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Abstract. The combustion of preheated ultra-lean dimethyl ether/air mixture was investigated numerically. A laminar
burner stabilized flame of preheated ultra-lean dimethyl ether was stabilized by methane co-flow and combustion
respectively. Steady burning of co-flow methane ensured ignition of dimethyl ether/air mixture at temperature ca 330 °C.
A detailed reaction mechanism of dimethyl ether low-temperature combustion and methane combustion were applied in
the two-dimension axisymmetric numerical simulation. The state-of-the-art low-temperature chemistry of dimethyl ether
and methane was applied in numerical simulation. The thermal interaction of flame and solid boundaries was achieved by
solid-fluid coupled boundary conditions in numerical simulation. 2D axisymmetric numerical simulation was performed
based on the physical measurement and experimental setup. The axial temperature profile of the flame was obtained by
experiments and numerical simulation relatively well agreed with the experiment. The chemical radicals, like OH, CH20,
and HOz, occurrence in lean dimethyl/air flame were also obtained by experiment. The computational simulation of
flame showed that there was thermal interaction between flames and solid parts of the experimental burner. The dimethyl
ether/air mixture was preheated upstream by the thermal conductivity of solid parts. High and Low-temperature
combustion zones were identified on the base of results of numerical simulation and the presence of radicals specific for
the appropriate type of combustion respectively.

INTRODUCTION

The micro and mesoscale combustion devices like a micro-gas turbine [6, 7], micro swing engine [8], etc. have
been researched and developed in the last few years. It was found that there is a problem with the stable flame due to
the relatively high heat loss and short residence time of the fuel-oxidizer mixture in the micro combustor. The
essential knowledge of premixed and non-premixed combustion characteristics is necessary to the successful design
of micro combustion-based energy systems. Dimethyl ether (DME) is considered as a prototype fuel in micro
combustion. The future usability of DME is of remarkable importance in the framework of the methanol economy
[9]. DME can be produced by the chemical recycling of carbon dioxide. The comprehensive chemical kinetics of
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DME oxidation (low and high temperature) including experimental validation has been investigated intensively in
the previous two decades [10, 11]. An evident improvement of the rate constants of some key elementary reactions
in low-temperature DME oxidation schemes has been achieved even though some uncertainties still exist. The
numerical simulation of the ignition, propagation, extinction, and structure of DME flames including the coupling of
high-temperature and low-temperature combustion (shortly HTC and LTC, respectively) has enabled on the base of
the researched chemical kinetics models. The structural characteristics of the different DME flame regimes, i.c.,
lean, and rich cool flames, hot flames, and double flames, were described by Ju [3].

EXPERIMENTAL MEASUREMENT AND METHODS

The experimental system is schematically shown in Fig. 1. The experimental system was based on a burner [4]
consisting of a central part with a total of 5031 holes of diameter 0.5 mm in 5 mm thick brass disc (DME/Air) and a
co-flow section (Methane/air). The disc was designed for the stabilization of laminar flat flame. The inlet stainless-
steel tubes of the burner were covered by insulation (mineral wool) and foil (aluminum). Air for combustion of
DME was preheated to ca 300 °C using a flow heater. Preheated air was mixed with DME downstream air heater in
T-junction. Four K-type thermocouples (T1-T4) were installed upstream main part of the burner (perforated brass
disc) to control the temperature of air and DME/air mixture. Monitoring of temperature was used to avoid unwanted
oxidation of DME and flashback phenomena. The actual temperature of the perforated plate (T4) was also used for
the interpretation of the experimental measurement because the theoretical presumption for stable low-temperature
combustion of DME is ca 330 °C in this case.

The additional heat source was realized by a stoichiometric methane/air steadily combustion in the co-flow
section of the burner (an annulus surrounding the central part). Steadily co-flow and combustion of a methane-air
mixture also provided energy to achieve the auto ignition of ultra-lean DME/air mixture at temperature ca 330 °C.
More details about experimental setup and methods are discussed in [1], which is purely focused on experimental
measurement.
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FIGURE 1. Schematic of the experimental setup
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NUMERICAL METHODS

To study the combustion characteristics of ultra-lean DME/air mixture and the thermal interaction of the flame of
DME and co-combusted Methane, a numerical simulation with detailed chemistry was performed. The numerical
simulation was performed as two-dimensional axisymmetric with solid walls thermal coupling. The sketch of the
computational domain and boundary conditions are illustrated in Fig. 2.
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FIGURE 2. Physical model, computational domain, and boundary conditions

Pressure outlet was applied at far-field boundaries (ambient). The perforated brass disc was treated as a porous
domain, and parameters of the porous zone (porosity and resistance coefficient) were calculated on the base of
geometry parameters and analytic calculation. The disc was set as a laminar zone in accordance with the Reynolds
number calculated for one hole of the disc. The solid walls of the burner were set as conductive and non-slip. The
heat exchanges between solid walls and gases were computed by using coupled boundary conditions. All parameters
of simulation were specified and set according to experimental measurement, e.g., mass flow of DME/air mixture,
the mass flow of Methane/air mixture, the temperature of the brass disc (T4 thermocouple) et cetera.

