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Scope & Economics of Catalytic Processes 
Petroleum 

Refining
HDS, HDN, HDM,
Dewaxing, Fuels, 
Aromatics, Olefins, ...

Syn & Natural Gas 
Conversion

MeOH, DME, MTBE,
Paraffins, Olefins,
Higher alcohols, ….

Fine Chemicals
& Pharmaceuticals

Ag Chem, Dyes, 
Fragrances, Flavors, 
Nutraceuticals,... 

Polymer
Manufacture
Polycarbonates,
PPO, Polyolefins,
Specialty plastics 

Bulk
Chemicals

Aldehydes, Alcohols,
Amines, Acids, Esters,
LAB’s, Inorg Acids, ...

Environmental
Remediation

De-NOx, De-SOx,
HCFC’s, DPA,
“Green” Processes ..

Biomass
Conversion

Syn Gas, MeOH, 
EtOH, Biodiesel, High 
Value-Added Products

$5.4 MMM in Sales

$12 MMMM in Goods
1/3 of USA's GDP



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

• Preferred shapes are often obtained by empirical methods

Motivation
• Various catalyst particle shapes are sold commercially

for a wide variety of process technologies    
12 mm Hollow Cylinders

6 mm Hollow Cylinders

1/16-in Tri-lobe Extrudates

20 mm Hollow Cylinders

6 mm Hollow Cylinders

5 to 30 µm Catalyst
Powder Precursor

1/8-in Extrudates

5 to 30 µm Catalyst
Powder Precursor

Applications: Theoretical, Practical, and Pedagogical



Examples of Catalyst Shapes - 1

Ribbed, Hollow CylinderHollow Cylinder

Hollow Cylinder Tri-lobe

Grooved Pyramid Notched Cube
J. R. Ebner & R. A. Keppel, Shaped Oxidation Catalyst, US 5,168,090 Monsanto 1992



Examples of Catalyst Shapes - 2

Notched Cylinder Grooved Cone 4-Point Star
J. R. Ebner & R. A. Keppel, Shaped Oxidation Catalyst, US 5,168,090 Monsanto 1992



Feed Gas

Heat
Transfer

Fluid

Heat
Transfer

Fluid

Product Gas

1-inch Tubes
35,000 max

Feed Gas 

Product Gas 

Catalyst Particles

Inert Particles for
Gas Distribution

Typical Packed Bed Reactor Configurations

Catalyst Discharge
Flange

Inert Particles for
Catalyst Support

Multi-tubular Adiabatic

DR = 5 to 50 ft
HR > 3 to 4 ft

dP / dR

Voidage

Overall Goal: Maximize activity and selectivity while minimizing pressure drop & cost



Catalyst Shape
-A Key Reactor Process Design Parameter-
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Catalyst Effectiveness Factor (Maximize)

Catalyst Bed Pressure Drop (Minimize)

Ergun Equation & Updated Forms

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

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



Approaches to Catalyst Particle Modeling

• Variety of solution methods & numerical techniques    

• Numerous papers on modelling of transport-kinetic
interactions in catalyst particles   
Rutherford Aris, “On shape factors for irregular particles – I.  The steady-state

problem.  Diffusion & reaction.  Chem. Engng. Sci. 6: 262-268 (1957)

Analytical, semi-analytical, finite difference, finite element, method of lines, etc

• 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)

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

• 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

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

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

Rutherford Aris, The Mathematical Theory of Diffusion and Reaction in Permeable
Catalysts. Volume 1 and Volume 2, Oxford:  Clarendon Press (1975).
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Species Mass Balance

Energy Balance

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

- Homogeneous pellet
- Effective transport
coefficients



Case Study: SO2 Oxidation Catalysts

20 mm rings

12 mm
daisy

10 mm
rings

9 mm
daisy

6 mm
cylinder

• Alkali metal-promoted (K or Cs) vanadium pentoxide (V2O5) on silica support

Reference: "VK Series - Sulphuric Acid Catalysts for Today and for the Future," 
Product Brochure, Haldor Topsoe, Inc. 

Key Features

Key Selection Factors
• Pressure drop
• Dust capacity
• Ignition & activity

• Strength of SO2 feed gas
• Plant configuration

(Single vs double absorption)

No other engineering
data is provided



VK 59 for
high conversion

VK 48
10 mm rings

VK 38
10 mm rings

VK 38 - 10 mm rings
VK 59 - Ignition layer

VK 69 for
high conversion

VK 38
Daisy

VK 38 - Daisy
VK 38 - 20 mm rings

VK 48 - Daisy
VK 59 - Ignition layer

Typical Process Configurations

Source: "VK Series - Sulphuric Acid Catalysts for Today and for the Future," Haldor Topsoe, Inc

Single-absorption
Process

Double-absorption
Process
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Equilibrium Conversion for SO2 Oxidation



Reaction Kinetics for SO2 Oxidation

( )2
3SO3SO22

PO2SO2

SO3
SO2O21

2SO pK   p K  1 414.22

K p p
p  -  1 p p k

  r
++












=−

T) /5473 - 12.160  exp(  k1 =

T) / 8619- 9.953 - exp(  K2 =

T) /52596 -  71.745- exp(  K3 =

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

hr-  catalyst kg
SO kmol 2

Units:  T [K]   p  [atm]

