-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Northumbria Research Link

Northumbria Research Link

Citation: Azimov, Ulugbek, Stylianidis, Nearchos, Kawahara, Nobuyuki and Tomita, Eiji
(2017) Characterisation of DME-HCCI combustion cycles for formaldehyde and hydroxyl
UV-vis absorption. Fuel, 210. pp. 578-591. ISSN 0016-2361

Published by: Elsevier
URL: https://doi.org/10.1016/j.fuel.2017.09.003 <https://doi.org/10.1016/j.fuel.2017.09.003>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/32001/

Northumbria University has developed Northumbria Research Link (NRL) to enable users to
access the University’s research output. Copyright @ and moral rights for items on NRL are
retained by the individual author(s) and/or other copyright owners. Single copies of full items
can be reproduced, displayed or performed, and given to third parties in any format or
medium for personal research or study, educational, or not-for-profit purposes without prior
permission or charge, provided the authors, title and full bibliographic details are given, as
well as a hyperlink and/or URL to the original metadata page. The content must not be
changed in any way. Full items must not be sold commercially in any format or medium
without formal permission of the copyright holder. The full policy is available online:

http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher’'s website (a subscription may be
required.)

www.northumbria.ac.uk/nrl @umhﬁa

UNIVERSITY NEWCASTLE


https://core.ac.uk/display/96783692?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://nrl.northumbria.ac.uk/policies.html

Elsevier Editorial System(tm) for Fuel
Manuscript Draft

Manuscript Number: JFUE-D-16-02322R2

Title: Characterisation of DME-HCCI combustion cycles for formaldehyde
and hydroxyl UV-vis absorption

Article Type: Research paper

Keywords: HCCI; low-temperature combustion; dimethyl ether combustion;
UV-vis light absorption; formaldehyde; OH

Corresponding Author: Dr. Ulugbek Azimov, PhD
Corresponding Author's Institution: University of Northumbria
First Author: Ulugbek Azimov, PhD

Order of Authors: Ulugbek Azimov, PhD; Nearchos Stylianidis, MSc;
Nobuyuki Kawahara, PhD; Eiji Tomita, PhD

Abstract: We investigated time-resolved ultraviolet-visible (UV-vis)
light absorbance to identify the formation behaviour of formaldehyde
(HCHO) and hydroxyl (OH) within the wavelength range of 280-400 nm in a
homogeneous charge compression ignition (HCCI) engine fuelled with
dimethyl ether (DME). The time-resolved HCHO and OH profiles at different
initial pressures showed that HCHO absorbance increased in the low-
temperature reaction (LTR) and thermal-ignition preparation (TIP) regions
and decreased gradually as the combustion approached the high-temperature
reaction (HTR) region. At higher intake pressures, HCHO absorbance
decreased and OH absorbance increased. The time-resolved absorbance
spectra of HCHO, with peaks at 316, 328, 340, and 354 nm for all
combustion cycles, were evaluated and it was found that average
absorption at 328 nm was slightly higher than at 316, 340, and 354 nm.
For knocking combustion cycles, the absorbance of HCHO in the LTR region
was high for cycles with low knock intensity and low for cycles with high
knock intensity, showing a high level of OH absorbance. Chemical kinetics
analyses showed that for different fuel/oxidiser ratios, initial 02
concentration and intake temperature had no effect on in-cylinder
temperatures in the LTR or TIP regions. However, they did have
significant effects on HTR combustion. In-cylinder temperature in the LTR
region had less effect on HCHO and H202 formation than pressure.



Highlights (for review)

e HCHO absorbance increased in LTR and TIP regions and decreased in HTR region
e HCHO decreased as RoHR increased and vice versa

® 0O and intake temperature did not affect in-cylinder temperature in LTR and TIP

® (O, and intake temperature had significant effects on HTR combustion

® HCHO concentration was very low when knock intensity was very high, and vice versa
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Abstract

We investigated time-resolved ultraviolet-visible (UV-vis) light absorbance to identify the
formation behaviour of formaldehyde (HCHO) and hydroxyl (OH) within the wavelength range
of 280-400 nm in a homogeneous charge compression ignition (HCCI) engine fuelled with
dimethyl ether (DME). The time-resolved HCHO and OH profiles at different initial pressures
showed that HCHO absorbance increased in the low-temperature reaction (LTR) and
thermal-ignition preparation (TIP) regions and decreased gradually as the combustion
approached the high-temperature reaction (HTR) region. At higher intake pressures, HCHO
absorbance decreased and OH absorbance increased. The time-resolved absorbance spectra of
HCHO, with peaks at 316, 328, 340, and 354 nm for all combustion cycles, were evaluated and it
was found that average absorption at 328 nm was slightly higher than at 316, 340, and 354 nm.
For knocking combustion cycles, the absorbance of HCHO in the LTR region was high for
cycles with low knock intensity and low for cycles with high knock intensity, showing a high
level of OH absorbance. Chemical kinetics analyses showed that for different fuel/oxidiser ratios,
initial O, concentration and intake temperature had no effect on in-cylinder temperatures in the
LTR or TIP regions. However, they did have significant effects on HTR combustion. In-cylinder

temperature in the LTR region had less effect on HCHO and H,O, formation than pressure.

