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Abstract

Today, dimethyl ether (DME) is changing to ordinarily worn as a superb aerosol propellant and refrigerant for its eco-friendly
characteristics. Lately, with the development of novel chemical energy in the coal industries, it has become a fascinating field of
research as an alternative green fuel for diesel machines due to the high cetane number. The DME synthesis processes include
catalytic dehydrating methanol in an adiabatic fixed-bed reactor. In this study, to investigate the chemical conditions of the methanol
dehydration reaction, CFD simulations of the adiabatic reactor have been assessed. The advantage of the work is a sensitivity
analysis was run to find the effect of pressure, kinetics, and velocity on the reactor performance. The results showed that using a y-
Al20s catalyst with selective mechanical properties and unique surface properties is a convenient choice for DME synthesis. The
CFD simulation results also show that the laboratory data such as pressure, energy, and velocity in the adiabatic reactor meet the
reaction requirements well, and deliberated a major vision of what happened in the reactor. Also, the graphs of the temperature
profile with changes in physical properties pomp that methanol dehydration reaction strongly depends on environmental factors and

gives different results under the influence of other conditions.
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1- Introduction

The most logical way to reduce greenhouse gases (the
leading cause of air pollution) is to replace clean and
renewable power plants with thermal power plants. One
of the problems we constantly face is global warming and
air pollution [1]. This heating, as well as pollution, is
caused by the overproduction of greenhouse gases. Forty
billion tons of these gases enter the air annually. Global
studies on greenhouse gases show that thermal power
plants have the highest share of greenhouse gas emissions
(about 22%) [2]. Iran is the eighth largest greenhouse gas
producer, producing 800 million tons of greenhouse gases
annually [3]. Greenhouse gases are the primary source of
air and environmental pollution, which causes the most
significant ecological problems. Increasing renewable
energy, especially wind and solar, is crucial to achieving
this ambitious goal. Large-scale and long-term energy
storage will also play a key role [4].

Iran has one of the world's most enormous gas resources
due to its vibrant natural gas reserves, especially in the
South Pars region in the Persian Gulf. Proximity to world
markets, especially in South Asia and Europe, has made

Iran one of the safest and most economical countries with
natural gas, which has an undeniable role in the Middle
East. Methanol production technology from synthetic gas
is a well-known process [5]. However, in synthesizing
methanol, due to the reversible nature of this material’s
production reaction, achieving the maximum conversion
rate of the synthesized gas in one pass through the reactor
is limited [6]. Simultaneous conversion of methanol to
other chemicals, such as olefins and DME, can be an
excellent solution to reduce the methanol synthesis
reaction's equilibrium limit [7]. DME is one of the
essential products of chemical conversion of natural gas,
which seems economically necessary [8].

Due to the astonishing increase in population and the
urgent need to improve living standards, the amount of
energy consumption in the world has been accompanied
by a more significant acceleration [9]. Today, most
energy sources in the world are supplied by fossil fuels,
leading to worsening environmental conditions and
increasing additional costs in the long run. Therefore,
using green instead of fossil fuels has become a necessity
and ecological demand. DME, which is known as a clean
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and environmentally friendly fuel, is attracting increasing
attention [10].

DME is a volatile substance that liquefies at a pressure
of about 1 MPa, and a temperature of 25 °C. Since the
flame produced from it is blue and has similar properties
to propane and butane, it is used as liquefied petroleum
gas (LPG) for domestic use. So, according to the features
mentioned, in the future, DME will be a large part of the
alternative to conventional fuels today [11]. CN of DME
is optimally high, so it is used as a substitute for diesel,
and its combustion exhaust gas is much cleaner than
diesel. DME produced raw materials, including natural

gas, crude oil, refined oil, coal, and waste products [12].
Natural gas is the best choice among the above reactors
due to its cheapness and availability. Production of DME
from natural gas allows the investor to mass produce
independently of fluctuations in world oil prices [13]. Due
to its chemical nature, LPG is an octane fuel, and DME is
a cetane fuel. The same indicator causes the replacement
of diesel fuel during combustion. Because DME produces
the least amount of NOx and CO, it acts as a clean fuel
when burned in engines optimized for DME use [14].
Table 1 shows DME and other related fuels' physical
properties and combustion characteristics.