The main governing equations of the mathematical model of time steady flow presented in this paper can be
easily found in CFD textbooks, e.g., [5]. Nevertheless, the fundamental equations of mass, momentum, energy, and
species are shown as follows.
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where p (kgm?3), p (Pa), T (K), u (m-sh), & (Jkg!), 7 (Pas), A (WmK?), ¢, J')kg'K™!) and R (J-K!-mol™) are
density, pressure, temperature, velocity, enthalpy, dynamic viscosity, thermal conductivity, specific heat capacity,
and universal gas constant, next ¥; (kg'kg!), D, (m?s?), Dr; (kgm''s') and M; (kg'mol') are mass fraction,
diffusion coefficient, thermal diffusion coefficient, and molecular weight of i species of the mixture. Mixing law
was used to the specification of physical properties of the mixture, e.g., viscosity, thermal conductivity, etc. and the
kinetic theory was used for calculation of Mass and Thermal diffusivity.

The fundamental equations were solved by using of finite volume method and the numerical computation was
achieved by CFD code Fluent 19.3 [14]. The SIMPLE algorithm was used as pressure velocity coupling scheme and
Least Squared Cell Based gradient method was used as spatial discretization.

The finite-rate chemistry model with 71 reactions and 26 species was used to solving chemical reactions [2].
Thermodynamics and transport properties were load from the CHEMKIN database. Stiff chemistry solver, full
multicomponent diffusion, and thermal diffusion were included in the calculation of chemical reactions.

Turbulent model RNG k-¢ with full buoyancy effect and scalable wall functions were used to simulate, and the
perforated brass disc was set as a porous laminar zone. The discrete ordinates model and Weighted-Sum of Gray
Gas Model were adopted for the calculation of radiation heat transfer. The computation domain had 187 500 cells.
The convergence criterion was 110 except for energy, which was 1-106.

RESULTS AND DISCUSSION

The axial profile of temperature obtained from the thermocouple measurement was compared with the results of
numerical simulation see Fig. 3. Thermocouples K and B were used for the measurement of the axial profile.
Temperature measured by thermocouples was corrected for radiation heat loss via the procedure provided by [12].
The uncertainties of individual data points were estimated to be = 25 °C for the K-type thermocouple and + 50 °C
for the B-type thermocouple. Transition of from the cool flame regime to the hot flame regime can be seen because
T.rir was exceeded in our burner setup with the co-flow flame. (7wic ® 540 °C according to [13]). The hot flame
reaction zone with abundant chemiluminescence at /=5 mm can be clearly recognized in Fig. 5a. An important
issue arises concerning the interaction of the central flow with the surrounding (co-flow) flame.

As was mentioned in the introduction, we can consider two types of combustion of DME, namely Low-
Temperature Combustion (LTC) and High-Temperature Combustion (HTC). It is well known that high temperature
combustion of DME proceeds via lumped equations [2]:

CH,0CH, — CH,OCH,, - CH,0(+CH,) - HCO — CO — CO, %

CH,OCH, — CH,0(+CH;) = CH,0 — HCO — CO—> CO, ®)

Low temperature combustion (oxidation) chemical pathway production carbon monoxide from keto-
hydroperoxide species (HO,CH,OCHO), given in a lumped form [2]:

CH,OCH,, — HO,CH,OCHO — CH,0 + CO+20H 9)
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FIGURE 3. Axial temperature profiles obtained from the thermocouple measurement compared with results of CFD simulation

According to previous chemical pathways, zones of high and low-temperature combustion can be identified. We
can see, thermal interaction of flame and the perforated brass disc caused an additional heat source. It led to thermal
dissociation of FME and low-temperature combustion inside holes of the brass disc and close to the top surface of
the disc. see Fig. 4a.

(a) (b)

FIGURE 4. (a) LTC combustion zone visualized by hydroperoxide species (HO2CH2OCHO), (b) HTC combustion zone
visualized by methoxymethyl radical (CH3OCHz)

The hot flame reaction zone with abundant chemiluminescence at H = 5Smm can be clearly recognized in Fig. 5a.
It is so well known that chemiluminescence is related to the presence of radicals in the flame (e.g., HO,, OH etc.).
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FIGURE 5. (a) Illustrative images of thermocouple measurement at the /=9 mm, (b) mass fraction of HO: radical illustrates
chemiluminescence phenomena

Mass fraction of HO, radical is shown in Fig. 5b. We can see a relatively good comparison between
experimental measurement and CFD simulation, but the illumination of flame is a very complicated phenomenon,
and it is caused by more than HO, radical.
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CONCLUSION

The combustion of preheated ultra-lean dimethyl ether/air mixture was investigated numerically in this paper.
Two regimes of DME combustion were identified by CFD simulation in accordance with experimental
measurement. Heat transfer and possibly also the transport of reactive species (e.g., OH radicals) from the post-
combustion region of the CHys/air flame could play a role in the evolution of the hot flame regime. Thermal
interaction of flame and top surface of causes thermal dissociation of DME and low temperature combustion inside
holes of performed brass disc. 3D Numerical simulations of fluid flow based on the LES turbulence model with
detailed chemistry in a realistic burner geometry, which would take real effects into account, are in preparation
considering the approach already used for modelling DME/air premixed cool flames.
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