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Abstract — The behavior of a one-step fixed bed reactor which directly synthesizes dimethyl ether(DME) from Nat-
ural Gas was simulated. In the reactor, the prevention of the occurrence of hot spots which can cause deactivation of cat-
alysts is pivotal, since methanol synthesis and dehydration reaction involved in the synthesis of DME are highly
exothermic. Therefore, we simulated and compared performance of the reactor with counter-current cooling and pool
boiling system that can be applied to a commercial plant. As a result, we found that counter-current cooling system is
more effective in terms of CO conversion and DME productivity. However, pool boiling system can operate in a small
temperature gradient that can decrease problems caused by hot spot. And, the system can operate in a safer range.
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Fig. 1. The reactor flow sheet for the DME synthesis.
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Table 1. Kinetic parameters and equilibrium constants

Ad) B(i)
K 1.65 36696
K, 3610 0
K, 0.37 17197
K, 7.14x107! 124119
ks 1.09x10'° -94765

Kenyon 0.00079 70500
k¢ 3.7x1010 -105000

Ko 0.084 41100

Parameter = A(i)exp(B(i)/RT)
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£1¢] ODE(Ordinary Differential Equationys 218414 02 £7]
Q314 Jacobian MatrixZ AHE-8HA Ft}. k4% DME HES-7]9]
A5 FAH 07 AakE o7 Jacobian Matrix2] stiffness(10°~10%)
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4mtial conditions

-properties of the catalyst, the fluid, and
the pilot-plant reactor

number of mesh

-calculate each component flow rate

l

-calculate mass Balance (equation 14)
-calculate pressure drop (equation 13)
-calculate CO conversion and DME yield
(equations 16a~b)

1
-calculate total flow rate of mult tube
-calculate total CO conversion and
DME yield

LR} WAL S8 R 32 EalelA EnlE A vl 449

Table 2. Methods used for calculating physicochemical properties

Property Method
10

Gas viscosity Lucas
Gas conductivity Steil-Thodos>

Binary diffusion coefficient, component i Fuller-Schettler-Gidding (FSG)?
and j
Mixed gas heat capacity Ideal gas'’

0

Gas compressibility factor for reactor ~ Peng-Robinson'

inside

== (mesh)@ Y-Sl 1,0000]2Rs 3= BAPE 2 5E <k
BHoR FHE F Sl =& Folrth

A S8l East Eesiels] EAkS fE AR S
Table 2¢] 25T},

HES7] BARS $13k A2 Fig. 29] flow sheets E3f A
W3t 11]. 28]32 CO ##HE(conversion)?} DME(yieldy= 7]
skal7] f18te] o WA AlE ARSIt
COin—-COout

COin

Function START

-calculate the heat transfer coefficient
on the surface of the catalyst

COconversion = x 100 (15a)

-call reaction rate calculation module =d==fF===p

(equation 4)
"

L |

-calculate enthalpy changes

1
-calculate kinetic parameters
(Table 1, equations 3a~c)

1

-calculate the mass flux of the diffusing
component and mass transfer coefficient
(equation 6)

1
-decide diffusion or reaction control
1
-calculate each reaction rate
(equations 2a~c)

1
-calculate each effectiveness factor
(equations 8a~g, 7)

1

-calculate each reaction rate
reflecting effectiveness factor

1
-calculate heat transfer between tubes
on the surface of the catalyst (equahon 5)

Check convergence

-calculate he at transfer between tubes
and shell (equations 12, 11 and 10)

Check convergence

Fig. 2. Flow sheet of main module and reaction rate calculation module.
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DMEvield = DMEoutx?2 100 15b Table 3. Property of catalyst and the pilot-plant scale reactor
Y Coin—Coout” . Density (kg/m”) 17835
Porosity (%) 45.53
3. 243113 EE Catalyst Pore tortuosity 1.69
) = - Mass (kg) 7.85
kel TA)Z o]t AFREA ] AL TRes Sk WAl Pellet diameter (m) 0.006
Tube diamet 0.03
S U5 48 A8 plovscle DME W87) A E 2 uos damieer (m)

Reactor Length (m) 1.6
ARSI 7] 2 = Ukt Atk Tube number 7
- Feed condition: 220 0C, 50 bar, H,/CO ratio=1.46
- Feed composition: Flow rate (Nm>/h)

Hy: 26.3 Nk HARS 9 AR Enle] 24 k) pilot-scale HFS7] o
CO: 18.02 3t AHE Table 39 A5}

CO,: 2.32 Table 40 7 7F4] W7} W28 SS wf 98719 A% (per-
CH,: 7.36 formance)s WERI= CO conversion, DME yield, Maximum tem-
DME: 0 perature, WF5-7] &4 2] DME concentration, MeOH concentration
MeOH: 0

28]31 DME productivitys WERAITE. 5 W37 b2l e s

- CuO-ZnO-ALO;-additive: y-Al,05=7:3 ] CO conversion, DME yield, DME productivity 5] 33}

- %) o 87 ke Fol5 P AUDS much Ao w0 o 22 o
SF ol 15 m % ek, 2913 NES7) Fu i) A R 3 W2 e
- A 7 ) 7% oF 320°Co|at EatolA) Fu1E WA 2] B oF 300°CH