Key words: HCCI, low-temperature combustion, dimethyl ether combustion, UV-vis light

absorption, formaldehyde, OH
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1. Introduction

Homogeneous charge compression ignition (HCCI) engines have drawn the attention of many
researchers due to their high efficiency and lower nitrogen oxide (NOx) and particulate matter
(PM) emissions. Most recent studies on HCCI have focussed on four-stroke engines [1, 2].
Dimethyl ether (DME: CH30OCH3) is an attractive alternative to conventional diesel fuel for
compression-ignition (CI) engines because it auto-ignites favourably and burns with little soot
formation [3, 4]. DME is an oxygenated hydrocarbon, with a low carbon-to-hydrogen ratio and
the absence of a C-C bond, leading to very low emissions of PM during combustion. DME is

also considered a promising alternative fuel with the potential to solve air-pollution problems

dimethyl ether

homogeneous charge compression ignition
digital analysis of reactive systems
rapid compression machine

crank angle degree

top dead centre

bottom dead centre

intake valve closure

low-temperature combustion
low-temperature reaction

negative temperature coefficient
thermal ignition preparation
high-temperature reaction

maximum rate of heat release (J/deg)
peak of heat release rate in low-temperature reaction region (J/deg)
knock intensity (MPa)

intake pressure (MPa)
end-of-compression pressure (MPa)
intake temperature (K)
formaldehyde

hydroxyl

intensified charge-coupled device
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caused by NOx emissions [4]. DME shows very strong low-temperature Kinetic reactions in
HCCI. The processes of low-temperature reactions (LTRs) involve branched chain reactions, the
evolution of which is determined by the processes of parallel and consecutive elementary
reactions, with the participation of free radicals and atoms. It is known that slow combustion of
hydrocarbons follows a degenerate branched mechanism and is characterised by a large variety
of elementary reactions, with the participation of free radicals having complex structures.
Apparently, these specific features are responsible for the kinetic manifestations of the oxidation
processes: the slow combustion of hydrocarbons, shown by cool flames and a negative
temperature coefficient (NTC) of the reaction rate, collectively called the LTR region, the
thermal-ignition preparation (TIP), the high-temperature reaction (HTR), and thermokinetic
oscillations (Fig. 1). Interest in the cool flames, NTCs, and oscillations is high because of the
need to take into account the influence of these factors on the dynamics, kinetics, and
mechanisms of hydrocarbon oxidation and combustion in practice. Thus, a study of an HCCI
engine fuelled with DME may provide useful information on the low-temperature Kinetic
reactions for HCCI operation with other fuels. The oxidation of DME has been examined in
several studies and research has led to the development of detailed and reduced chemical kinetics
models of DME combustion [5-11].

To understand the DME oxidation mechanism in an HCCI engine, an experimental kinetic
study of DME combustion is needed. An effective way to study DME combustion is to use a
spectrum analysis to determine the major active aldehyde group species, such as formaldehyde
(HCHO) and other active radicals [12, 13]. Studies have examined HCHO absorption in a
constant volume vessel or a reactor [14, 15]. A few studies have also examined HCHO formation
and absorption under normal engine conditions [16, 17]. HCHO is an important intermediate
species that influences the low-temperature chain reactions in hydrocarbon, oxygenated, and
biofuel combustion processes [18, 19]. Some research groups have stated that, under certain
experimental conditions, HCHO can act as a hydroxyl (OH) radical inhibitor and can suppress

engine knock [20, 21]. Other groups have emphasised that HCHO reacts as a promoter of

4
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auto-ignition by advancing auto-ignition timing, resulting in a higher heat release rate [22]. Thus,
it is important to detect in situ and monitor HCHO formation inside the engine cylinder [23-27]
to understand in detail the in-cylinder processes and be able to design advanced combustion
control systems [28]. Existing diagnostic methods for HCHO detection are based mostly on the
laser-induced fluorescence (LIF) technique [23, 29, 30]. Previous attempts by other groups to
measure HCHO absorption in the infrared (IR) region [31-34] were successful; however, it was
concluded that it would be almost impossible to readily detect and measure HCHO
concentrations due to a lack of sensitivity and/or interference from other molecules as
combustion products, such as H,O, CO,, and CO [35, 36]. Understanding the HCHO formation
process would help to resolve problems related to knocking combustion. In internal combustion
(IC) engines, engine knock is related to HCHO in the hot spots (exothermic centres) of the slow
oxidation process prior to autoignition [37, 38]. HCHO is an important intermediate species in
the cool flames preceding the main combustion. It has been shown that the local HCHO
concentration decreases dramatically in locations with peak heat release rates [39].

