molar concentration Oxygen

Unburned ethanol

@ Springer
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aldehyde formation. Increasing gas temperature and the con-
centrations of those components accelerates the post-flame
oxidation reactions that originate formaldehyde and acetalde-
hyde (Eqgs. (4), (5) and (7)).

The trends obtained for methane measured by FTIR anal-
ysis and numerical simulation (Fig. 5) resemble those found
for the measured and simulated formaldehyde (Fig. 3), of
which methane is the main producer. The simulated values
of formaldehyde underestimate the measured values in the
whole range investigated, showing the largest discrepancy at
2000 rpm, of 58% (Fig. 3). This is a direct consequence from
the simulated values of methane also underestimate the mea-
sured values in the whole speed range (Fig. 5), once

ENGINE SPEED (rev/min)

formaldehyde is formed from the methane oxidation process
(Egs. (4) to (5)). However, the quantitative difference at that
condition is of only 21 ppm, which is a very small amount.
The underestimation of methane concentration by the model
may be due to non-consideration of methane formation from
breakdown reactions of heavier hydrocarbons formed during
ethanol burn.

The simulated and measured concentrations of exhaust eth-
ane have trend resemblance and close quantitative values in all
the speed range studied (Fig. 6). The exhaust ethane concen-
tration at any speed much higher than those of methane
(Fig. 5) and unburned ethanol (Fig. 7), the other source ele-
ments of aldehydes. It has previously been reported that
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acetaldehyde formation from ethane is very small in compar-
ison with the amounts produced from unburned ethanol, of the
order of 10* to 10° lower [22]. Therefore, it is not main re-
sponsible to determine the qualitative trend and the quantita-
tive levels of exhaust acetaldehyde (Fig. 4).

In order to increase the engine speed a higher amount of
fuel is injected in the engine and, with increasing engine
speed, combustion becomes more inefficient because of the
shorter period it is allowed for completion and the lesser
amount of air admitted by cycle. This is the reason why the
exhaust ethanol concentration is increased with engine speed,
as shown by Fig. 7. The increased concentration of unburned

ENGINE SPEED (rev/min)

ethanol (Fig. 7) together with higher exhaust gas temperature
(Fig. 8) are responsible for the higher amounts of methane
(Fig. 5) and ethane (Fig. 6) with increasing engine speed, as
these components are intermediate products of the post-flame
oxidation of the unburned fuel.

From Fig. 7, it is observed that the simulated ethanol con-
centrations have closed proximity to the measured values ob-
tained by FTIR, except at 4000 rev/min, when a maximum
discrepancy of 17% was recorded. At this condition the
shorter cycle time may not be enough for combustion com-
pletion, thus producing an increase of unburned fuel that is not
followed by the model. The trend shown by exhaust unburned
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Fig. 7 Simulated and measured 1700
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ethanol resembles that of acetaldehyde (Fig. 4), as unburned
ethanol is its main source element. The studies of Vourliotakis
et al. [21] and Amaral and Sodré [25] confirm these results,
also associating the increase of unburned ethanol concentra-
tion to the increase of acetaldehyde concentration.

5 Conclusions

The simulated values of exhaust formaldehyde, acetaldehyde
and their main producers — methane, ethane and unburned
ethanol — present a general trend agreement with the measured
values by FTIR analysis, all showing increased concentrations
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with increasing engine speed. These trends observed for form-
aldehyde and acetaldehyde were explained by the increase of
their source elements and exhaust gas temperature with in-
creasing engine speed, which accelerates the oxidation rates
of aldehyde formation reactions. The simulated and measured
values of formaldehyde presented the highest discrepancy of
58% at the engine speed of 2000 rev/min and exhaust gas
temperature of 626°C, but this corresponded to a quantitative
difference of only 21 ppm. The maximum discrepancy found
between the simulated results and the measured data for ex-
haust acetaldehyde of 17% at the engine speed of 4000 rev/
min and exhaust gas temperature of 788°C. The simulation
model was proven to be a useful tool to estimate exhaust
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formaldehyde and acetaldehyde from an ethanol-fueled
engine.
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