Table 4. Reactor performance adopting the two cooling system

Cooling svstem CcO DME yield Max temp. DME concentration ~ MeOH concentration ~ DME productivity
5y conversion (%) (%) (°C) (kmol/hr) (kmol/hr) (kmol/kg cat. hr)
Count current cooling system 75.6 63.9 321.7 0.0240 0.00453 0.00287
Pool boiling system 74.3 574 298.2 0.0212 0.0111 0.00254
0.03 —DME —MeOH 0.025 —DME —MeOH
0023 0.02
E 0.02 £
=) T 0015
=] =
2 0015 é
z Z o0
T o001 T
0.005 0.005 /
0 0
2 o4 &4 ®m T wm @ o~ & @ © g o & m®m 3T w8 o~ @ e 9
(=] =3 [=} o (=] (=] o (=] o (=] - =3 (=] o (=] o =] [=} o (=] (=] —
Dimensionless reactor length Dimensionless reactor length
340 340
320 320
G 200 G 300
£ 220 2 280
Ef 3
g [
Q 260 2 260
g 5
= 240 = 240
220 220
200 200
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10 0.0 0.1 0.2 02 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Dimensionless reactor length Dimensionless reactor length

(a) (b)

Fig. 3. Simulated concentration of MeOH & DME and temperature profile along the reactor length (a) in the case of count current
cooling system, and (b) in the case of pool boiling system.
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0] 1= A2 A AA A 717 AT (2006-N-HY 12-P-
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N =
A, : Surface area of the catalyst[m’]
A, : External surface area of the tubes[m?]
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Coo Couia *
C,,C

PS>~ pw

dHr, DHr

Zearl> Bcar2

hdi’ hdo

TRWGS

T'wes

: Concentration of component i in reactants fluid[kmol m ]
: Concentration of component i on the catalyst surface

[kmol m~]
Specific heat of fluid[cal mol™ K]

: Specific heat of particles at the surface and of cooling

water[cal mol™ K]

: Heat of reaction[kJ mol™]

: Particle diameter[m]

: Binary diffusivity of gas[cm® s']

: Effective diffusivity of component i within a catalyst

pelletfm? h™]

: Tube inside and outside diameter[m]

: Equivalent diameter of a tube[m]

: the molar flow rate of species i[kmol h™']

: Mass of the MeOH synthesis catalyst and the MeOH

dehydration catalyst[g]

: Fouling resistance of a tube side and a shell side at heat

transfer[k] h' m2 K]

: Film coefficient at a tube inside and outside[J m=h™°C™]

: Film coefficient at heat transfer on a catalyst pellet[J

m—2 h—loc—l]

: Film coefficient in a packet[J m=h'°C™]

- heat transfer coefficient for a radiation[J m= h™°C™]

: Mass transfer coefficient of component i[m s

: effective thermal conductivity at the fixed bed and the

wall region[J m 2 h™'°C™]

: Fluid thermal conductivity[J m= h™'°C™]

: Reaction rate constants

: Heat conductivity of a wall and a particle[J m= h™'°C™]

: Adsorption constant and Equilibrium constant of reaction

(i

: the height of the bed[m]

: Mole flow rate of the fluid in the tube[gmol h']
: molecular weight of component i[g mol™]
: Number of components and reactions

: Nusselt number

: Prandtl number

: Reynolds number

: Particle Reynolds number

: Schmidt Number

: Sherwood Number

: The pressure drop[bar]

: Pressure in atmospheres[1.013 bar]

: Partial pressure of component][i]

: Radial distance in the catalyst[m]

: Reaction rate of i reactions[mol gcat™ h™']

: Reaction rate of the methanol synthesis reaction[mol

geat™ h]

: Reaction rate of the reverse water gas shift reaction

[mol geat™ h™]

: Reaction rate of the water gas shift reaction[mol gcat™ h™]
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Typ : Reaction rate of the methanol dehydration reaction[mol
geat™ h™]

I : reaction rate of the jth reaction[mol gcat™ h™']

R : Gas constant[8.314 J mol™ K]

Rp : Particle radius[m]

T, : Fluid Temperature[K]

T, T, : Temperature of cooling water and catalyst[K]

AT, : Temperature difference of fluid[K]

Wi : Diffusion rate of component i[kmol m2s™]

u, : Volumetric average fluid velocity[m s™']

U, : Overall heat transfer coefficient[J m™ h™'°C™]

X, : thickness of a wall[m]

Jz2ojA ZX}

€ : The void space of the bed.

Epfs Ep : The void fraction at the minimum fluidizing bed and at
the wall layer

0, : Ratio of effective thickness of gas film around a contact
point to particle diameter for contact between particle
and surface

o, : Ratio of effective thickness of gas film around a contact
point to particle diameter for contact between adjacent
particles

uf : Effectiveness factor of j reaction

Nass : Effectiveness factor of the methanol synthesis reaction

Nwas : Effectiveness factor of the water gas shift reaction

Nub : Effectiveness factor of the methanol dehydration reaction

W, My : Dynamic viscosity and absolute viscosity[kg m™ h™']

P, Pg : Fluid density[kg m~]

Py : Bulk density of the bed[kg m~]

Py Pyi> Py © Particle density of hybrid catalyst, MeOH synthesis
catalyst and MeOH dehydration catalyst[g m ]

slstaEst H47H H42 20094 8

. ,J—J]H'-C'J-T ) IO_‘_]H

23

Py
v

: Cooling water density[kg m~]

: Fluid line velocity[m s™]

: Cooling water line velocity[m s7']

: Diffusion volume[mol cm~]

: Residence time[h]

: Stoichiometric coefficient of the ith component in the

jth reaction
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