Thus, the objective of this study was to investigate the combustion characteristics in an
HCCI engine fuelled with DME. Ultraviolet-visible (UV-vis) absorption spectroscopy was used
to determine the light absorption of chemical species during the DME combustion process,
which includes low-temperature oxidation and high-temperature ignition. The major aim was to
characterise the combustion cycles in terms of time-resolved spectra of HCHO and OH species,
as representative indicators of low-temperature oxidation and thermal ignition, respectively,
during HCCI combustion. Chemical kinetics analyses were performed to evaluate the effects of
pressure and temperature on HCHO and OH formation, taking into account the interactions of
these species with H,O, and HO,. The absorbances of HCHO and OH during knocking
combustion in HCCI were investigated by estimating the knock intensity derived from

in-cylinder pressure oscillations.

2. Experimental setup and procedure
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Test engine and light absorbance acquisition system

An HCCI fuelled with DME was studied in an optical compression-expansion test engine with a
single cylinder and a compression ratio of 9.0. Figure 2 shows a schematic diagram of the test
engine with its specification and experimental conditions summarised in Table 1. The engine
crank was driven externally by a 2,000-W induction motor and made to rotate at a fixed rpm.
The DME was premixed with gas at a ratio of 20% oxygen to 80% argon (Ar) at molar
proportions equivalent to ¢ = 0.30. Argon was used instead of nitrogen, to increase the
in-cylinder temperature at the end of compression by decreasing the heat capacity of the
in-cylinder gas-fuel mixture, and to initiate HCCI combustion at a compression ratio that was
significantly lower than those usually used in conventional HCCI engines. The DME-O,-Ar fuel
mixture was supplied to the mixture tank, where it was heated to the required temperature and
maintained at the required pressure. During operation, the intake valve remained open, and the
fuel mixture was sucked into the cylinder and pushed back into the mixture tank. When the
thermocouple reading had stabilised, the intake valve was closed at around bottom dead centre
(BDC), and the fuel mixture was compressed, autoignited, and combusted. Changes in the gas
pressure were measured using a Kistler 6052B pressure transducer during the compression and
expansion strokes. The compressed gas temperature range accessible in the
compression-expansion test engine was relevant to combustion in HCCI and related engines, but
the in-cylinder pressure at top dead centre (TDC) was somewhat lower because the initial
pressure was less than 1 atmosphere. Thus, good temporal resolution was more readily achieved,
but at the expense of longer ignition delays than those encountered in practical applications. The
volumetric heat release in the final stage of ignition was also lower as a result of the reduced gas
densities. However, pressure oscillations were still observed, even with very lean mixtures. The
gaseous charge admitted to the cylinder of the compression-expansion test engine was premixed
at the molecular level. Thus, unlike engines with a normal induction system for evaporating
liquid fuels, the problem of distinguishing the effect of the initial spatial composition variations

from the spatial temperature field variations did not arise.
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UV-vis absorption measurements were performed using a specially designed cylinder head,
equipped with sapphire windows, optical fibres, a deuterium lamp, and an Andor
Shamrock-163 spectrograph with an attached intensified charge-coupled device (ICCD; Fig. 3).
Data were acquired, stored, and processed using the Andor Solis software.

The UV-vis and infrared spectral absorbances were determined by applying the

Beer-Lambert law to the measured spectral transmission:

