Combustion and Flame 196 (2018) 116-128

Contents lists available at ScienceDirect = .
Combustion
and Flame
Combustion and Flame
journal homepage: www.elsevier.com/locate/combustflame T ==
A comprehensively validated compact mechanism for dimethyl ether n
oxidation: an experimental and computational study S

Rohit S. Khare, Senthil K. Parimalanathan, Vasudevan Raghavan, Krithika Narayanaswamy*

Thermodynamics and Combustion Engineering Laboratory, Department of Mechanical Engineering, Indian Institute of Technology Madras, Chennai 600036,

India

ARTICLE INFO

Article history:

Received 19 January 2018
Revised 14 March 2018
Accepted 21 May 2018

Keywords:

Dimethyl ether kinetics
Bottom-up approach

23 species mechanism
Extinction

Quasi-steady state assumption
Reduced model

ABSTRACT

Dimethyl ether (DME) is regarded as one of the most promising alternatives to fossil fuels used in com-
pression ignition engines. In order to critically evaluate its overall combustion behaviour via numerical
simulations, an accurate as well as compact kinetic mechanism to describe its oxidation is most essen-
tial. In the present study, a short kinetic mechanism consisting of 23 species and 89 reactions is proposed
to describe the oxidation of DME. This is based on the detailed San Diego mechanism. The short mecha-
nism accurately reproduces the available experimental data for ignition delays, laminar flame speeds, and
species profiles in flow reactors as well as jet-stirred reactors. To assess the validity of this reaction mech-
anism in non-premixed systems, extinction strain rates of DME-air mixtures, which are not available in
the literature, are measured in a counter-flow diffusion flame burner as a part of the present work. The
23 species reaction mechanism is also able to predict the experimental data for extinction within the un-
certainty limits. This mechanism is further reduced by introducing quasi-steady state assumptions for six
intermediate species to finally obtain a 14-step global kinetic scheme. A code is developed in MATLAB to
obtain these 14 global steps and their corresponding rate expressions in terms of the individual reaction
rates. The 14-step mechanism performs as good as the 23 species mechanism for all the experimental

data sets tested for.

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Emissions from automobiles, especially that from compression
ignition engines, significantly contribute to environmental pollu-
tion. An attractive way to tackle this problem is to use alternative
fuels. Dimethyl ether (DME) is one such fuel, which can replace
fossil diesel for use in compression ignition engines [1]. The high
cetane number (55-60) [2] of DME and ease of its handling (re-
mains a liquid when pressurized above 0.5 MPa) makes it partic-
ularly attractive for use in such applications [3]. The fast evapora-
tion rate of DME leads to better mixing with air within the engine
and its inherent oxygen content helps achieve smokeless combus-
tion through reduced formation and high oxidation rates of par-
ticulates. In fact, diesel-DME blends have been shown to result in
reduced soot precursors than neat diesel [2,4-6].

Significant amount of research, both based on experiments and
modeling, has been undertaken on DME kinetics [7-12]. Several
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detailed mechanisms have been proposed for DME oxidation. Da-
gaut et al. [7,8] proposed a detailed reaction mechanism with
331 reactions involving 55 species to describe the low and high
temperature oxidation of DME in a jet-stirred reactor (JSR) (550-
1275 K, 1-10 atm) as well as the ignition of DME in shock tubes
(650-1600 K, 3.5-40 bar). Curran et al. [9] developed a detailed
kinetic model for DME oxidation and demonstrated its validity in
JSR and shock tube configurations over a wide range of conditions
(650-1300 K, 0.2-2.5, 1-40 atm). This model incorporated 336 re-
actions among 78 species. Some modifications were introduced to
this kinetic scheme by Curran et al. [10] to additionally describe
the oxidation of DME in a variable pressure flow reactor. Fischer
et al. [11] further modified the mechanism proposed by Curran
et al. [10] to extend its validity to include the pyrolysis of DME
at high temperatures. Zhao et al. [12] developed a comprehensive
model for DME pyrolysis and oxidation in a hierarchial manner.
This model, consisting of 290 reactions among 55 species, showed
a good agreement against flow reactor, JSR data, shock tube igni-
tion delays, and laminar flame speed measurements.

In a recent study, Burke et al. [13] proposed a detailed kinetic
mechanism for DME oxidation by incorporating accurate rate con-
stant measurements and calculations for the reactions of DME.
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The mechanism was also the first to employ a pressure-dependent
treatment to the low temperature reactions of DME. It was vali-
dated using data available in the literature including, species pro-
files in flow reactor and JSR, shock tube ignition delay times, and
flame speeds. Prince and Williams [14] came up with a 14-step
DME sub-mechanism, to be combined with the San Diego mech-
anism [15], which was successfully tested against the aforemen-
tioned data sets as well. Dames et al. [16] developed a binary fuel
kinetic model for DME and propane with focus on engine-relevant
conditions (10-50 atm and 550-2000 K). The model (120 species
and 711 reactions) was further validated against rapid compression
machine (RCM) data for DME-propane mixtures.

Although detailed mechanisms provide accurate predictive ca-
pabilities, the computational time and complexities involved are
large, which essentially constrains their use in multi-dimensional
computations. This has propelled the development of compact re-
action mechanisms for DME oxidation [17-22]. Beeckmann et al.
[17] proposed a reduced reaction mechanism, specifically to cap-
ture the autoignition of DME. Pan et al. [18] (29 species and 66 re-
actions), Yamada et al. [19] (23 species and 23 reactions), Kim et al.
[20] (28 species and 45 reactions), and Chin et al. [21] (28 species)
came up with skeletal/reduced models particularly applicable to
engine combustion. Chang et al. [22] developed a reduced chem-
ical mechanism for DME using a decoupling methodology, wherein
the rate parameters in the DME sub-mechanism were optimized
to match the experimental data (shock tubes, flow reactors, JSR
data, and flame speeds). Nonetheless, the size of this mechanism
(42 species and 171 reactions) remains comparable to some of the
detailed mechanisms discussed above.

