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Abstract

In the present study, a heterogeneous and homogeneous gas flow dispersion model for simulation
and optimization of a large-scale catalytic slurry reactor for the direct synthesis of dimethyl ether
(DME) from synthesis gas (syngas) and CO,, using a churn-turbulent regime was developed. In the
heterogeneous flow model, the gas phase was distributed into two bubble phases including small and
large while in the homogeneous one, the gas phase was distributed into only one large bubble phase.
The results indicated that the heterogeneous gas flow model was in a better agreement with
experimental pilot-plant data compared with that of the homogeneous one. Also, through investigating
the heterogeneous gas flow for small bubbles as well as the large bubbles in the slurry phase (i.e.;
including paraffins and the catalyst), the temperature profile along the reactor was obtained. The
optimum value of rector diameter and height obtained at 3.2 and 20 meters respectively. The effects of
operating variables on the axial catalyst distribution, DME productivity and CO conversion were also

understudied in this research.
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Introduction

Dimethyl ether (DME) is a clean,
colourless, easily liquefied and transported
material. It has remarkable potential for
increased use as an automotive fuel, electric
power generator and utilized in domestic
applications such as heating and cooking.
Moreover, it is a good substitute for the
liquefied petroleum gas (LPG),
transportation  fuel, propellants  and
chemical feedstock [1]. It is produced from
a variety of feed-stocks such as natural gas,
crude oil, residual oil, coal, waste products
as well as biomass [2]. It might be
manufactured directly from synthesis gas
produced by the gasification of coal and
biomass or through natural gas reforming
and indirectly via methanol dehydration
reaction [2]. Reactions associated with the
single-stage  process for the DME

production may be divided into the
following steps:

1) Methanol synthesis:

CO + 2 H, «——— CH;0H ()
i) Methanol dehydration:

iii) Water gas-shift:

and

iv) Carbon dioxide hydrogenation:

CO, + 3 H, «&— CH30H + H,0 4)

Synthesis of the DME in a single step
following the syngas to DME conversion
process (STD) on a bifunctional catalyst has
advantages over the two-step process (i.e.;
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synthesis of methanol and dehydration of it
to DME). This process due to the lower
thermodynamic limitations imposed upon
the methanol synthesis allows the process to
be carried out at higher temperatures and
lower pressures [3]. This thermodynamic
advantage helps the incorporation of CO, as
a co-feed with the syngas, or the
transformation of (H,+CO,) into the DME.
Considerable attention has been paid in the
literature to the use of CO; as a raw material
in the synthesis of chemicals and liquid
energy carriers in order to mitigate the
accumulation of CO; in the atmosphere [4].
Amongst the different alternatives, the
synthesis of DME is an interesting route to
combine and upgrade (via gasification) of
alternative sources to oil, particularly
lignocellulosic biomass, with large-scale
CO, sequestration [5,6]. A good
performance of the catalyst has already been
proven [7,8], and CuO-ZnO-Al;O3; and v-
Al,O functions are considered in the
literature as the more suitable metallic and
acid functions for the synthesis of methanol
and its dehydration to DME, respectively
[9,10]. It should be noted that, a catalyst
prepared with excess acid function helps to
understand the kinetic results conditioned
by the metallic function. Consequently,
deactivation is a result of coke deposition
on the metallic function [11]. This idea has
been quantified by including a deactivation
equation in the kinetic model [12]. The use
of excess acid function in the catalyst
enhances its stability through avoiding the
acid function deactivation upon product
distribution. This is advantageous for the
use of this catalyst in industrial scale. It has
also been proven that the catalyst fully
recovers its kinetic performance when used
in reaction-regeneration cycles, in which the
coke is burnt out with air at a temperature
below 325°C [13].

There are several researches available in
the literature performed upon mathematical
modeling of the DME production through
different reactors. Fazlollahnejad and co-
workers investigated methanol dehydration
in a bench scale adiabatic fixed bed reactor,

