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Graphical abstract Abstract
The increasing global demand for energy necessitates the development of cleaner and

more environmentally sustainable alternative fuels. Dimethyl ether (DME) is identified
as a promising candidate due to its high internal oxygen content and favorable

combustion properties. The present study investigates the combustion characteristics
of a DME—-air mixture and compares them with those of a CHs—air mixture using
Computational Fluid Dynamics (CFD) simulations in ANSYS Fluent. Simulations were

conducted for a tube with an 11.5 mm diameter and a 300 mm length under laminar

. _ flow conditions. Key parameters analyzed include temperature distribution and the

DME-Air o e mole fractions of CO and CO, throughout the combustion domain. The results show
Combustion Flame Temperature that the DME—air mixture demonstrates a more rapid initial temperature increase in
as the flame zone, although it attains a slightly lower maximum temperature than the

CHgs—air mixture. CO formation in DME is initially higher but decreases more rapidly due
to a more efficient oxidation process to CO,. In contrast, CO formation in CH, is slower

ages but persists longer within the domain. The CO, mole fraction distribution indicates that
Flame Structure .

DME produces CO, more rapidly at the onset of combustion, whereas CH, displays a

—oDmE —cm

- more gradual and steady increase. These findings suggest that DME exhibits more
CO Emission

reactive, efficient combustion characteristics for converting CO to CO,, underscoring
its significant potential as a cleaner, more sustainable alternative to conventional
methane-based fuels.
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1. Introduction

The rapid increase in global energy demand has prioritized the development of clean, sustainable, and
environmentally friendly energy sources [1]. Nevertheless, fossil fuels such as gasoline and diesel continue
to dominate the energy sector because of their high energy density, established infrastructure, and relatively
low cost [2]. Combustion of these conventional fuels generates significant quantities of harmful emissions,
including nitrogen oxides (NOx), carbon monoxide (CO), unburned hydrocarbons (UHC), and soot particles,
which contribute to air pollution, global warming, and adverse health effects [3], [4], [5]. These
environmental and health concerns have intensified efforts to identify alternative fuels that provide high
efficiency with minimal emissions [6], [7].

Dimethyl Ether (DME) has emerged as a particularly promising alternative fuel. DME (CH30OCH3) is a
simple oxygenated hydrocarbon characterized by a high cetane number (55-60), excellent ignition quality,
and the absence of carbon—carbon bonds, which prevents soot formation during combustion [8], [9], [10].
Additionally, DME exhibits favorable physical properties, including high vapor pressure and low boiling point,
which facilitate easy atomization and thorough mixing with air [11]. These attributes make DME suitable for
use in both compression-ignition (Cl) engines and gas-turbine combustion systems. DME can be synthesized
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from a range of feedstocks, including natural gas, coal, and renewable biomass, via synthesis gas (syngas)
intermediates, providing flexibility for integration with existing energy infrastructures [12], [13], [14]. When
produced from renewable sources, DME is considered a carbon-neutral fuel that can significantly reduce
lifecycle greenhouse gas (GHG) emissions. Its clean-burning properties and compatibility with current engine
technologies position DME as a strong candidate for the transition to sustainable energy systems [15].

Despite these advantages, the combustion characteristics of DME—including flame structure, emission
formation, and flame stability under varying operating conditions—remain complex and not fully
understood. Computational Fluid Dynamics (CFD) has emerged as a powerful tool for investigating
combustion phenomena. CFD integrates fluid dynamics, turbulence, heat transfer, and chemical kinetics to
predict detailed combustion behavior with high spatial and temporal resolution. Using CFD simulations, it is
possible to systematically analyze the effects of parameters such as equivalence ratio, inlet velocity, and
burner geometry on flame temperature distribution, species concentration, and pollutant formation. This
study aims to conduct a numerical investigation of DME—air combustion using CFD to examine the effects of
key operating parameters on flame characteristics and emission behavior. The insights obtained are expected
to inform the design of efficient, stable, and environmentally friendly DME-fueled combustion systems.

