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Scope & Economics of Catalytic Processes
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Motivation

* Various catalyst particle shapes are sold commercially
for a wide variety of process technologies
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* Preferred shapes are often obtained by empirical methods

* Examine Comsol Multiphysics as a platform for quantifying
the effect of catalyst shape on reactor performance

Applications: Theoretical, Practical, and Pedagogical




Examples of Catalyst Shapes - 1

Grooved Pyramid Notched Cube
J. R. Ebner & R. A. el, Shaped Oxidation Catalyst, US 5,16



Examples of Catalyst Shapes - 2




Typical Packed Bed Reactor Configurations

Multi-tubular Adiabatic
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Overall Goal: Maximize activity and selectivity while minimizing pressure drop & cost



Catalyst Shape
-A Key Reactor Process Desigh Parameter-

Catalyst Effectiveness Factor (Maximize) 1 Smas
Vo AN
r,(c,T)dV 1, -
observedte ! (&) S

—y 1% order AN

~ratewithounternglradientsr,,..(c,,T.)"V,

Dea ~ Characteristic time for reaction ¢

o’ _(VP JZ kK, _ Characterisic time for diffusion 041 1 i

Catalyst Bed Pressure Drop (Minimize)

2
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Ergun Equation & Updated Forms

(Ergun, 1952; Levec, 2005a, 2005Db)

Other key parameters: Forming, mechanical strength,
heat transfer, pore size distribution,



Approaches to Catalyst Particle Modeling

* Numerous papers on modelling of transport-kinetic
interactions in catalyst particles

Rutherford Aris, “On shape factors for irregular particles — . The steady-state
problem. Diffusion & reaction. Chem. Engng. Sci. 6: 262-268 (1957)

* Variety of solution methods & numerical techniques
Analytical, semi-analytical, finite difference, finite element, method of lines, etc

P. A. Ramachandran, “Boundary integral element method for linear diffusion-reaction
problems with discontinuous boundary conditions. Chem. Eng. J. 47: 169 (1991).

* Some approaches are driven by process applications

J. S. S. Mohammadzadeh and A. Zamaniyan, “Catalyst shape as a design
parameter for methane-steam reforming catalyst.” Inst Chem Eng (UK), 80 (2002)

* Comsol Multiphysics provides powerful platform for
multi-scale modeling and parametric analysis



Transport & Reaction in Porous Catalysts

* Widely studied & analyzed since Thiele's & Aris' classic
papers and monograph on the subject

E. W. Thiele, “Relation between catalytic activity and size of particle."
Ind. Eng. Chem. 31: 916-920 (1939).

Rutherford Aris, “On shape factors for irregular particles — . The steady-state
problem. Diffusion & reaction. Chem. Engng. Sci. 6: 262-268 (1957).

Rutherford Aris, The Mathematical Theory of Diffusion and Reaction in Permeable

Catalysts. Volume 1 and Volume 2, Oxford: Clarendon Press (1975).

Species Mass Balance

VeNj=Ve (‘ Dej,m VCj): (Z Vi ri) Sg Pg - Homogeneous pellet

i=1 - Effective transport

Energy Balance coefficients

VOG ZVO(- keff VT):'(Z'(Aern,i)ring pg
=1

Note: Other flux and constitutive relations can be used for more realistic solutions



Case Study: SO, Oxidation Catalysts

20 mm rings 10 mm

6 mm
cylinder

Key Features

« Alkali metal-promoted (K or Cs) vanadium pentoxide (V,Oc) on silica support

Key Selection Factors

» Pressure drop « Strength of SO, feed gas NO other endineerin
* Dust capacity mmm) < Plant configuration —> data is rgvi ded J
* Ignition & activity (Single vs double absorption) P
Reference: "VK Series - Sulphuric Acid Catalysts for Today and for the Future,"

Product Brochure, Haldor Topsoe, Inc.




Typical Process Configurations

Single-absorption
Process

Double-absorption

Process
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Equilibrium Conversion for SO, Oxidation
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Reaction Kinetics for SO, Oxidation

kl Poz2 Psoz {1 B

Psos

Po, KP] kmol SO,

—l502 =

22.414 (1+K, Pso, + KaPsos f

kg catalyst - hr

Hougen-Watson Mechanism; RLS = Adsorbed O, & SO,. T =420 -590°C

Kinetic Parameters

k, =exp(12.160 -5473 / T)

K, =exp( -9.953-8619 / T)
K, =exp( -71.745 - 52596 / T)

K, =exp(11,300 / T -10.68 )

Units: T [K] p [atm]

