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Abstract—In the present study, a heterogeneous and 

homogeneous gas flow dispersion model for simulation and 
optimisation of a large-scale catalytic slurry reactor for the direct 
synthesis of dimethyl ether (DME) from syngas and CO2, using a 
churn-turbulent regime was developed. In the heterogeneous gas flow 
model the gas phase was distributed into two bubble phases: small 
and large, however 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 more agreement with 
experimental pilot plant data than the homogeneous one. 
 

Keywords—Modelling, Slurry bubble column, Dimethyl ether 
synthesis, Homogeneous gas flow, Heterogeneous gas flow 

I. INTRODUCTION 

ME has a wide-range of applications including; as a 
liquefied petroleum gas (LPG) substitute, transportation 

fuel, propellant, chemical feedstock and fuel cell [1]. 
Reactions associated with the single-stage process for DME 
production may be divided into the following steps: 
 
i) Methanol synthesis: 

(1) �� � 2 ��
                          �						
 �����        

ii) Methanol dehydration: 
(2) 2 �����                           �						
 ������� � ���   

iii) Water gas-shift: 
(3) �� � ���                                 �									
 ��� � ��  

iv) Carbon dioxide hydrogenation: 
(4) ��� � 3 ��

                                  �									
 ����� � ��� 
 

Syngas to DME conversion is easier and more efficient to 
perform in a simple slurry reactor.  
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This enables; i) maintenance of a uniform temperature 

throughout the reactor, which is important for highly 
exothermic reactions; ii) easy addition and removal of catalyst 
to the reaction medium and iii) good temperature control, 
which prevents catalyst sintering [2].  

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 [3] and literature on the simulation and 
design of industrial DME synthesis reactors is very limited. 

Therefore, in the current study, a mathematical model 
utilising homogeneous and heterogeneous hydrodynamics 
model was developed and compared to 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 energy balance was ignored because the temperature of 
the slurry reactor utilising cooling water tubes was taken to be 
constant which indeed is the case. 

II. 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 I.  
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TABLE I 

MODEL EQUATION FOR HOMOGENEOUS AND HETEROGENEOUS GAS FLOW MODEL IN SLURRY BUBBLE COLUMN  

Homogeneous gas flow mathematical model Heterogeneous gas flow mathematical model 

Mass balance for Gas phase Mass balance for Large-bubbles phase 

∂
∂z �ε�E�

∂C�,�
∂z � � ∂�U�C�,��

∂z � k�a�C�� � C�,� ! " 0 
∂

∂z �ε $E $
∂C�, $

∂z � � ∂�U $C�, $�
∂z � k�%&'�C�� � C�,� ! " 0 

Mass balance for slurry phase Mass balance for Small-bubbles phase 

∂
∂z ��1 � ε��E� 

∂C�,� 
∂z � � ∂�U� C�,� !

∂z
� k�a $�C�� � C�,� !
� k�a)*�C�� � C�,� ! � �1

� ε�� + ,-./01,232
45

267
" 0 

∂
∂z �ε�$E�$

∂C�,�$
∂z � � ∂�U�$C�,�$�

∂z � k�%8'�C�� � C�,� ! " 0 

Mass balance for particles Mass balance for slurry phase 

9
9: ;�1 � <=� >8 9?@

9: A � 9
9:[��1 � ε��BC � B8&) �8D " 0 

∂
∂z ��1 � ε��E� 

∂C�,� 
∂z � � ∂�U� C�,� !

∂z � k�a $�C�� � C�,� !
� k�a)*�C�� � C�,� ! � �1

� ε�� + ,-./01,232
45

267
" 0 

Boundary condition in the inlet of column Mass balance for particles 

 U�C�,� � ε�E�
∂C�,�

∂z " U�C�E 
9

9: ;�1 � <=� >8 9?@
9: A � 9

9:[��1 � ε��BC � B8&) �8D " 0 

 U� C�,� � �1 � ε�� E� 
∂C�,� 

∂z " 0 Boundary condition in the inlet of column 

�1 � ε��E�
∂C�∂z � ��1 � ε��BC �  B8&� �8 � B8&CFGH

" 0 

 

U $C�, $ � ε $E $
∂C�, $

∂z " U $C�E 

Boundary condition in the outlet of column U�$C�,�$ � ε�$E�$
∂C�,�$

∂z " U�$C�E 

IJK,L
IM " 0,

IJK,NO
IM " 0, IJN

IM " 0 U� C�,� � �1 � ε�� E� 
∂C�,� 

∂z " 0 

 �1 � ε��E�
∂C�∂z � ��1 � ε��BC � B8&� �8 � B8&CFGH " 0 

 Boundary condition in the outlet of column 

 
IJK,OP

IM " 0,
IJK,NO

IM " 0, IJK,NO
IM " 0, IJN

IM " 0 
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The empirical correlations of gas hold up, volumetric mass 

transfer coefficient, superficial gas velocity of small bubbles, 
hindered sedimentation velocity of particles, dispersion 
coefficient of small, large bubble, liquid, slurry velocity and 
gas solubility in paraffin liquid for prediction of the DME 
production and CO conversion in a large-scale slurry bubble 
column reactor were obtained from references available in the 
literature [4-13].  