Table 1. Physical Properties of DME and other Fuels

p . Boiling Liquid density Vvap. |gnition Explosion Cetane Net calorific

roperties point (K)  (glcm3) Pressure temperature limit number value

(atm) (K) (10%J/kg)

DME 247.9 0.67 66.1 623 3.4-1.7 55-60 28.90
Propane 231 0.49 9.3 77 2.1-94 5 46.46
Methane 1115 - - 905 5-15 0 50.23
Methanol 337.6 0.79 - 743 5.5-36 5 21.1
Diesel 180-370 0.84 - - 0.6-6.5 40-55 41.86

DME production capacity has been growing and is
approximately 9 million tons annually [15]. Due to plans
to build several plants, it is predictable that DME
production will increase significantly in the next decade,
especially in Asia [16]. DME requires 75 psi of pressure
to be liquid, which is why DME management
requirements are very similar to propane. Both must be
stored in pressurized storage tanks at ambient
temperature, and conventional DME production produces
carbon monoxide from the synthesized gas [17]. The
latest recognition of DME synthesis from NOy as a
potential resource to moderate global CO; production has

further added to the growing interest in DME synthesis
[18]. The above features make DME a clean fuel for the
next century. As mentioned earlier, using synthetic gas as
raw material, DME can be produced in a one-step
process. All these steps are exothermic reactions, so the
final response is an entirely exothermic process. Table 2
shows reactions concerning DME synthesis and their
reaction heat. The direct synthesis of DME topics
essentially focuses on the discrimination of bifunctional
catalysts, the development of different kinetic models,
and the relevant reactor design of CFD simulation in a
fixed-bed reactor.

Table 2. Reactions of DME Synthesis

No. Reaction Reaction name Reaction heat
1 3CO + 3H; «> CH30CHj3 + CO, Overall 1 -256.615

2 2CO + 4H; <> CH30CH3+H,0 Overall 2 -205

3 2CO + 4H; <> 2CH;3;0H Methanol synthesis -181.6

4 2CH;30H < CH30CH; + H,0 Methanol dehydration -21.255

5 CO + H,0 > CO, + Hy Water-gas shift -40.9

In Table 2, all reactions are reversible and exothermic.
According to the equations mentioned above, the direct
method has been used, and the methanol synthesis
reaction from syngas takes place in the reactor. The
general reactions (1) and (2) are initiated by a suitable
catalyst (Cu / zZnO / Al,03), and an acidic catalyst
catalyzes reaction (3). Methanol dehydration reaction
occurs in the gas phase and is almost exothermic. The
heat of the reaction is much lower than in a one-step
process [19]. Of course, this method is fully proven in
large-scale plants. For this reason, commercial production
of DME s carried out in a reactor with a fixed adiabatic
substrate in the temperature range of 200 ° C to 400 °C
and at pressures up to 2 MPa on y-Al,O3 catalysts and
synthetic molecular sieve materials. Many authors
focused on the kinetic of reaction (4) and as below:
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fomESwater
TMethanol = kaethanolZ(l - % (1)
Where f is fugacity and Keq is:
k = 1457exp(—- 22 )

RT

InKeq = =26.64+ 3.7 InT + 72— 2.78 X 10T + 3.8 X 1077T% —

6.56 X 10*T3 3)

In the second natural reaction, syngas is used to feed the
process. In this process, the syngas is first converted to
methanol, then the dewatering methanol to DME [20].
Another method for directly synthesizing DME is using a
two-phase fluidized bed reactor, which has been
experimentally proven more effective than CO slurry
reactors [21]. The results showed that the conversion of
methanol strongly depends on the reactor's operating
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temperature. This work used acidic y-Al,O3 as a catalyst
for dewatering methanol to DME [22]. We also reached
the optimal weight hourly space velocity (WHSV), which
gives us the maximum methanol conversion at three
methanol gas inlet temperatures. One of the benefits of
this work is the use of dynamic simulation to determine
physical conditions such as temperature and pressure.
Understanding the mechanical and thermal properties that
take place in the adiabatic reactor is only possible by
applying accurate boundary conditions in dynamic
calculations.