Molten Salt Chemistry

K,SO, + SO, —> K,S,0,

K,S,0, + V,0, —> K, V,S,0,

SO, +2V>*+  —> SO;+2 V4
oLy

—_— OZ— + 2 V5+
1/2 0, + 2 V4




Reaction Rate vs SO, Conversion

150
\ k1 Po2 Pso2 [1 B = K J
125 o — Pso2 4/Po2 Kp
S02 2
wn \ 22.414 (1"‘ K, Psop + Kspsos)
™
= 100
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Constants

iﬁ-[unstants
Marme Expression Walue Description
p 5030 Py 503 0 ) i ]
o NZ 0 TR Partial pressures 0514
c_50z_0 p_30Z_0/Rg/TO_K*1076 & Concentratlons 1.37221
c_02 0 p_0z_0fRgiTO_K*106 1.899933
c 503 0 p_503_0/Rg/TO_K*107°6 at pellet surface 0
c_MNZ_0 p_Mz_0/Rg/TO_kK*10"6 co nd |t| ons 14320242
Fqg 22400/273.15 52006224 akm ccfm...
k_eff Te-d . .. Te-d calffcm-5-C)
k_eff_comsol |k_eFF0.239%10°2 Effective conductivity gaies— wimo
TO_C ez 420 Celsius
TO K TO_Z+273.15 693,15 4
k1 expl 1z, 16-5473/T0_K) Reaction rate 71,10532
Kz exp(-9.953+8619/T0_K) 11.959644
k3 epl-71.745+52598m0 k) | constants 6246958
lkp expl 11300/T0_K-10.68) 276.548398
v 502 F max [k1*p_OZ_0%p_S02_ 022, 414%(1+K2¥p_S02_0+K3*%p_903_00~2) 0.007153 M aX| mum
t 502 b_max [k1Kp*p 02 0-0.5% 503 0/(22.414% 1+K2%p 502 0+K3*p 503 002 |0 _
F_S02_max  [r_502_F_max-r_S50Z_b_max 0,007153 reaction rate
t_SOZ coms... [f_S02_max*10°6/3600%ho_cat 2 642731
dhr_410 -O3963. 2 ] -O03963, 2 at 410c 1...
r_613 -93953,9 -03953,9 ak6l13c 1.,
dh Maximum heat
dhr_avg rdhr_410+dhr_ 61802 : -95961.05 1fmal
Q_rxn_max  |[dhr_awg¥r_50Z_comsal_max generatlon rate -2.615274e5 | 1im™3-5
=

]
=2 E K, Cancel apply Help




Global Expressions

%’ Global Expressions X
Unit | Description
C_SOZ*RG*TO_K/10°6 Partial pressures maljm’ -
¢ 0Z'Rg*T0K[10"6 at pellet surface moljm?
C_SOFRIMTO_K/1076 moaljm’
C_NZ*RQ*TO K076 temperature molim?

ki*p_O2%p_S020i22 414% 1+ 2%p_S024k3%p_S03)~2)

kijKp*p_02~0.5%0_S03/(22. 414% 1 +K2%p_S02+K3*p_503)"2)

R_S02_comsol

at pellet surface

Reaction rate

R_S0&*1 06/ 3600%ho_cat
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R_a02 R_502 F-R_502_h
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r s02_noniso_f

k1*p 02 noniso®p_S0Z_noniso/(Z2,414% 1+K2%0 502 _noniso+K3*p_ 503 _nonis... |1
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k1/kp*p 02 noniso™0.5%p_503_nonisof(22.414%14+K2%p_ 502 _nonisoH3*p_50...

Reaction rate
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Subdomain Settings
-Diffusion Model-

Subdomain Settings - Diffusion {chdi}

Equation
[?'{-D?E_EOE}I = R, ._50Z = concentration

Subdomains | Groups I

—Subdomain selection

Group: I ;I

[T Select by group

[ Active in this domain

Calculated Using Wilke
Equation for Diffusion
in Gas Mixtures

c 502 | c_oz| 503 | c_mz| it I:;léﬁent| Eafar|

—Species 1

Library material: I

Quantity
{+ [ isotropic

D anisokropic
=]

S I Load...

?aluefﬁi::pressiun Unik Description
|1 0806 7E-05 m2,|'5 Diffusion coefficient
[tooy me (s Diffusion coefficient
|-r_S0z_camsol maolfim® .51 Reaction rate

*,

“..| Reaction rate from

global expressions

[8]4

Zancel | Apply | Help

* Repeat for each Specie



Boundary Settings
-Diffusion Model-

Boundary Settings - Diffusion {chdi)

cauation Specifed concentration at the
L_Soz _ 502, pellet surface; Can also
account for finite resistance
Boundaries I Grnupsl C_S0z | .;_u;:uzl .;_5o3| N [ |
~Boundary seleckion ~Boundary conditions
Boundary condition: ICDncentratiDn I3 . ;I
Quantity ¥Yalue /Expression Unit Description
¢ 302, ||:_502_|:| n‘u:ul,l'm3 Zoncentration
Mg o malf{rn® .53 Inward Flu
k. |III mys Mass transfer coefficient
= Jo molfm? Bulk. concentration
aroup: I ;I
[T select by group
[~ Interior boundaries
Ik Cancel | Appl Help