2. Material and Method
2.1 Numerical Approach

This study investigates the combustion behavior of Dimethyl Ether (DME)—air mixture using
Computational Fluid Dynamics (CFD) with ANSYS Fluent 2020. The simulations were carried out under steady-
state, laminar, reacting-flow conditions to analyze the flame structure, temperature distribution, and
emission characteristics. The laminar model was selected because the Reynolds number in the burner
configuration is low, ensuring the flow remains fully laminar throughout the domain [16]. Two-dimensional
Computational Fluid Dynamics (CFD) simulations were conducted to capture the spatial distribution of flow
and reactive species, CFD software was widely used for the combustion phenomena [17], [18]. In this study,
to reduce computational cost, a two-dimensional configuration was employed. The ANSYS Fluent software
was used for numerical simulations. The simulations were performed on an Intel Core i7 computer with 16
GB of RAM. SIMPLE Algorithm with pressure-based solver was used in this simulation, The governing
equations consist of the steady-state, two-dimensional Navier—Stokes equations, along with conservation
equations for mass, energy, and species transport for all participating chemical species [19]. This simulation
also operated under the following assumptions: (1) steady-state combustion, (2) Dufour and Soret effects
neglected, (3) gas radiation neglected, (4) laminar flow, and (5) incompressible flow with ideal gas conditions.
Based on all these assumptions, the conservation equations are formulated:

Continuity Conservation
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Species Transport Equation
Pu% + Pv% = V- (pDiVY) + w; (5)

2.2 Geometry and Computational Domain

A two-dimensional axisymmetric burner geometry was developed to model a laminar premixed DME—air
flame. The computational domain consisted of a cylindrical chamber with a diameter of 11.5 mm and a length
of 300 mm, as shown in Figure 1. These dimensions were chosen to ensure a fully developed flame and to
minimize boundary effects on the outlet flow. The geometry was designed in ANSYS DesignModeler, and the
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mesh was generated in ANSYS Mesher, with fine refinement in the flame zone to capture steep gradients in
temperature and species concentrations. A mesh independence test was conducted by comparing the
maximum flame temperature and velocity distribution at different grid densities to ensure the accuracy of
numerical predictions.

Pressure Qutlet (| atm)

Pressure Boundary (1 atm)

Wall

1

Velocity Inlet

Figure 1 Computational Domain

2.3 Boundary Conditions

The inlet boundary conditions were specified as a uniform velocity inlet with a flow speed of 0.8 m/s with
an equivalent ratio of 1. The outlet was defined as a pressure outlet to facilitate pressure-driven flow. Both
the inlet and backflow temperatures were maintained at 295 K to simulate ambient conditions. Wall
boundaries were assigned a no-slip condition, resulting in zero velocity at the walls to represent viscous
effects near solid boundaries accurately.

2.4 Numerical Scheme and Convergence Criteria

The simulations were performed using the pressure-based solver in steady-state mode. Pressure—velocity
coupling was handled using the SIMPLE algorithm, while second-order upwind discretization schemes were
applied for momentum, energy, and species equations to ensure numerical accuracy [19]. A tetrahedral
mesh was used to discretize the computational domain [20]. Mesh refinement was implemented, especially
near the wall regions adjacent to the reaction zone, to capture steep gradients in temperature and species
concentration. To verify the numerical results' reliability, a grid independence test was performed by varying
the mesh size. A refinement size of 0.2 mm produced the most stable results, with deviations of less than
1.8% compared to finer meshes. Simulations were considered converged when the residuals of the governing
equations fell below 10-5. This convergence criterion indicates that the iterative solution process achieved
sufficient accuracy, as subsequent iterations produced negligible changes.

3. Results and Discussion

Simulation results reveal distinct differences in the combustion characteristics of DME—air and CHs—air
mixtures. Both fuels generate a pronounced flame zone near the nozzle, characterized by a sharp increase in
temperature due to the oxidation reaction between the fuel and air. DME—air combustion achieves a
maximum temperature of approximately 2250 K, which is marginally higher than the 2180 K observed for
CHz—air combustion. The flame structure of DME-Air, compared with CH4-Air, is shown in Figure 2. This
temperature disparity suggests that DME is more reactive than methane. The presence of an oxygen atom in
the DME chemical structure promotes radical formation and accelerates the initial combustion reaction.
Consequently, the DME flame is shorter yet more intense near the nozzle. In contrast, CHs—air combustion
produces a more extended, more stable temperature profile. This outcome is attributed to the slower
reaction rate of methane, which permits the oxidation process to proceed gradually throughout the
combustion domain. The slower decrease in temperature in the CHs—air mixture indicates a more uniform
release of thermal energy along the flow path. Overall, DME demonstrates the capacity to achieve higher
peak temperatures and faster reaction rates than methane. However, DME flames are typically shorter due
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to the rapid onset of combustion. These findings suggest that DME has significant potential as an efficient,
environmentally friendly alternative fuel, particularly for combustion systems that demand high efficiency
and short reaction times, the flame temperature was shown in Figure 3.
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Figure 2 Flame structure of DME-Air compared with CH4-Air
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Figure 3 Flame Temperature of DME-Air compared with CH4-Air