This study analyzed CFD simulation of the methanol
dehydration step through an adiabatic fixed-bed DME
synthesis reactor. The goal is to learn the reactor's
dynamic characteristics, such as pressure, kinetic energy,
and velocity magnitude. This knowledge is essential for
enhancing the synthesis technology of DME,
understanding the formation or process, and modeling the
various performance measures required for process
control and optimization. For this purpose, CFD analysis
is viable because direct measurement of pressure, kinetic
energy, and particle velocities are complicated. This paper
establishes CFD models for dynamic properties using the
Fluent 18 flow solver. The operating conditions for the
methanol dehydration process are shown below in Table
3.

Table 3. Operating Conditions for the Methanol
Dehydration Process

Parameters Values
Catalyst particle

Density 2010
Particle diameter 0.3175*10 2
Specific surface area 673
The ratio of void fraction to tortuosity of  0.066
the catalyst particle

Fixed bed reactor

Length of reactor 8.06
Bed void fraction 0.5
The density of the catalyst bed 1005
Wall thermal conductivity 48
Diameter of reactor 4

Feed composition

CH;OH 0.936
DME 0.055
H,O 0.009
Mass flow rate 50.81
Inlet pressure 18.18
Inlet temperature 533

2- CFD Methods

The primary governing equations used to form the CFD
model, and the simulation study's boundary conditions are
given below.

By, @

In this equation, m,, Contains the mass added through
phase changes or user-defined sources. Generally, and in
the simulations described here, the source term was equal
to zero. Navier-Stokes equations were utilized for the
description of the momentum changes. The equation for

conservation of momentum is defined by:
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Where pg is the gravitational body force, and 1 is the
stress tensor. The below equation defines the stress
tensor:
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The energy equation was solved in the form of the
transport equation for a static temperature. The energy
equation is obtained from the enthalpy balance taking the
temperature as a dependent variable. The enthalpy
equation balance is defined as:

(ph) | 3(phd)) | digj _3p L g O _ o 3Y;
at ay; ay; ot +9; ay; Djk Ik +my, (8)
) aT +Zh )
Jq,] ay] l]l.,]
h= V(1)
RT
p=L""
XXM,
3- Results
3.1. Validation

The simulation is validated from the literature by
Samimi et al. [23] For conditions listed in Table 3.
Because the developed DME synthesis process is not
industrial, the validity of each modeling component is
confirmed individually. In the meantime, the developed
model is updated based on the dimensions and feed
characteristics of industrial reactors, and the simulated
results are matched with the output of factory data. The
developed models seem accurate and can be used for the
flue gas conversion process to DME. The simulation
results show a good agreement with the published
experimental data.

3.2. CFD Simulation

CFD simulations have been performed to investigate the
reaction conditions of DME synthesis in an adiabatic
fixed-bed reactor. The mixing rate of materials and their
physical properties are given in Table 4.

The assumed catalyst thermal properties are presented
in the table, which corresponds to the alumina. The
different steps of DME synthesis are exposed in Fig. 1.
The middle reactor has a diameter of 2 cm, a height of 90
cm, an inlet hole of 2 cm, and an outlet of 1 cm. The inlet
feed enters the reactor with a flow rate of 1 cm/s and has
25 °C and 1 bar for temperature and pressure,
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respectively. The type of flow regime is considered
laminar flow according to CFD calculations.