experimentally [14]. They investigated the
effects of weight hourly space velocity and
temperature upon methanol conversion.
Farsi et al. modeled and simulated an
industrial DME fixed bed reactor under
dynamic conditions [15]. They investigated
the stability and controllability of the DME
reactor through dynamic simulation under a
conventional feedback PID controller.
These researchers analyzed steady state
operability characteristics of a conventional
DME reactor using the framework of
Vinson and Georgakis procedure [16]. Since
industrial plants have large capacities, the
investment cost of such plants is rather high.
Therefore, any small enhancement in the
process could yield significant financial
rewards. Moreover, operating of the DME
plant under optimal conditions reduces
operational costs and enhances process
efficiency hence, economic benefits are due.
Farsi et al. proposed and optimized an
isothermal reactor to produce DME from
the methanol dehydration [17]. The
simulation results showed that, the
isothermal reactor is more efficient
compared to the more traditional adiabatic
reactor. Farsi and Jahanmiri modeled and
optimized a water cooled membrane fixed
bed reactor to produce DME under the
steady state condition [18]. Water vapor
removal from the reaction zone in the
membrane reactor yields lower water
concentration over the catalyst pellets and
leads to higher catalyst lifetime and lower
purification cost. Omata et al. studied DME
production from syngas in a temperature
gradient reactor to overcome
thermodynamic  equilibrium  limitations
[19]. Then, they optimized the operating
conditions of the reactor to enhance the CO
conversion through combined genetic
algorithm and neural network. Kordabadi
and Jahanmiri modeled and optimized
methanol synthesis reactor under the steady
state condition [20]. They obtained the
optimal temperature profile along the
reactor to maximize methanol production
rate.
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Table 1: Homogeneous and heterogeneous gas flow models in a slurry bubble column
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In industrial plants and particularly
chemical reactors, the pressure drop is a
serious problem. The radial flow spherical
and tubular packed bed reactors possess
lower pressure drops compared with the
conventional axial flow reactors. Lower
required material thickness is another major
advantage of the spherical reactor compared
with those of the tubular axial flow reactors.
Hartig et al. studied methanol production in
a spherical packed bed reactor [21]. They
concluded that, this type of reactors were
economically more desirable compared to
tubular ones. Guillermo et al. presented a
spherical reverse flow reactor for catalytic
combustion of propane [22]. They
determined the influence of the main
operational and design parameters and the
potential applications for this reactor.
Rahimpour and co-workers optimized the
methanol production in the multi-stage
spherical reactors [23]. Their simulation
results showed that, the case of two-stage
configuration had the better performance
compared to other alternatives such as
single-stage, three-stage spherical and
conventional tubular configurations. The
modeling and simulation of the DME
synthesis through methanol dehydration in
the radial flow spherical reactor
configurations based upon the mass and
energy governing equations were performed
by Farsi et al. [24]. Commercially, the
tubular rectors are used in DME plants,
while these reactors might be substituted by
multi-stage  spherical configuration to
enhance the DME production and
decreasing fixed operational costs. They
concluded that, the conventional reactor
might have been substituted by one, two or
three  spherical reactors. Then, the
performance of multi-stage configurations
compared with the conventional reactor
under similar specifications. In this venue,
lower pressure drops resulted in the higher
DME production extents as well as lower
manufacturing costs. All these suggested the
optimized spherical bed reactors to be
utilized instead of the conventional reactors
to produce DME [24]. Rather than other

methods, syngas to DME conversion is
easier and more efficient to perform in a
simple slurry reactor. This enables; i)
maintaining of a uniform temperature
throughout the reactor, which is important
for highly exothermic reactions; ii) easy
handling that is important for addition and
removal of catalyst to the reaction medium
and iii) good temperature control, which
prevents catalyst sintering [25]. Although a
5 and 100 tons/day slurry pilot plant was
built in Japan, no commercial-scale syngas
to DME conversion has been reported to
date [26] and literature information on the
simulation and design of industrial DME
synthesis reactors is very scares.

Therefore, in the current study, a
mathematical model incorporating
homogeneous and heterogeneous

hydrodynamic models was developed and
compared with a pilot plant experimental
data available in the literature. Then, the
effects of temperature and pressure on the
CO conversion as well as DME production,
and optimum values of the feed gas
composition and reactor dimensions were
investigated. In this model the energy
balance was ignored due to the fact that, the
temperature of the slurry reactor utilizing
cooling water tubes remained constant
throughout the process.

2. Mathematical modelling

The mathematical model for description
of the homogeneous as well as
heterogeneous gas flow based upon
dispersion model for three-phase (i.e.; small
bubbles, large bubbles and slurry phase) and
catalyst particle sedimentation are presented
in Table 1.

The empirical correlations for the gas
hold up, volumetric mass transfer
coefficient, superficial gas velocity of small
bubbles, hindered sedimentation velocity of
particles, dispersion coefficient of small and
large bubbles, liquid and slurry velocity, gas
solubility in paraffin liquid for prediction of
the DME production and CO conversion in
a large-scale slurry bubble column reactor
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were obtained from references available in
the open literature [27-36].

In the present study, Kkinetics of the
methanol  synthesis, Carbon dioxide
hydrogenation and DME synthesis as
independent reactions were taken from the
work of Liu et al. [26] and provided as
follows:

4y
Teo = A1€XP(— 1 )fi’ fiyt (1

fu ®)
Kt feofi,
Tco, = As€Xp(— g_;)fc? 1;;8(1
__Suly ©)
Ky, feo, fi,
T = Asexp(=TDfi (1= 228 ™

3. Results and Discussion

The reactor operating conditions were
listed in Table 2. The mathematical model
was solved by the MATLAB software
2010a.