AQ) = Iogl{loa)} =egcL

(%) (1)’

where A()L) is the spectral absorbance, Ip(A) is the intensity through air, I(A) is the intensity
through a DME-O,-Ar mixture, and ¢, ¢, and L are the molar absorption coefficient, molar
concentration, and measurement length, respectively. For HCHO and OH UV-vis light
absorption experiments, a deuterium lamp was used as the light source. A deuterium lamp is a
low-pressure gas-discharge light source often used in spectroscopy when a continuous spectrum
in the UV region is needed. The arc created in the lamp excites the molecular deuterium
contained within the bulb to a higher energy state. The deuterium then emits light as it transitions
back to its initial state. The light is then transmitted to the combustion chamber through an
optical fibre with a collimator and further transmitted from the combustion chamber through a
12-point optical fibre with a collimator, and finally to the spectrometer (SR-163; Andor
Technology), which was equipped with an ICCD (DK720-18F-04; Andor Technology) (Fig. 3).
Spectral absorbance measurements were made under engine conditions for HCHO and OH in the

region of 280-400 nm,

3. Results and discussion

3.1 Time-resolved UV-vis HCHO and OH absorbance spectra

UV-vis light absorbance was investigated to identify the formation behaviour of HCHO and OH
during HCCI combustion. Light absorbance spectra were obtained for 10 selected piston

positions. The crank-angle resolution for the spectral results was 11 crank-angle degrees (CAD;
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~3 ms at 600 rpm). Two molecular species were apparent in the spectra. The absorption was
caused by HCHO at wavelengths of 316, 328, 340, and 354 nm, and by OH at a wavelength of
308 nm. Figure 4 shows the absorbance spectra at different intake pressures and temperatures.
Figure 4 (A), (B), (C) and (D) show the time-resolved absorbance spectra at the pre-set initial
temperatures and pressures at different ICCD exposure start times. Figure 4 (E), (F), (G) and (H)
show ROHR obtained for the same initial conditions as the absorbance data was taken. For
these results the absorbance and in-cylinder pressure were obtained concurrently. The purpose
for showing this graph was to demonstrate the consistent trend in HCHO and OH peaks which
occur at the specified wavelengths for a number of experimental conditions. It is seen that as the
time between the start of LTR and the start of HTR decreases the HCHO peaks gradually become
weaker and OH peaks become more distinct. This suggests that there is a correlation between the
residence of LTR+TIP regions and HCHO formation. It can be seen that the intensity of the
spikes at 316, 328, 340, and 354 nm changed due to the formation of HCHO [40, 41] and the
absorption at those wavelengths was consistent for all of the combustion cycles.

It was found that average absorption at 328 nm was slightly higher than at 316, 340, and 354 nm.
The significance of this observation was to find out at which wavelength the absorption level
was the highest in order to focus on this particular wavelength band in the future and use the type
of laser with a narrow bandwidth. From 340 CAD, which corresponds to TIP, to 370 CAD,
which in turn corresponds to a gradual decrease in in-cylinder pressure during the expansion
stroke, the intensities of the spikes at 316, 328, 340, and 354 nm changed due to an increase in
OH concentration at 308 nm, due to H,O, decomposition. Previous investigations have reported
different timings for the H,O, decrease and OH increase. Westbrook [42] reported that the H,0,
decrease and the OH increase took place almost simultaneously, and H,O, decomposition was
the initiator of thermal ignition. However, Kuwahara and Ando [43] reported that the H,0,
decrease started earlier than the OH increase, and they showed that the rapid OH increase started
during the final stage of the H,O, decrease. Nevertheless, both research groups concurred that

the OH rapid increase occurred in the TIP region. In our case the combustion progresses under

8
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HCCI conditions, which, by nature, is not really homogeneous and we suspect that during the
compression stroke there are different states of mixture and local equivalence ratio distribution in
the cylinder which can affect the states of cool and hot chemistry. Even if we try to completely
eliminate any in-cylinder turbulence effects in HCCI combustion, we must accept that it will be
practically impossible. Therefore, we believe that it was important to demonstrate HCHO and
OH trends experimentally. Nevertheless, to support the statement made above we can say that
there is an overlap for HCHO and OH formation as shown in Figure 4 (C) and (D). This may be
due to various reasons and require further investigation that may be done in the future studies.
Figure 5 shows the trends of time-resolved HCHO and OH absorbance peaks versus the
maximum rate of heat release (ROHR) at various inlet temperatures and pressures. As can be
seen, the peak absorbance of HCHO decreased as the maximum rate of heat released in the HTR
region increased. We observed a consistent trend for all HCHO absorption wavelengths. In
contrast, the peak absorbance of OH increased with the increase in heat release in the HTR
region. This confirmed the trend that the peak amount of HCHO formed in the LTR and TIP
regions affected the high-temperature combustion reactions and we can make assumptions based
on the results in figure 5 where we can see the trend of absorbance vs max peak of ROHR that
occurs in HTR region. It shows clear positive trend for OH vs ROHRmax and negative trend for
HCHO vs ROHRmax. This suggests that HCHO may act as an inhibitor of the chain-branching
reactions in the TIP regions before HTRs occur. This statement can be made based on the
knowledge of chemistry that occurs in the low-temperature reaction region where H,0,
decomposes to OH or in reverse, and HCHO reacts with OH producing HCO and water. It is
basically a competition between H,O, and HCHO formation developed based on the species
concentration and reaction rate. The trend in figure 5 suggests that HCHO decreases and OH
increases as ROHR increases and vice versa, so we anticipate the effect of formaldehyde
suppressing chain-branching reactions and holding OH formation before HTR reactions occur.
Figure 5 shows the absorbance results for the range of pressures and temperatures, that’s why