Table 4. Materials and the Physical Properties of

Synthesis
Parameters  Materials Methanol DME Water Alumina
Weight percentage (%) 48 25 25 2
Density (g/cm?) 792 211 1 2.1
Viscocity (Kg/m.s) 0.545 1 1 -
Specific heat capacity
Ig.K) 24 65.6 42 1
Thermal conductivity
(W/m.K) 0.1 1 0.6 1
Inert Gas
Syngas /_
Glycerol + H,O -~
¥ ¥ 7
. .Heat
4 ”‘:a:-* Glycerol Reforming
M —
embrane ) DME
s 2 Synthesis
==
I—Jﬁ——DME + by-products
\_/

Fig. 1. Schematic Diagram of DME Synthesis

In this paper, 0.6 particle sphericity was used to
calculate  the surface roughness.  Experimental
experiments were considered in the pressure range of 2-4
MPa and H,/CO ratio of 0.6 to 1.8. A constant gas space
velocity of 2800 ml/g cat/h (STP) was used throughout
the test. A transient simulation of the reactor tested is
collected here. In all CFD simulation experiments, the
boundary condition of constant wall temperature was
observed (T=298 K). All experiments were repeated three
times, and the steady state diagram was drawn based on
the respective inputs and outputs to be stable and reliable
in the simulation. The graph of the output molar fraction
in terms of the flow rate-time ratio, as expected from the
simulation behavior, is shown in Fig. 2. Often, the
exhaust gas composition and flow rate approach relatively
constant values at a retention time. Meantime values are
used to evaluate the steady-state performance of the
reactor to eliminate the effect of small oscillations in the
output currents.

The axial indices of the volume fraction of solids and
the molar fractions of CO, Hy, and DME for the H,/CO
input ratio of 1.0 and the reactor pressure of 3 MPa are
shown in Fig. 3. The length of the bed was increased to a
height of about 90 cm to maintain the physical condition
of the experiment, gradually the volume fraction of solids
increases along the reactor because the volume of the gas
(molar) of the stream decreases due to adverse reactions.
CO and H; decreased as the responses consumed them,
and methanol and DME concentrations increased along
the reactor length. Similar behaviors were observed for
other variables, such as reactor pressure and Hz /CO ratio.
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Due to the boundary conditions of fixed wall temperature
and the small diameter of the reactor, the maximum
temperature increase of less than 5 K is reported. Also,
the molar fraction of water (not shown in the figure)
remained less than 0.01 throughout the reactor because
most of the water produced by methanol synthesis and
dehydration reactions was consumed during the reaction.
The results of this part of the research are consistent with
the published data from the work of Moradi et al. By
investigating and simulating the fixed-bed reactor, they
showed, that the effect of the exothermic nature of
reactions appeared earlier in an isothermal fixed-bed
reactor than in an adiabatic fixed-bed reactor.
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Fig. 2. Outlet Stream Composition versus Reaction Time
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Fig. 3. Profile Plots of Component Compositions at t=60 s

3.3. Mesh Study

The geometry of the reactor is done considering the
boundary conditions and using Gambit software.
Moreover, due to the cylindrical geometry utilized, in
some places, the elements were hexagonal, pyramidal,
and quadrilateral, hence refined meshing was necessary
near the wall. The details of its mesh structure are shown
in Fig. 4. The most crucial step in CFD simulation is to
evaluate network independence. As you can see, the
reaction is simulated in many networks with different cell
sizes. After that, the change of various parameters in
different meshes in cell size of about 0.034 cm. So, for
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this work, we used a grid of this size. The finite volume
method was used with ANSYS FLUENT software to
solve the equations. Mass-flow-inlet and outflow
boundary conditions were used for the reactor inlet and
outlet, respectively. The assumptions implemented in the
present work are as follows:
-Catalyst was not considered.
-Steady-state conditions and
conducted.