Figure 1 indicated the parity of CO
conversion and DME production or STY
(i.e.; the DME production rate per catalyst
weight)  for  comparing the two
hydrodynamic models (i.e.; homogeneous
vs. heterogeneous) with experimental pilot
plant data [37]. It might be seen from this
figure that the prediction of the plant data
for heterogeneous gas flow model was more
accurate than that of the homogeneous one
and the average relative deviations (ARD)
of the former was lower than the latter one.
The heterogeneous model predicted the CO
conversion and DME production with ARD
of 6.35% and 4.65%, respectively. Hence,
in this paper for investigation of the effects
of operating parameters the heterogeneous
gas flow model was undertaken.

Figure 2 illustrated the effect of
temperature on CO conversion and DME
production in a large-scale bubble column
slurry reactor. It is seen that, increasing the
temperature led to the enhancement of the
CO conversion and DME productivity due
to the fact that increasing temperature
accelerated methanol  synthesis, CO

hydrogenation and methanol dehydration
reactions. In  addition, at higher
temperatures the mass transfer coefficient
and the solubility of the syngas in the slurry
phase increased which meant that, the mass
transfer resistance was lowered. However, it
is reminded that the temperature may reach
to limited heights due to the fact that all
reactions in the direct DME synthesis were
exothermic.  Furthermore, at  higher
temperatures sintering phenomenon might
have occurred which in turn could have
resulted in reduced catalytic activity.
Considering all these together, it is clear
from this figure that the optimum value for
the operating temperature was chosen to be
265°C.

Previous results of these authors’ studies
indicated [38,39] that, the axial temperature
profiles from bottom to top of the slurry
reactor changed very little related to that of
a high heat capacity of the paraffin liquid
as well as desirable heat carrying
characteristics. Therefore, the direct DME
synthesis via the syngas and carbon dioxide
in a slurry reactor might be considered as an
isothermal process. Also, it might be
concluded from this figure that; the hot
region for this system situated at top heights
and above bottom of the slurry part of the
reactor due to the catalyst grain
sedimentation and high syngas partial
pressure. This led to an increased methanol
synthesis and dehydrogenation rates in turn
causing more heat generation. Furthermore,
results demonstrated that, the variation of
temperature along the reactor length at
higher operating temperatures was smaller
than that of lower temperature values. In the
other words, it might be a foregone
conclusion that, at fixed cooling water and
high slurry temperatures the driving force
for the heat removal was higher than that of
the state at which the reactor operated at
lower temperatures. Therefore, the heat loss
was high hence, the slurry temperature
became uniform. This discussion led these
authors towards the point that, no notable
difference between the isothermal and non-
isothermal reactors might be expected. In
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the other words, the report of the
temperature of 265°C as the isothermal and
optimum condition value along the reactor
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height seemed reasonable with a high
degree of confidence.
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Figure 1: A comparison between the homogeneous and heterogeneous dispersion model with experimental
pilot plant data
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Table 2: Operating condition of bubble column slurry reactor

Feed gas Number of
Volume of Temperature Superficial gas Mass of Mass of composition .
Pressure range . - H, — CO cooling
reactor range velocity catalyst paraffin 2 2 ipes (size)
O + CO, pip
160 m® 240-265°C 4-6 MPa 0.22 % 34.46 ton 68 ton 1-2 4?3;?8
78
- - - Homogeneos flow predected by Liu et al. (a)

CO Conversion (mol.%)

DME productivity (t/d)

—&— Hetrogeneous flow model

250

Temperature (°C)

—— Hetrogeneous flow model

- - - Homogeneous flow predicted by Liu et al.

240

&)
=
Cn

250

Temperature (°C)

Figure 2: CO conversion and DME productivity vs. temperature: P = 6MPa, W/F = 11 (g-cat. h/mol),
g,=0.33wt.%, U =0.22m/s

Figure 3 showed the effect of pressure on
the CO conversion. The results indicate that

the

increasing

the operating pressure

redounds in
conversion. The enhanced performance of
the reactor might interpret in terms of the

260

improvement

-2
(o)
h
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carbon dioxide and methanol synthesis
being mole-reducing reactions. Besides, the
water gas shift and DME synthesis reactions
had similar number of moles on both sides
of reactions. Therefore, the increased
operating pressure had positive effect on the
CO conversion and DME production.
Furthermore, the increased operating
pressure led to enhancement of the mass
transfer area which followed by increased
volumetric mass transfer coefficient.
Although increased pressure corresponded
to the improved reactor performance,
running reactions at high pressures was also
limited by high operating costs. Therefore, a
pressure of 50bar was selected as the
optimum operating pressure for the direct
DME synthesis. Moreover, higher syngas
partial pressure at the inlet of the slurry
reactor resulted in higher methanol
synthesis rate in turn led to an enhancement
of the methanol dehydration rate. Also, as
mentioned earlier, the slurry temperature in
this reactor hit a maximum value attributed
to the high methanol synthesis and
dehydrogenation rates.

