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ABSTRACT

Dimethyl Ether (DME, CH;0OCH3) is the simplest ether and is considered as one of the leading candidates in the
quest for a substitute for petroleum-based fuels. In this work, we analyzed the one-step synthesis of DME in a
shell and tube type fixed bed reactor and carried out a simulation with a one-dimensional, steady state model of a
heterogeneous catalyst bed, while taking into consideration the heat and mass transfer between the catalyst
pellets and reactants gas and the effectiveness factor of the catalysts, together with the reactor cooling through
the reactor tube wall. The reactor simulation was carried out under steady state condition and we compared the
simulation results with the experimental data obtained from operations of a pilot-scale reactor and found good
agreement between them.
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1. INTRODUCTION

Dimethyl ether (DME), the simplest ether, is considered as a substitute fuel that could potentially replace
petroleum-based fuels !"\. Its physical properties are similar to those of liquefied petroleum gas (LPG), so it can
exploit the existing land-based and ocean-based LPG infrastructures with minor modifications. DME with its
cetane number of 55 to 60 is also considered as a substitute for diesel fuel (cetane number 55)%°!. Compared
with diesel fuel, the combustion of DME produced much less pollutants such as hydrocarbons, carbon monoxide,
nitrogen oxides and particulates in CIDI engine tests > 5. DME has been traditionally produced by the
dehydration of methanol, which is produced from syngas, a product of natural gas reforming. This traditional
process is thus called the two-step method of preparing DME. However, DME can also be prepared directly
from syngas (single-step) ['®'3, The single-step method needs only one reactor for the synthesis of DME,
instead of two for the two-step process. It can also alleviate the thermodynamic limitations associated with the
synthesis of methanol, by converting the produced methanol into DME, thereby potentially enhancing the
overall conversion of syngas into DME. In a fixed bed reactor, the main difficulty would be the prevention of
the occurrence of hot spots, since the reactions involved in the synthesis of DME are highly exothermic.
Catalysts can be irreversibly deactivated when they are exposed to certain temperatures. Therefore, it is
necessary to understand and predict the behavior of the reactor under various conditions for the design and
scale-up of the DME synthesis process. However, it is not feasible to gather all the data experimentally and,
therefore, numerical simulations would be highly valuable in the development of such a process. In this study,
we developed a mathematical model to simulate a pilot-plant scale shell and tube type DME reactor and
analyzed the one-step synthesis of DME, and carried out the simulation of a pilot scale fixed bed reactor with a
one-dimensional heterogeneous reactor model under steady state conditions, while considering the heat and
mass transfer between the catalyst pellets and reactant gas and the effectiveness factor of the catalysts, together
with the cooling of the reactor through the reactor wall. We used the hybrid catalyst which is, according to our
definition, catalyst pellets prepared from a mixture of a fine powdered commercial methanol synthesis catalyst,
CuO/ZnO/AL,0;, and a fine powdered methanol dehydration catalyst, y-alumina. Thus, the active sites for the
synthesis of methanol and those for its dehydration are inter-mixed within the catalyst pellets. Using the
simulator developed in this study, we compared the experimental data from operations of a pilot-scale DME
reactor with the simulation results, such as the temperature profile, CO conversion, DME yield and out stream
composition.

2. REACTOR MODEL DEVELOPMENT

2.1 Reaction kinetics
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Preparation of DME from syngas can be represented by three catalytic reactions as shown below. 03]

CO,+3H,«—— CH ,OH + H,0 (la)
CO+H,0——CO,+H, (1d)
2CH ;,OH «—— CH ,0CH , + H,0 (Ie)

Reaction (1a) corresponds to the synthesis of methanol from carbon dioxide and hydrogen. Reaction (1b) is the
water gas shift reaction. These two reactions are catalyzed by the methanol synthesis catalyst (CuO/ZnO/ALO3).
Reaction (1c) is the methanol dehydration reaction, i.e. the DME synthesis reaction catalyzed by an acidic
catalyst (y-alumina). Combinations of these three reactions can explain the other schemes of preparation of
DME from syngas. We also use the reaction rate equations as follows (' %],

Tco,hydrogenation =
k, (PH, Peo, - (I/Keqml)(pCH30H szo) /(}7002171312 )
1+ KZ(pHZO / Py, )+ \/K3sz + K4PHZO)3
AHr = -49.47kJ / mol 2a)
kspco,l1 - Keim2(PcoPuo ! Peo, P, )
1+ Kz(PHzo /PHZ) + \/Kssz +K,Puo
AHr = 41.17kJ / mol (2b)

Yrwes =

rMeOHdehydr ation —
2
CCH;OH - (CHZOCDME / Keqm})
4
(t+ 2\/KCH3OH CCH,OH + KHZOCHZO )