* Repeat for each Specie
« Rebeat for each Boundarv



Subdomain Settings
-Steady State Heat Conduction Model-

.
. Effective catalyst pellet

Equation
{-v-{kvn =Q+h, AT -Th+C (T - T%, T=temperature COnC.I UCtIVIty taken from
publlshed literature

| Subdaiains?] Groups | Physics | mic | Element | o/ |
~Subdomain selection ~Thermal properties and heat sources/sinks
Library material: I _I Lu:ua;l» |
Quantity ¥alue/ E:-:presmqp Unlt Description
+ | (isotropic _eff_comsol ermal conduckivity
(+* k(isotropic)  [k_eff I WK Thermal conductivit
" k (anisotrapic) HWDD4W Wim-K) Thermal canduckivity
P fs700 kajm?  Density | Heat generation
C 355 Jika-K)  Heat capacity RSas :
. ' | due to reaction
< 0 f-Ca_r=m Wi Heat source
-
Pyrare |D Wi k) Convective heat transFer coefficient
Gruup:l YI
Ty o K External temperature
I~ Select by group Cans fo wiim® k% User-defined constant
[w Active in this domain Tombtrans |0 K Ambiert termperature

(04 I Zancel | Apply Help

Repeat for each Specie



Boundary Settings
-Steady State Heat Conduction Model-

1
Boundary Settings - Heat Transfer by Conduction {ht) ]
Specifed temperature at the
Equation
{T i pellet surface; Can also
’ account for finite heat transfer
Boindaries| roups | Coefficierts | Color /o | resistance at pellet surface
~Boundary selection -Boundary sources and constraints =
_ﬂ Boundary condition: ITemperature Aj
Z
3 Quantity ¥alue /Expression Unit Description
4 9y Io W fm® Inwward heat Flux
|5 h jo Wilme k) Heat transfer coefficient
? TinF ||:| E External temperature
[ Const jo wi(m® k¥ Problem-dependent constant
Group: I j Torh Io K Arnbient temperature
[T Select by group T fTo_x k Temperature
[ Interior boundaries
(] 4 iCancel | fpply | Help

+ Repeat for each Boundary



Comsol Setup - Nonisothermal Slab

?-r::-(tlass Kit License) COMSDL Multiphysics - Geom1/Chemical Engineering Module - Heat Transfer by Conduction (ht) : slab s02_8.94mm.mph N al

File Edi Options Draw Physics Mesh Solve  Postprocessing Multiphysics  Help

D@t 28k Aa24=C0 2LF% fuaDh ?

Madel Tree

|T- E: ke
EI‘Ggoml
-~ Diffusion (chd)
i Heat Transfer b

1D Model After Meshing

Al Al T

=
go
\D
H

~_

0

[untitled]

[f4.35e-3) ] [ Memary: (30} 90



Conc. Profiles - Nonisothermal Slab

T, = 420°C T,=475°C
SO,
SO,
SO, so,
T,=500°C T, = 590°C
O, O,
SO, SO,

SO, SO,



Slab Pellet Temper'atur'e Pr'oflles
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Comsol Setup

-Nonisothermal Hollow Cylinder-
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Conc Profiles - Isothermal Hollow Cylinder

SO, SO,

T, = 420°C T,=420°C

SO, SO,

T, = 475°C T,=475°C



Conc Profiles - Isothermal Hollow Cylinder
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T, = 590°C T, = 590°C



Conc Pr'oflles - Nomsofher'mal Hollow Cylmder'
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Hollow Cylmder' Temperature Proflles
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Comsol Setup
-Nonisothermal Solid Cylinder-
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Conc Pr'oflles - Nonlso‘rher'mal Solid Cylmder'
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Solid Cylmder Tempera’rur‘e Pr'oflles
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-Nonisothermal Daisy-

Comsol Setup
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Surface Concentration Plot for SO,
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Effectiveness Factor Comparison

i 20 mm rings 10 mm 6 mm !
! rings cylinder !
I [ | [ I :
! o | | | :
; 12 mm 9 mm |
| daisy daisy |
Y < Effectiveness i'—‘\gctors ;

T,°C |20 mm Hollow |12 mm Daisy |10 mm Hollow |6 mm Solid

420 0.363 0.449 0.589 0.592

475 0.387 0.498 0.684 0.679

500 0.300 0.393 0.562 0.565

590 0.146 0.193 0.283 0.302




Summary

* COMSOL Multiphysics provides attractive approach for
modeling impact of catalyst particle shape on catalyst
effectiveness factors for SO, oxidation.

Suggested Areas for Improvement

* Need more detailed algorithm for rates forms with
fractional orders since C = O for x<x™* which gives errors

* Techniques for investigating presence of multiple solutions,
which are present in many problems, would allow detailed
parametric analysis and identification of stability regions.

* Provide user with more flexible choices, such as molar
flux models (e. g., Dusty-gas model), particle shape
library, transport parameter library, etc.
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