-A pressure-based module was used to solve the equation.

ideal gas law were

Fig. 4. Mesh Formatting of the Reactor

Fig. 5 shows a CFD simulation of the intermediate
reactor in the DME synthesis reaction. Pressure, energy,
and velocity contours are good indicators of the
effectiveness of chemicals inside the reactor. The pressure
contour indicates that the pressure gradually increases
during the reactor from bottom to top. The energy contour
indicates the maximum energy distribution in the middle
of the reactor. The velocity contour also shows that the
velocity in the reactor's central axis is higher than the
direction of the reactor and is minimal near the walls. The
results of this research are in good agreement with the
results of Golshadi et al., and while they investigated the
temperature contour along the reactor, our work shows
more detailed investigations.

3.4. Heat Transfer

Fig. 6 shows the effect of the inlet temperature change
on the temperature profile inside the reactor. The results
indicate that as the inlet temperature increases, the
temperature profile and reactor temperature rise and reach
the maximum point. This perceptible temperature change
increases intermittently with the increase of the inlet
temperature to the reactor. Fig. 7 shows the effect of flow
velocity entering the reactor regarding the temperature
profile. As can be seen, with increasing input speed, the
temperature profile increases, and at higher rates, this
increase is more considerable. For example, the
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temperature difference at an inlet velocity of 1 cm/s is
about 19 °C along a length of 1 cm and about 23 °C at a
velocity of 1.5 cm/s. Fig. 8 shows the effect of inlet
pressure on the temperature profile. With increasing inlet
pressure, the temperature profile increases and gradually
decreases after reaching the maximum point and finally
gets a fixed position along the reactor.
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Fig. 5. CFD Simulation of the Middle Reactor Pressure,
Kinetic Energy, and Velocity Magnitude, Respectively,
from Left to Right
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Fig. 6. Effect of Change in Inlet Temperature on Reactor
Temperature Profile; (o) T=30 °C, (m) T=25 °C, (A)
T=20°C
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Fig. 7. Effect of Change in Terminal Velocity on Reactor
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Fig. 8. Effect of Change in Pressure on Reactor
Temperature Profile; (o) P=1 bar, (m) P=1.5 bar, (A) P=2
bar

4- Conclusion

In this study, the synthesis of DME in a fixed-bed
reactor was investigated. The simulation of this reactor
was done by ANSYS Fluent Software. The reactor has a
diameter of 2 cm, a height of 90 cm, an inlet hole of 2 cm,
and a laminar flow rate of 1 cm/s and has 25 °C and 1 bar
for temperature and pressure, respectively. The methanol
dehydration step inside the adiabatic reactor was assessed
by the CFD method. For the geometry section the change
of various parameters in different meshes in cell size of
about 0.034 cm. The catalyst used in this process was
synthesized alumina with a porous size of 4.54 um, whose
physical properties and surface morphology were
investigated. The temperature profile in different
temperatures, pressure, and speed velocities were
analyzed to investigate the heat transfer properties of the
reaction inside the reactor. The results showed that the

adiabatic fixed-bed reactor's temperature profile increases
with increasing temperature, pressure, and velocity. The
results of heat transfer calculations showed that most of
the temperature changes occur at the beginning of 25% of
the length of the reactor. Outlet mole fractions component
versus time diagram shows that DME synthesis directly
depends on time and reactor length. This study affirms
that the detailed CFD model can be used as a tool to
determine conditions for successful synthesis operations
with different conditions. The techniques of this study are
applicable for implementation in a real factory or an
industrial plant, and there is reliable information for the
results of this research. Ultimately, the CFD modeling
results generated in the present work showed reasonable
agreement with previously obtained data available in the
literature. It is suggested that future studies be conducted
to deal with the kinetic inhibition of DME formation
related to the presence of water. Moreover, the promising
approach of realizing a DME membrane reactor would
not be out of mind. Especially in this context, CFD
modeling is a relevant tool that offers the possibility of
changing geometries without the detailed and time-
consuming construction of different reactor geometries.

Nomenclature

DME Dimethyl Ether

CFD Computational Fluid Dynamic
LPG Liquefied Petroleum Gas

CN Cetane Number

WHSV Weight Hourly Space Velocity
STP Standard Temperature and Pressure
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