AHr = -21.003kJ / mol (2¢)

These three reactions are all exothermic. Therefore, the handling of the reaction heat is very important for the
control of the reactions. The values of the kinetic parameters in the kinetic expressions are summarized in Table

]

2
ke CH30H t

2.1. The equilibrium constant of each reaction is taken from the literature ['® ')
Table 2.1. kinetic parameters
A B() parameter
k, 1.65) 36696 4846.93
K, 3610 0 3610
K; 0.37, 17197 15.61
K, 7.14x10™" 124119 38.34
ks 1.09x10' -94765 12.07
Kenzon 0.00079 70500, 3633.13
Ke 3.7x10"  -105000 4.417
Kio 0.084 41100 643.376
parameter = A(iyexp(B(i)/RT)
Log K i = 3066 _ 10 .592 (3a)
Log |, 1 = — 2073 + 2.029 (3b)
K eqm 2
Log K ., 3 :%-13 .91 (3¢)

2.2 Heat and Mass Transfer on the surface of the catalyst

Due to the highly exothermic nature of the reactions, the temperature of the catalyst pellets can differ from that
of the bulk stream of the reactants. Likewise, there could be a difference in the concentration of the reactants
between the bulk and catalyst pellets surface. The heat and mass transport rate correlations on the surface of the
catalyst are summarized as shown below.
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2.3 Effectiveness factor

The intrinsic reaction rate can differ from the global reaction rate, because of pore diffusion in the catalyst
pellets when their diameter is of the order of several millimeters. We assume that the temperature of each
catalyst pellet is uniform and equal to the temperature on its surface and consider only the mass balance within
it. For spherical catalyst pellets the concentration of the reactants and products can be obtained by solving the
following partial different equations.”".

d*C, dc 3
2”1 +2__”2 = Pn Yeo, ML/ Fawes (6a)
dr r dr D,, , Dy,

d’Cep +_2_ dCe, ___Pn
dr’ v dr Do

d*Ce,  2dC, p P
0, co, Py ]
P +'; & D By, co, T A Fewes (6¢)

¢ff €Oy elf COy
2
d ano + 2 dCHZO _

TrwGs (65)

dr’ rodr
P L P b P P
- Tco, = Prwgs — "meon (64)
De[/AHZO De/].H,O 2De/f.ll;0
d’C, 2dC, p
pe 200 Pn_p ©0)
dr r dr 2D, pys
d*’C 2dC,
Mzeou 28 mon P Teo, + Py, Pawon (65)
dr rodr Deff.MeOH De[f.M:OH

Boundary conditions

r=R,C=C,
dc

=0, <o
g dr

The effective diffusivity of the gases through the porous catalyst pellets was estimated from the molecular
diffusivity, porosity and tortuosity of the pores using equation (7). The solutions of these equations provide the
concentration profiles of the gas species in the catalyst pellets together with the global reaction rates.

&
Deﬂ,/ = Di: @)

& = woid fraction (porosity )

T = tortuosity

2.4 Heat transfer between tubes and shell

The heat generated from the chemical reactions in the catalyst is transferred to the gases flowing through the
reactor tubes, and then to the cooling medium on the shell side of the reactor. Equation (8) holds for the whole
reactor, as well as for any given section of it. It calculates the temperature rise of the reactants by subtracting the
heat transferred to the coolant from the heat generated by the chemical reactions.

(ZriAHrgcat - UAI (7} - T; )) = Cp,ﬂuidmfA]} (8)

In order to estimate the heat transfer coefficient (9a), U, we need to know both the shell side and tube side heat
transfer coefficients. The common method of calculating the heat transfer coefficient can be employed for the
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estimation of the shell side heat transfer coefficient (9b), as heat transferring liquid or boiling water is used as
the cooling medium in the shell *.

1
V"t Db~ Db. 1 D1 1 9
()T ()b
n'D, k, D, h D hy h

0.023C v
N ©h)
pr re
However, the presence of the catalyst pellets makes the estimation of the heat transfer coefficient on the tube
side much more complicated. Although several correlations are available in the literature, their reliability should
be experimentally verified. As we do not have experimental values for the tube side heat transfer coefficient, we
selected the correlation (10) for the estimation of the tube side heat transfer coefficient '®],

1
h= 1 T ) (10)
B +2k0,1d, +a,Coipyv B
kp,(1-¢,,)C
hpackex =113(~_P_—f_ﬁ)05
t
1
w = € g ( gw) J(¢W(k:/kg)+l/3)
1
k0= k +(1- k R
e gmf g ( E,,,j) S(¢b(ks/kg)+2/3)

a, =0.05,h, (radiation) =0

2.4 Simulation of the reactor

Equation (11) is used to calculate the mass flowrate profile in the tube of the reactor !,

dF.