pressure was not indicated on this figure.
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This is consistent with the results of other studies showing that the temperature before the
LTR does not contribute to the progress of reactions in the low-temperature combustion region,
and that formation of HCHO inhibits HTRs [44]. This correlation has shown the general and
opposite trends for HCHO and OH vs ROHRmax and supports our statements made throughout
this manuscript. The purpose was to demonstrate the correlation of HCHO and OH absorption
with the energy release.

Time-resolved absorption was studied at intake absolute pressures of 50, 60, and 85 kPa.
Figures 6 and 7 show that at 50 and 60 kPa, the peak absorbance of HCHO from 340 CAD
increased gradually as the start of ICCD exposure changed further for different cycles and there
was no visible increase in OH. For cycles at 85 kPa intake pressure (Fig. 8), HCHO absorbance
was almost not seen as the start of ICCD exposure changed further from 340 CAD, but OH
absorbance increased significantly at 308 nm. The equivalence ratio for all three conditions was
maintained at 0.3. These results suggest that, at lower intake pressures, reactions in LTR and TIP
prevail and HCHO is formed as the piston moves from BDC to TDC. At higher intake pressures,
the combustion passes the LTR temperature threshold more quickly and progresses to the HTR
region, where the decomposition of H,O, permits access to secondary reactions and forms very
reactive OH radicals [45]. Previous studies showed that at higher intake valve closing pressures
of 225kPa, H,O, concentration increases during the H,O,(+M) = OH + OH(+M) reaction [46].
This is because at higher pressures the high concentration of the mixture leads to a sufficient

concentration of HO,, which is less reactive than other free radicals, forming H,O..

3.2 Effect of intake pressure on HCHO and OH absorbance

We studied the effects of intake pressure on HCHO and OH absorbance in DME-HCCI
combustion experiments. The fuel equivalence ratio and temperature were set constant, at
0.3 and 293, respectively, and the mixture pressure in the mixture tank (Fig. 2) was varied from
48 to 85 kPa. The exposure start was fixed at TDC (360 CAD) and 5 CAD after TDC (365 CAD),

with an exposure duration of 11 CAD; hundreds of individual combustion cycles were recorded.

10
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The absorbance obtained for each interval of 11CAD is the average of that exposure duration.
Therefore, we believe that no allowance was needed with the variation of temperature and
pressure during compression. Figure 9 shows the absorbance results at selected initial pressures
in order to investigate the effect of pressure; therefore, the pressure was indicated on the graph.
The pressures relate to the pressure in the mixture tank or intake pressure. This figure shows that
HCHO absorbance that was taken at TDC (360 CAD), increased in the thermal ignition
preparation region when the ROHR was very low. In contrast, when the ROHR in the HTR
region was high, HCHO absorbance was minimal but OH absorbance increased significantly.
Due to the combustion cyclic variations, the effects of intake pressure on HCHO and OH
absorbance remain unclear. However, the general trend in Figure 10, where the absorbance was
taken at TDC (360 CAD) and 5 CAD after TDC (365 CAD), shows that with an increase in OH
absorbance, HCHO absorbance decreased.

We also compared the HCHO and OH average absorbance levels at different wavelengths
for nearly 120 individual combustion cycles and found that the HCHO absorbance at 328 nm
was slightly higher than that at other wavelengths. Figure 11 shows that at lower intake pressures,
the OH absorbance level at 308 nm was lower than the HCHO absorbance level but for higher
intake pressures, OH absorbance was significantly higher than HCHO absorbance.