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

  (5) 3?Q  "  R7exp�� R�VW�X-YZ[X\]
Z^�1 � X_

àbX?QX\]
� �  

 

(6) 3?Q] "  Rcexp�� RdVW�X-YZeX\]
Zf�1 � X_Xg

à]X?Q]X\]
� �  

 

(7) 3h "  Riexp�� Zbj
kl �X_Zbb�1 � aman

op[aq] �  

III. RESULTS AND DISCUSSION 

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

Fig. 1 indicated the parity of CO conversion and DME 
production for comparing the two hydrodynamic models (i.e. 
homogeneous vs. heterogeneous) with experimental pilot plant 
data [14]. 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 that 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 utilized. 

Fig. 2 illustrated the effect of temperature on CO 
conversion and DME productivity in a large-scale bubble 
column slurry reactor. It is seen that the increasing 
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 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 265r. 

Fig. 3 showed the effect of pressure on the CO conversion 
and DME production. As results indicated the increasing 
operating pressure resulted in improvement of CO conversion 
and DME productivity. The enhanced performance of the 
reactor might have been interpreted in terms of the 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 
50bars was selected as the optimum operating pressure for the 
direct DME synthesis. 

Ultimately, results of homogeneous versus heterogeneous 
phase for prediction of the optimum values of reactor 
dimensions and feed gas composition were similar. The 
optimum value of reactor diameter and height were thus, 
determined to be 3.2 and 20 meters; respectively and the best 

feed gas composition (
\]t?Q]
?Qu?Q]) for maximum conversion 

obtained to be 2. 

 

 
 

Fig. 1 A comparison between homogeneous and heterogeneous 
dispersion model with experimental pilot plant 
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TABLE II 

OPERATING CONDITION OF BUBBLE COLUMN SLURRY REACTOR 

Volume of 

reactor 

Temperature 

range 
Pressure range 

Superficial gas 

velocity 

Mass of 

catalyst 

Mass of 

paraffin 

Feed gas 

composition  

H� � CO�

CO � CO�

 

Number of cooling 

pipes 

160 x� 240-265r 4-6 Mpa 0.22 
y

z
 34.46 ton 68 ton 1-2 400 (38 mm) 

 

 
Fig. 2 CO conversion and DME productivity vs. temperature: P = 6 
Mpa, W/F = 11 (g-cat.hr/mol), <z " 0.33 {|. %, B= " 0.22 x/� 

 

 
Fig. 3 CO conversion and DME productivity vs. pressure: T=260ºC, 

W/F = 11 (g-cat.hr/mol), <z " 0.33 {|. %, B= " 0.22 x/� 

IV. CONCLUSIONS 

In the present study, homogeneous and heterogeneous gas 
flow models were compared to 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 and the optimum values for these operating 
conditions suggested. Moreover, the results showed no 
difference between homogeneous and heterogeneous models 
for prediction of optimum values of the feed gas composition 
and reactor dimensions.  
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NOMENCLATURE 

3?Q,3?Q],
3h  

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

L Reactor height �x� Dk Reactor diameter �x� 
P Operating pressure �,�%� 
T Reaction temperature (K) 

R Gas constant � �
yY�.o� 

�1,&' Molar concentration of j component in large bubble 
phase (mol/x�� �1,8' 

 
    Molar concentration of j component in small 

bubble phase (mol/x�� 
�1,8& Molar concentration of j component in slurry phase 

(mol/x�� �8 Catalyst concentration (kg/x�� �1� Equilibrium molar concentration in liquid (mol/x�� 

���%�&' 
Volumetric mass transfer coefficient for large bubbles 

(1/�) 

���%�8' 
Volumetric mass transfer coefficient for small bubbles 

(1/�) �a7 Rate constant of methanol synthesis �a� Rate constant of carbon dioxide hydrogenation �a� Rate constant of methanol dehydration 
�?Q Partial pressure of CO, �,�%� �\] Partial pressure of ��, �,�%� 

�?Q] Partial pressure of ���, �,�%� 

�_ Partial pressure of methanol,  �,�%� 

�g Partial pressure of water,  �,�%� 

,-./ Mass of catalyst (kg) 

B&' Superficial velocity of large bubbles (m/s) 

B8' Superficial velocity of small bubbles (m/s) 

B8& Superficial velocity of slurry phase�x/�� 

B8& Inlet superficial velocity of slurry phase (m/s) 

B= Superficial gas velocity (m/s) 

B=E Inlet superficial gas velocity (m/s) 

U� Hindered sedimentation velocity (m/s) 

�1 Diffusion coefficient (x�/s) 

E $ Large bubble dispersion coefficient (x�/�� 
E�$ Small bubble dispersion coefficient (x�/�� 

E�  Slurry phase dispersion coefficient (x�/�� 

Greek symbols 
<8' Small bubbles gas holdup 

<= Total gas holdup 

<&' Large bubbles gas holdup 

<8 Solid concentration 

021 Reaction coefficient 

 
 