Kinetic Parameters

K2SO4 +  SO3

K2S2O7 + V2O5

K2S2O7

KwVxSyOz

Molten Salt Chemistry

T = 420 - 590oC

SO2 + 2 V5+ + 
O2-

1/2 O2 + 2 V4+

SO3 + 2 V4+

O2- + 2 V5+

Hougen-Watson Mechanism; RLS = Adsorbed O2 & SO2;
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Reaction Rate vs SO2 Conversion



Constants

Partial pressures
& concentrations
at pellet surface
conditions 

Reaction rate
constants 

Maximum
reaction rate 

Maximum heat
generation rate 

Effective conductivity 



Global Expressions

Partial pressures
at pellet surface
temperature 

Reaction rate
at pellet surface

Partial pressures
at local temperature

Reaction rate
at pellet (c,T)

Heat generation



Subdomain Settings
-Diffusion Model-

• Repeat for each Specie

Calculated Using Wilke
Equation for Diffusion
in Gas Mixtures 

Reaction rate from
global expressions



Boundary Settings
-Diffusion Model-

• Repeat for each Specie
• Repeat for each Boundary

Specifed concentration at the
pellet surface; Can also 
account for finite resistance



Subdomain Settings
-Steady State Heat Conduction Model-

• Repeat for each Specie

Effective catalyst pellet
conductivity taken from
published literature

Heat generation
due to reaction



Boundary Settings
-Steady State Heat Conduction Model-

• Repeat for each Boundary

Specifed temperature at the
pellet surface; Can also 
account for finite heat transfer
resistance at pellet surface



Comsol Setup - Nonisothermal Slab 

1D Model After Meshing

8.94 mm



Conc. Profiles - Nonisothermal Slab 

SO3

SO2

O2

SO3

SO2

O2

SO3

SO2

O2

SO3

SO2

O2

T0 = 420oC

T0 = 500oC

T0 = 475oC

T0 = 590oC



Slab Pellet Temperature Profiles
T0 = 420oC

590oC

T0 = 500oC

∆T= 27.85 oC ∆T= 73.85 oC

∆T= 72.85 oC ∆T= 52.85 oC

T0 = 475oC

T0 = 590oC



Comsol Setup 
-Nonisothermal Hollow Cylinder-

1.5 mm

5 mm



Conc Profiles - Isothermal Hollow Cylinder

SO3SO2

SO3SO2

T0 = 420oC

T0 = 475oC

T0 = 420oC

T0 = 475oC



SO3SO2

SO3SO2

T0 = 500oC

T0 = 590oC

T0 = 500oC

T0 = 590oC

Conc Profiles - Isothermal Hollow Cylinder



Conc. Profiles - Nonisothermal Hollow Cylinder

SO3

SO2

O2

SO3

SO2

O2

SO3

SO2

O2

SO3

SO2

O2

T0 = 420oC

T0 = 500oC

T0 = 475oC

T0 = 590oC

Inside radius
Outside radius



Hollow Cylinder Temperature Profiles
T0 = 420oC

T0 = 500oC

T0 = 475oC

T0 = 590oC

∆T= 27.85 oC ∆T= 73.85 oC

∆T= 72.85 oC ∆T= 52.85 oC

Inside radius
Outside radius



Comsol Setup 
-Nonisothermal Solid Cylinder-

6mm



SO3

SO2

O2

SO3

SO2

O2

SO3

SO2

O2

SO3

SO2

O2

T0 = 420oC

T0 = 500oC

T0 = 475oC

T0 = 590oC

Conc. Profiles - Nonisothermal Solid Cylinder

Centerline Centerline

Centerline Centerline



Solid Cylinder Temperature Profiles
T0 = 420oC

T0 = 500oC

T0 = 475oC

T0 = 590oC

∆T= 27.85 oC ∆T= 73.85 oC

∆T= 72.85 oC ∆T= 52.85 oC

Centerline Centerline

Centerline Centerline



Comsol Setup 
-Nonisothermal Daisy-

1.5 mm

6 mm

6 mm



Mesh Generation



Surface Concentration Plot for SO2



Conc. Profiles - Nonisothermal Daisy

SO3

SO2

O2

SO3

SO2

O2

SO3

SO2

O2

SO3

SO2

O2

T0 = 420oC

T0 = 500oC

T0 = 475oC

T0 = 590oC



Daisy Pellet Temperature Profiles
T0 = 420oC

T0 = 500oC

T0 = 475oC

T0 = 590oC

∆T= 27.85 oC ∆T= 73.85 oC

∆T= 72.85 oC ∆T= 52.85 oC



Effectiveness Factor Comparison 

20 mm rings

12 mm
daisy

10 mm
rings

9 mm
daisy

6 mm
cylinder

T, oC 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

Effectiveness Factors



Summary
• COMSOL Multiphysics provides attractive approach for

modeling impact of catalyst particle shape on catalyst
effectiveness factors for SO2 oxidation.  

• Need more detailed algorithm for rates forms with
fractional orders since C = 0 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.

Suggested Areas for Improvement
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