I

dz

i=12,.,n, (11)

In order to solve the above ODE, the axial length of the reactor tube is divided into 1000 sections. First, the
reaction rates are calculated with the use of the correlations listed in section 2.1. For this calculation, the heat
and mass transfer on the surface of the catalyst described in section 2.2 and the effectiveness factor described in
section 2.3 are incorporated in order to reflect their effects on the reaction rates. Then, the correlations of section
2.4 are used for the calculation of the reactor temperature in each section. Iterative procedures for determining
the temperature and reaction rates in each section are necessary, as the temperature and reaction rates are inter-
dependent. After determining the temperature in the section of the tube, the mass balance in each sectlon is
calculated using Equation (11) and then the simulation is allowed to proceed to the next step.

We used the following correlations to evaluate the reactor performance, such as the CO conversion and DME
Yield:

COconversion = COin=COout x100 (12a)
COin
DMEyield =-2MEX2 160 (28)
COin—-COout

3. RESULTS AND DISCUSSION

Using the simulator we developed, the behavior of a pilot-scale DME reactor was studied. The base condition of
the reactor for the simulation is as follows: feed composition (yH2 = 0.653, yCO = 0.326, yCO2 = 0.003, yCH4
= 0.0025, yH20 = 0.0155, yCH30CH3 = 0, yCH30CH3 = 0), GHSV 2000 hr', feed temperature 220 T,
reactor pressure 50 bar, H, : CO ratio 2:1, inlet temperature of cooling water 210 C. The hybrid catalyst consists
of the methanol synthesis and methanol dehydration components, whose ratio is 8:2. We compared the
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experimental data obtained from the pilot scale fixed bed reactor using the hybrid catalyst with the simulation
results.

3.1 Comparison of experimental data and simulations result
The properties of the catalyst and the in formation concerning the pilot-plant scale reactor are shown in Table
3.1. These data were used for the simulation of the reactor.

Table3.1. Property of catalyst and the pilot-plant scale reactor

Density (kg/m;) 1783.5
Porosity (%) 45.53
Catalyst Pore tortuosity 1.69
Mass (kg) 7.85
Pellet diameter (m) 0.006
Tube diameter (m) 0.03
Reactor Length (m) 1.6
Tube number 7

Fig. 3.1 shows the simulated temperature profile and the reactor temperature at 5 points (0.16 m, 0.608 m, 1.08
m). Although the simulated temperature profile has an error range of within +8.8°C, this simulator can predict
the temperature profile of the reactor well, thus helping to control the temperature of the reactor and preventing
the irreversible deactivation of the catalysts.
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Fig. 3.1. Simulated température profile and the experimental data of the reactor filled with only hybrid catalyst

Table 3.2 shows the simulation result with corresponding pilot plant reactor data. As can be seen there is a good
agreement between the simulations result and pilot plant reactor data.

Table3.2. Comparison of the simulation result and pilot plant reactor data

Property Simulation Pilot plant Pilot plant Pilot plant Pilot plant Pilot plant
result result 1 result 2 result 3 result 4 result 5
CO conversion 39.85 394 38.93 37.92 37.39 36.27
DME yield 50.58 50.02 49.41 48.01 47.20 45.39
Exit temp.(C) 307 312 309 308 308 309
Mole %
vH, 54.96 54.74 56 54 57 53
yCO 29.6 29.8 29.9 30.3 28.4 32.61
yCO, 6.79 6.68 542 7.31 6.17 5.88
yCH,4 031 0.31 0.30 0.24 0.31 0.31
yH,0O 0.43 041 0.39 0.36 0.34 0.31
yCH;0CH; 4.97 4.78 471 4.44 4.29 398
yCH;0H 2.94 3.02 3.12 3.33 345 3.71
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Byproduct 0.26 0.16 0.02 0.04 0.2

4. CONCLUSION

In this work, we developed a simulator of a shell and tube type pilot-scale fixed bed reactor for the single-step
synthesis of DME from syngas by applying the one-dimensional heterogeneous model under the steady state. We
examined the behavior of the reactor in the hybrid catalyst. We found that complex reactions coupled with pore
diffusion within the catalyst pellets can result in unusual values of the effectiveness factor. Therefore, the reactor
showed higher performance. However, more careful cooling is needed due to reaction heat. We applied this model to
a pilot-scale reactor and found that there was good agreement between the simulation result and experimental data.
We were also able to predict the behavior of the reactor using this simulator. In this way, we were able to predict the
temperature profile of the reactor and prevent the irreversible deactivation of the catalyst, thus allowing stable and
optimized operation conditions to be obtained and the scale up of the DME synthesis reactor to be achieved.
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