Based upon these researchers previous
studies [38,39], the enhancement of the
superficial gas velocity led to lowering of
the slope of the catalyst concentration
versus the reactor height. This issue was
attributed to the increasing of the slurry
recirculation. In the other words, through
rising of the recirculation of the slurry
phase, the behavior understudied tended
towards a perfectly mixed model. In
addition, those previous results revealed
that, the increased reactor diameter or
decreased reactor height caused in more
slurry recirculation hence, less
sedimentation of catalyst. So, the slurry
phase in the bubble column might have
been considered as a perfectly mix reactor.
Ultimately, results of homogeneous versus
heterogeneous phase for prediction of the
optimum values of reactor dimensions and
feed gas composition were similar.
Optimum value of the reactor diameter and
height were thus, determined to be 3.2 and

20 meters, respectively and the best feed gas

e H,—CO .
composition (ﬁ) for  maximum
2

conversion obtained to be 2.

4. Conclusions

In the present study, homogeneous and
heterogeneous gas flow models developed
and compared to an actual experimental
pilot plant data. It was concluded that the
heterogeneous model was more accrue for
prediction of such plant information. Then
effects of pressure and temperature on the
CO conversion and DME productivity in a
large-scale bubble column slurry reactor
were investigated, also the optimum values
for these operating conditions determined.
Moreover, the results demonstrated a very
insignificant  difference  between the
homogeneous and heterogeneous
approaches for prediction of optimum
values of the feed gas composition and
reactor dimensions. The investigation of
temperature variation profiles and a
comparison between the isothermal and
non-isothermal reactor behaviors revealed
that, the slurry bubble column reactor might
be considered isothermal with rather small
error incorporated into the simulation. In
addition, the results of dispersion model
indicated that, with the lowering of the
reactor aspect ratio from the temperature
and pressure point of view, the slurry phase
might to be considered as a well mixed
reactor. The CO conversion and DME
production were demonstrated to rise with
enhanced temperatures up to 265°C. Beyond
this value, due to highly exothermic nature
of reactions involved, the values of these
chemical kinetics’ parameters lowered. On
the other hand, the rising pressure values
enhanced the reactor  performance.
Ultimately, it is reminded that the
developed model in this research might very
well be applicable for designing of other
large-scale slurry bubble column reactors so
far as the chemical kinetics undertaken is
known.
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--4-- Homogeneous flow predected by Liu et al. ‘ --"
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70
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Figure 3: CO conversion along with the pressure: T=260°C, W/F = 11 (g-cat. h/mol), €, = 0.33 wt. %,
U;=0.22m/s

Nomenclature
Tco\Tco, D Intrinsic kinetics rate of carbon monoxide, carbon dioxide and
dimethyl ether, (mol./(hr.g-cat))

L Reactor height, (m)

Dp Reactor diameter, (m)

P Operating pressure, (MPa)

T Reaction temperature, (K)

R Gas constant, (——)

molK
Ciip Molar concentration of j component in large bubble phase,
(mol/m?)
Cisp Molar concentration of j component in small bubble phase,
(mol/m?)
Cist Molar concentration of j component in slurry phase, (mol/m®)

Cs Catalyst concentration, (kg/m°)

G Equilibrium molar concentration in liquid, (mol/m®)
(k@) Volumetric mass transfer coefficient for large bubbles, (1/s)
(k;a) s Volumetric mass transfer coefficient for small bubbles, (1/s)

ke Rate constant of methanol synthesis

ke, Rate constant of carbon dioxide hydrogenation

ks Rate constant of methanol dehydration

Pco Partial pressure of CO, MPa

Py Partial pressure of Hy, MPa

Peo, Partial pressure of CO,, MPa
Py Partial pressure of methanol, MPa
P, Partial pressure of water, MPa

Mot Mass of catalyst, (kg)

Ug Superficial velocity of large bubbles, (m/s)

Usg Superficial velocity of small bubbles, (m/s)

Ug, Superficial velocity of slurry phase, (m/s)

Ug, Inlet superficial velocity of slurry phase, (m/s)

Ug Superficial gas velocity, (m/s)

Ugo Inlet superficial gas velocity, (m/s)
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Up Hindered sedimentation velocity, (m/s)
D; Diffusion coefficient, (m%s)
EvLg Large bubble dispersion coefficient, (m%s)
Esp Small bubble dispersion coefficient, (m%s)
Eg Slurry phase dispersion coefficient, (m?/s)
Greek symbols
&p Small bubbles gas holdup
& Total gas holdup
£1p Large bubbles gas holdup
& Solid concentration
Vij Reaction coefficient
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