The effect of in-cylinder pressure on the amount of heat released in the LTR region, and any
correlation with the HCHO and OH absorbance, was unclear. Thus, to investigate these trends —
and the effects of in-cylinder pressure and temperature on HCHO and OH formation during
DME fuel compression ignition — chemical kinetics analyses of DME-O,-Ar and DME-O;-N,
mixture combustion were performed. First, a single-zone HCCI model was used to compare
various DME detail and reduced mechanisms for in-cylinder pressure with that from experiments.
The DME chemical kinetics mechanisms considered for this comparison were DME 2000 [8],
DME 2008 [9], the DME skeletal mechanism [10], and the San Diego mechanism

(http://combustion.ucsd.edu). The intake valve closing (IVC) time was 180° CA BTDC and the

simulation ran for 360° CA. The mixture pressure and temperature at IVC were set as in these

11
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experiments. The base San Diego mechanism with a DME sub-mechanism showed the closest
match with the experiments and was selected for further chemical kinetics analyses in Digital
Analysis of Reactive Systems (DARS) software with Rapid Compression Machine (RCM)
model [47]. This mechanism takes into account recent chemical-kinetic studies of DME
combustion processes [11]. The DME sub-mechanism included 14 new reactions that involved
five new species (CH30OCH3;, CH;0CH;, CH3;0CH,0,, CH,OCHOOH, and HO,CH,OCHO).
The mechanism was developed and validated by comparison with experimental results and
different chemical kinetics mechanisms over a wide range of temperatures, pressures, and
equivalence ratios [9, 48-51]. In the reaction HO,CH,OCHO <> OH + CH,0 + CO; + H, the
decomposition of hydroperoxymethyl formate releases an additional OH radical and forms
CH0, H, and CO,.

The DARS-RCM model that includes Woschni heat transfer model was used to study the
effects of pressure, temperature, and initial fuel and oxidant concentrations on HCHO and OH
formation. DME-RCM combustion conditions were evaluated at intake temperatures of 293, 303,
313, 323, and 450 K, end-of-compression pressures of 20, 50, 80, and 100 bars, and the initial
fuel-oxidiser mass fractions shown in Table 2. Initial fuel-oxidiser mass fractions were chosen
based on: Case 1 (A) — Eq. ratio 0.3, Case 2 (B) - Eq. ratio 0.6 and Case 3 (C) — Eq. ratio 1.0.
The sum of mass fractions (DME + O2 + (Ar or N2)) for each case was equal to 1. The initial
temperature was 293 K and pressure at the end of compression was 100 bar. The equivalence
ratio wasn’t mentioned there to avoid the readers’ confusion when they may think that if the
equivalence ratio increases then HTR region temperature should also increase. We want to draw
the attention that with the increase of fuel concentration, O, concentration wasn’t fixed but
decreased. The objectives of this study were to show whether thermal or chemical effects are
more important for the combustion progress in the HTR region. This analysis was used to
investigate the combined effects of the fuel concentration, oxidant, in-cylinder temperatures and
pressure on HCHO, H,0,, and OH formation in the LTR, TIP, and HTR regions during

DME-HCCI combustion.
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Figure 12 shows conditions (A), (B), and (C) with different DME/O, and O,/Ar ratios, based
on the initial mass fractions shown in Table 2. The in-cylinder temperature level at which LTR
and TIP reactions occurred (the pink region on Figure 12, T = 800 + 1,000 K) remained the same
for all conditions as the DME/O, ratio increased. The HCHO concentration also increased with
the increase in pressure in the LTR and TIP regions, as highlighted. As the O,/Ar ratio increased,
the in-cylinder temperature, ROHR, and OH concentration increased in the HTR region. From
this, we can conclude that the O, concentration does not affect the temperature change in the
LTR or TIP regions and does not affect HCHO or H,0O, formation; however, it plays an
important role in the HTRs. These results also suggest that the temperature in the
low-temperature region did not have any effect on high-temperature combustion and OH
formation before the HTR reactions have been suppressed by the increased amount of HCHO.
This chemical Kkinetics study was introduced as an extension to the experiments to study these
effects.

Previous work on DME chemical kinetics analysis in a constant volume chamber, by
Kuwabhara et al. [43], proposed a four-stage oxidation process of a hydrocarbon fuel with a cool
flame. The transition from cool flame to NTC was determined by the competition between O,
addition reactions and OH subtraction reactions, accompanied by the formation of HCHO. Major
products of the cool flame and NTC regimes were oxygen-containing species like HCHO and
H.0,. Based on these results, it can be presumed that the highest radical activity in the LTR
region was associated with the chemistry that occurs when the HCHO concentration increased.
This caused a subsequent deceleration in the rate of pressure rise, leading to low or negligible
chain branching and a fall in the overall heat release, because OH radicals were replaced as a
propagating species, mainly by less reactive HO, radicals. The maximum deceleration of the
pressure rise rate corresponded to the reaction taking place at its minimum rate in the negative
temperature-dependent regime. The evolution of the thermal ignition and the subsequent
acceleration in the pressure rise rate can be attributed predominately to the production and