Despite the availability of several short reaction mechanisms for
DME oxidation, their range of validity is limited to specific configu-
rations. However, in many combustion systems, the precise manner
in which the combustion process advances is not known apriori.
For instance, there may exist regions within a system where igni-
tion and premixed flame propagation are dominant, while in oth-
ers, diffusion governs the combustion process. Therefore, in order
to be integrated with simulations of combustion systems in gen-
eral, the short mechanism for DME oxidation should be applicable
to a wide range of combustion configurations.

Thus, the objectives of this work are two-fold: (i) develop a
short mechanism for DME oxidation that is as compact as pos-
sible, still containing the essential kinetics and (ii) ensure that
the proposed mechanism is validated comprehensively to estab-
lish its ability to accurately predict a wide range of configura-
tions of practical relevance to combustion. In view of the second
objective, while significant data is available in literature for val-
idation of DME kinetics in premixed environment, for instance,
Refs. [7,8,10,11,13], there is a lack of experimental data in non-
premixed systems. Thus, as a part of this work, extinction strain
rates of DME-air mixtures have been obtained in a counter-flow
non-premixed flame, thus expanding on the available database for
kinetic model validation.

This work is organized as follows. First, the experimental
methodology to measure extinction strain rates in a 1D laminar
non-premixed counter-flow burner is presented (Section 2). There-
after, following a similar approach to the development of a short
kinetic model for methanol oxidation by Tarrazo et al. [23], a
compact mechanism is developed for DME oxidation (discussed in
Section 3). An extensive validation of the compact reaction scheme
against available experimental data for constant volume and con-
stant pressure homogeneous reactors, unstretched laminar pre-
mixed flames, and well-stirred reactor as well as the measured ex-
tinction strain rates is presented in Section 4. To further simplify
this mechanism and subsequently reduce the computational cost
when using in combustion simulations, quasi-steady state assump-
tion has been invoked for a few intermediate species. A reduced

mechanism is thus arrived at for DME oxidation. Computations are
performed to validate the results from this reduced mechanism
against all experimental data sets (discussed in Section 5). Follow-
ing this, the article is concluded by summarizing the contributions
and highlighting the principal findings.

2. Counter-flow diffusion flame extinction experiments

Significant data is available in literature for validating DME
kinetic models in a premixed environment, for instance, Refs.
[7,8,10,11,13]. Along with configurations in a premixed system (such
as shock tubes, flow reactors, and flame speeds), extinction strain
rates in non-premixed flames are particularly important for vali-
dating a reaction scheme because it verifies the interplay between
the time scales of kinetics and diffusion processes, which compete
with each other during extinction. Wang et al. [24] obtained ex-
tinction strain rates of DME-oxygen mixtures at atmospheric pres-
sure and elevated unburnt mixture temperature in a counter-flow
diffusion flame. Since most of the practical combustion systems
use air as the oxidizer, as a part of the present work, experiments
have been performed in a canonical 1D counter-flow configuration
to obtain the extinction strain rates of DME-air mixtures in non-
premixed flames. In the present work, strain rates at extinction are
experimentally measured as a function of the mass fraction of fuel
in the fuel stream (Yg;). This experimental data set acts as a vali-
dation target for the proposed short mechanism.

2.1. Experimental apparatus

The counter-flow burner setup used in the present work is
manufactured at UCSD and an exactly similar setup has been previ-
ously used by the UCSD group to measure the extinction and auto-
ignition characteristics of several fuels [25,26].

A schematic of the counter-flow burner setup used in the
present study is shown in Fig. 1. It consists of fuel (bottom) and
oxidizer (top) ducts, kept co-axially opposing each other. The fuel
duct (df = 254 mm) is surrounded by two concentric annular
ducts. Nitrogen is supplied through the inner annular gap in or-
der to minimize the effect of ambient interference. The outermost
annular duct is connected to an exhaust system, which facilitates
the suction of the hot product gases. The outer walls of this duct
are provided with water spray nozzles (type BETE PJ15) to cool
the hot product gases and thereby prevent their autoignition in
the exhaust duct. Water is supplied to the spray nozzles through
a mini centrifugal pump (TULLU AC-30). The oxidizer duct (dox =
25.4 mm) is surrounded by a concentric duct through which nitro-
gen is supplied, similar to that used in the fuel duct.

Plug-flow boundary condition is ensured by placing multiple
stainless steel wire screens (200 meshes/inch) near the exits of
both fuel and oxidizer ducts. The flow rates of DME, air and ni-
trogen are controlled using rotameters (with an uncertainty 2% of
full scale reading). The fuel and nitrogen are mixed in a cylindrical
mixing chamber of diameter 50 mm and length 200 mm. A se-
ries of fine stainless steel meshes are arranged inside the mixing
chamber in order to ensure a homogeneous mixture.

2.2. Experimental procedure

Before starting the experiment, the water cooling system is
turned on. First, a stable flame is established by controlling the
flow rate of DME through the fuel duct and by introducing a small
pilot flame for ignition. The exhaust system is switched on imme-
diately after the ignition to vent out hot products gases. Once the
flame is stabilized, air is allowed to enter through the oxidizer duct
to establish a flat flame as shown in Fig. 2(a). The curtain flow of
nitrogen in both the ducts is adjusted using separate rotameters.
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