Simulation results indicate that carbon monoxide (CO) formation during DME—air and CHs—air combustion
follows distinct trends along the flow direction, as shown in Figure 4. At the onset of the combustion zone
near the nozzle, both fuels display low CO mass fractions. This outcome is attributed to combustion
conditions dominated by complete oxidation, in which most carbon is directly converted to carbon dioxide
(CO,). As the distance from the nozzle increases, CO concentration rises due to decreasing oxygen availability
in the flame zone. For the DME—air mixture, the CO mass fraction rises more rapidly and attains a higher
maximum value than in CHs—air combustion. This trend suggests that DME combustion is more reactive in
the initial zone, though some of the fuel is not fully oxidized to CO,. The presence of oxygen within the DME
molecular structure promotes the formation of intermediate radicals such as CH,O and HCO,, which
subsequently contribute to elevated CO concentrations during the initial reaction stage. Consequently, the
CO distribution in DME—air combustion is higher near the flame zone than in methane combustion. In
contrast, the CHs—air mixture demonstrates slower CO formation with a lower peak concentration. This
behavior is attributed to methane's more stable reaction rate, which facilitates complete and more uniform
oxidation throughout the combustion domain. The gradual decrease in CO concentration over extended
distances further indicates a more efficient conversion of CO-to-CO,. Thus, although DME combustion
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generates higher temperatures and faster reaction rates, it also tends to produce higher CO concentrations
in the initial stages due to its intense, rapid reaction characteristics.

0,025

0,02

0,015

0,01

0,005

0 50 100 150 200 250 300

——DME ——CH4

Figure 4 CO Emission of DME-Air compared with CH4-Air

The simulation results show that the CO, mole fraction begins to increase significantly after the initial
flame zone, with notable formation at approximately 30 mm from the nozzle (see Figure 5). Before this point,
the CO, mole fraction remains low due to incomplete fuel oxidation. The reactions are primarily characterized
by the presence of intermediate radicals such as CH,0 and CO. Beyond this distance, the CO, mole fraction
rises sharply, reaching maximum values of approximately 0.087 for DME—air and 0.112 for CHs—air at
positions around 54-60 mm from the nozzle. The rapid increase in CO, for the DME—air mixture suggests an
intense oxidation process in the initial flame zone. The internal oxygen content in DME's chemical structure
accelerates the formation of intermediate radicals, leading to earlier CO, production. After reaching its peak,
the CO, mole fraction for DME—air gradually decreases to approximately 0.062 at the end of the domain (300
mm), indicating that most oxidation reactions are completed upstream and the downstream CO,
concentration stabilizes. In the CHs—air mixture, the increase in CO, is more gradual and reaches a slightly
higher maximum value than in the DME—air mixture. This trend suggests that methane combustion is more
stable and uniform throughout the domain. The simpler molecular structure of CH, results in slower
decomposition into CO,, leading to a more even distribution of carbon dioxide along the reaction pathway.
Overall, these findings demonstrate that DME generates CO, more rapidly but with a faster decline, whereas
CH4 produces CO, at a slower yet more consistent rate, reflecting the distinct combustion kinetics of each
fuel.
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Figure 5 CO, Emission of DME-Air compared with CH4-Air

4. Conclusion

Numerical simulations using ANSYS Fluent were conducted to analyze the combustion of Dimethyl Ether
(DME)—air and methane (CHg)—air mixtures under laminar flow conditions in a tube with a diameter of 11.5
mm and a length of 300 mm. The results demonstrate significant differences in the combustion

15



characteristics of the two fuels. The DME—air mixture exhibits a slightly lower maximum temperature
compared to CHs—air; however, the temperature rise occurs more rapidly in the initial flame zone. This
behavior suggests that DME is more reactive, due to the presence of oxygen atoms in its molecular structure,
which facilitates combustion initiation. During DME combustion, the initial CO concentration is higher due to
incomplete oxidation, but it decreases more rapidly than in CH4 combustion as CO is converted to CO, more
efficiently. In contrast, CH4 combustion produces lower initial CO concentrations, but these persist longer
throughout the reaction domain. The CO, mole fraction results show that DME produces CO, more rapidly
at the beginning of the combustion zone, but the rate decreases more quickly after reaching the peak. At the
same time, CH4 produces CO, more gradually with a more even distribution downstream of the domain.
Overall, it can be concluded that DME combustion is more reactive and efficient in converting CO to CO,,
although its maximum temperature is slightly lower. This shows the great potential of DME as a cleaner, more
environmentally friendly alternative to methane.
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