decomposition of H,0,.
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At lower initial temperatures, it was observed that the HCHO formed in the LTR and TIP
regions had a greater effect on HTR combustion than in-cylinder temperature. This can be stated
based on the chemical kinetics analysis results shown in Figure 12. All three conditions (A), (B)
and (C) were simulated with the same initial temperature T=293K and the pressure at the end of
compression, P=100 bar. We can see from this figure that the combustion in LTR and TIP regions
for conditions (A), (B) and (C) occurs in the same temperature range (pink layer). However, the
concentration of HCHO that is formed during LTR and TIP regions increases as DME/O2 ratio
increases, although O2/Ar ratio decreases. Fuel concentration is correlated with the amount of
HCHO and its concentration increases from (A) towards (C), and on the contrary, the in-cylinder
temperature and ROHR in the HTR region decreases. Figure 12 shows that in the case of a lower
temperature (Ti, = 293 K), when Ar was used as the dilutant gas, the HCHO concentration in
LTR and TIP regions increased commensurate with an increase in the DME/O; ratio; this
inhibited the high combustion rate, so the temperature in the HTR region decreased despite the
increase in fuel concentration. All arguments here are about trying to find out whether it is the
effect of temperature during LTR and TIP region or the effect of HCHO on temperature increase
in HTR and if both then which one has a greater influence. For all cases, rapid OH growth was
observed after the HCHO concentration dropped. HCHO increased as the initial fuel
concentration increased. As the O,/Ar ratio decreased, the in-cylinder temperature and OH also
decreased. As expected, the initial O, concentration in the mixture directly affected the
combustion intensity and the in-cylinder temperature in the HTR region; however, it did not
affect the in-cylinder temperature in the LTR or TIP regions (the pink region on Figure 13,
T =800 +1,000 K). In contrast, when the initial temperature was high (T, = 450 K), as shown in
Figure 13(A) for Ar gas, despite the decrease in the O,/Ar ratio, the combustion rate in the HTR
region was extremely high. However, the heat release in the cool flame and NTC regions was
negligibly small. Therefore, based on the results of chemical kinetics analysis shown in Figure
12 (A), (C) and Figure 13 (A), (B) we have compared two cases with different initial

temperatures, 293K and 450K, with the same DME/O2 and O2/Ar ratios. If we look at the region
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where LTR and TIP occur we can find that the temperature range in these regions for both cases
(293K and 450K) is almost the same. However, the temperature and ROHR in HTR region are
higher for the case with 450K. We believe that this is a very important finding because it can
suggest that in the real HCCI engine how to implement the combustion control. On the one hand,
we want to control HCHO and its effect on OH and on the other, we want to control HTR region
where the power is mainly generated. This is especially important when the fuel reactivity
controlled combustion concepts are developed.

When N, was used as a dilutant gas, as shown in Figure 13(B), due to the higher heat
capacity of N, versus Ar, the resulting in-cylinder combustion temperature in the HTR region
was much lower and heat release in the cool flame and NTC regions was seen distinctly. Thus,
comparing these two different temperature cases, we can presume that the intake temperature
does not affect the in-cylinder temperature level in the LTR or TIP region. These results
demonstrate the validity of the experiments when Ar was used instead of N, as a dilutant gas.
The results of the chemical kinetics analysis with Ar and N, show that for both conditions the
LTR and TIP occur at almost the same temperature range meaning that there is no effect of
temperature in these regions on HTR combustion (temperature range in LTR+TIP regions for Ar
and N, cases are the same). However, the temperature and ROHR in HTR region are very much
lower in the case with N, background gas. If this is the case, we can presume that only HCHO
formed in these low-temperature regions can have an effect on HTR combustion. Comparing
(A)-(C) and (B)-(D) in the Figure 13 we can see that the concentration of HCHO in the LTR+TIP
region is almost doubled in N,-case compared to that of Ar-case. The computation has validated
the fact that the temperature ranges in the LTR+TIP region, when Ar and N, background gases
were used, are the same. However, for N, the HCHO concentration is increasing and suppressing
the OH formation and therefore the amount heat release in HTR region.

To study the effects of pressure on HCHO formation, we compared two different conditions:
1) the initial temperature was kept constant and in-cylinder pressure was varied, and 2) the

in-cylinder pressure was kept constant and the initial temperature was varied. Figure 14 shows
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the comparison of these conditions. The change in cylinder pressure had a greater effect on the
amount of HCHO formed than the change in initial temperature. However, the intake
temperature had a greater effect on the ignition delay than pressure. At fixed pressure and higher
intake temperatures, the ignition delay advances, HCHO is formed earlier, and the combustion
rate increases; however, the concentration of HCHO formed in the LTR and TIP regions
decreases. These combined effects of temperature, pressure, initial fuel concentration, and O,
concentration suggest that the increased HCHO concentration at higher in-cylinder pressures is
due to a larger amount of air/fuel charge in the cylinder, while the lower in-cylinder temperature
is due to the decreasing O, concentration in the mixture, and the lower HCHO concentration at
higher initial temperatures is due to the evolution of the thermal ignition. The subsequent
acceleration in the pressure rise rate can be attributed predominately to the production and
decomposition of H,O,, and to the competition between O, addition reactions and OH

subtraction reactions, accompanied by the formation of HCHO.

3.3 Time-resolved UV-vis HCHO and OH absorbance spectra for knocking combustion
The formation of HCHO and OH species, and their lifetimes in the LTR, NTC, and TIP regions,
provides better understanding of knocking combustion mechanism and helps us to control
knocking in HCCI engines. We studied the effect of HCHO formed in the LTR and TIP regions
on the rate of combustion and engine knock. A fixed exposure duration of 11 CAD with various
ICCD-triggered instances was applied to each cycle. On the left, Figures 15-19 show the
combustion cycles with different in-cylinder pressure oscillations and knock intensities. On the
right, they show HCHO and OH absorbances detected at different crank angles. The maximum
amplitude of the high-frequency component of the pressure (2.5-12 kHz) was taken as the
knocking intensity of the corresponding cycle by applying a fast Fourier transform (FFT) to the
pressure signal.

Figure 15 shows the absorption scan in the LTR region; we observed very small peaks of

HCHO during combustion with moderate knock intensities. Figure 16 shows an almost
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negligible level of knock intensity and a high level of HCHO absorbance. This suggests that the
reaction rate was such that it produced high concentration of HCHO in the LTR and TIP regions
and thus failed to result in knock in the HTR region. Figures 17 and 18 show the correlation
between the high concentration of OH, the low concentration of HCHO, and combustion with
high knock intensity. In Figure 19, with the exposure start time at 375 CAD after TDC, it can be
seen that the OH concentration decreased. The HCHO concentration is always low when the OH
concentration is high.

The results in Figures 15-19 show a clear trend between knock intensity and HCHO/OH
formation. This work helps to characterise combustion cycles with HCHO and OH absorption
during combustion in a DME-HCCI engine. These results will help in understanding the
complex processes of intermediate species formation during combustion, and in the design of

advanced optical sensors for effective combustion control.

4. Conclusions

From this study, the following conclusions can be drawn:

1. The time-resolved HCHO and OH profiles during the DME-O,-Ar mixture combustion
cycles showed that the HCHO absorbance increased in the LTR and TIP regions and decreased
gradually as combustion approached the HTR region. The opposite trend was observed for OH
absorbance profiles. OH was at a minimum in the LTR region and increased as the combustion
approached the HTR region. The increased HCHO concentration at higher in-cylinder pressures
is due to a larger amount of air/fuel charge in the cylinder. The lower in-cylinder temperature is
due to the reduced O, concentration in the mixture.

2. Due to the existing combustion cyclic variability, it was difficult to precisely determine, from
the experiments, the effect of pressure on HCHO and OH formation in the LTC; thus, a chemical
kinetics analysis was performed. The chemical kinetics analysis showed that the initial O,
concentration and intake temperatures did not affect the in-cylinder temperature in the LTR or

TIP regions. However, they had significant effects on HTR combustion. At an intake temperature
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of 450 K, with Ar as the dilutant gas, the rate of heat release was extremely high. The ROHR in
the cool flame and NTC regions did not change. When N was used as the dilutant gas, a distinct
ROHR in the cool flame and NTC regions was observed.

3. A correlation between the in-cylinder spectral HCHO/OH formation and knocking intensity
was observed. By applying different ICCD exposure timing vs. crank angle degree settings, it
was possible to demonstrate a trend whereby HCHO concentration was very low and OH

concentration was very high when knock intensity was very high, and vice versa.
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Table 1

Bore

Stroke

Connecting rod length
Displacement volume
Compression ratio
Combustion chamber
Engine speed

Valve closure time
Equivalence ratio
Intake temperature
Intake pressure

78 mm

85 mm

153 mm

406.2 cm3
9.0:1

Pancake type
600 rpm

180 deg.BTDC
0.3

293K, 295K, 303K
48kPa + 85kPa




Table 2

DME-0,-Ar / DME-0,-N,

DME 0, Aror N,

Case 1 (A) 0.013406 0.087307 0.899287
Case 2 (B) 0.017232 0.056113 0.926655

Case 3(C) 0.019453 0.038007 0.94254
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