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 The overall objective of this project is to develop a CFD model 
and to perform Computational Fluid Dynamic (CFD) 
simulations using Population Balance Equations (PBE) to 
describe the heterogeneous gas-solid absorption/regeneration 
and water-gas-shift (WGS) reactions in the context of 
multiphase CFD for a regenerative magnesium oxide-based 
(MgO-based) process for simultaneous removal of CO2 and 
enhancement of H2 production in coal gasification processes. 

 



The Project consists of the following four (4) tasks: 
 
Task1. Development of a CFD/PBE model accounting for the particle 

(sorbent) porosity distribution and of a numerical technique to 
solve the CFD/PBE model. 

Task2. Determination of the key parameters of the absorption and 
regeneration and WGS reactions. 

 
Task3. CFD simulations of the regenerative carbon dioxide removal 

process.  
 
Task4.  Development of preliminary base case design for scale up 

 
 



Task 1. 

Task 2.  

Task 3. 

Task 4. 

Month 3 6 9 12 15 18 21 24 27 30 33 36

Milestones:
Task completion
Experimental work completed
Reaction model finalized
 CFD simulation of single reaction/reactor Completed
CFD simulation of integrated process Completed
Development of the base-case design completed



Carbonation:   

CO2 + H2O+ K2CO3 → 2KHCO3 + Heat 

Regeneration:  

2KHCO3 → CO2 + H2O+ K2CO3 - Heat 

-------------------------------------------------------------------------------------------------------------------------------------------------------------- 
Yi et al., International journal of greenhouse gas control, 2007. 



2D, Eulerian- Eulerian Approach in combination with the kinetic theory of 
granular flow 

Assumptions: Uniform and constant particle size and density 
 
- Conservation of Mass  
    
    - gas phase: 
 
    - solid phase 
 
 
- Conservation of Momentum  
  
    - gas phase: 
 
  
    - solid phase 
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Task 1 

Numerical Modeling: Conservation Equations 



- Conservation of Species 
  
 - gas phase: 
 
 - solid phase 
 
 
- Conservation of solid phase fluctuating Energy 
  
 - solid phase 

 

 

 
- Reaction Kinetic: Deactivation Kinetic Model (Park et al, 2007) 
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Numerical Modeling: Conservation Equations 



Gas-solid inter-phase exchange coefficient: EMMS model (Wang et al. 2004) 

Accounts for cluster formation by 
multiplying the “Wen & Yu”   drag 

correlation with a heterogeneity factor 

Heterogeneity Factor  
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Task 1 

Numerical Modeling: Drag Correlation 
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Contours of CO2 mass fraction 

Task 1 

Results 
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Yi et al., International journal of greenhouse gas control, 2007. 



What is the Population Balance Equation? 
 

 
 The population balance equation is a 
balance equation based on the number density 
function  f (ξ; x, t) 

 
 Accounts for the particles accumulating, 
leaving, entering or being generated or 
destroyed in a single control volume 
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   Accumulation term +             Convection term                +                   diffusive term    +                Growth term            =           Source term 



Finite size domain Complete set of trial functions Method Of Moments: FCMOM 
 
 Finite size domain: [-1, 1] instead of [0,∞] 

 
 Solution in terms of both Moments and size distribution 
 f(ξ,x,t) will be approximated by expansion based on a complete set of trial 

functions 
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 Uniform and constant particle size distribution. 
 

 Density of the particles is changing during the process due to the 
reaction between the solid and the gas phase. 

 

 Density distribution function is defined in the range of [ξmin, ξmax] and 
then using a coordinate transform is changed to [-1, +1]. 

 

 Incompressible particle phase . 
 

 Constant maximum sorbent density, corresponding to the completely 
reacted sorbent. 

 

 Variable minimum sorbent density, corresponding to the fresh sorbent. 
The rate of change is related to the rate of reaction. 

 

 no breakage or agglomeration in density domain. 
 



 Implementation in Ansys Fluent via UDS  
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Test case1: Linear Growth, No convection 

K
t i

i .µ
µ

=
∂
∂

Case study for k=0.05 and  t=10 sec 

1− 0.5− 0 0.5 1
5−

0

5

10

15

Particle Property (Dimensionless)

N
um

be
r d

en
sit

y 
fu

nc
tio

n 
(D

im
en

sio
nl

es
s) 11.333

0.011−

I ξ( )

A ξ( )

f10 ξ( )

11− ξ
1− 0.5− 0 0.5 1

5−

0

5

10

15

Particle Property (Dimensionless)

N
um

be
r d

en
sit

y 
fu

nc
tio

n 
(D

im
en

sio
nl

es
s) 11.33

3.345−

I ξ( )

A ξ( )

f6 ξ( )

11− ξ

6 moments 10 moments 



CFD  

Two Fluid Model 
 

Phase velocity, 
Volume Fraction 

 

Mean Solid Density 

UDS Source terms Moments of Density 
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Assumption: Moments are convected with mixture velocity 
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1- There are two distinct reactive zones inside the particles 
2- Process is controlled by both surface reaction and product 

layer diffusion 
3- There is an Expanding product layer  
 
4- Dg is Variable due to the pore closing and is a function of 

conversion 
 
5- Intrinsic reaction rate is Arrhenius type 
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rc  : Radius of the low reactive zone (k2) 
rp : Initial radius of the particles 
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------------------------------------------------------------------------------------------------------------------------------------------- 
Onischak and Gidaspow, ”Separation of Gaseous Mixtures by Regenerative sorption on Porous Solids. Part II: Regenerative separation of CO2”, 
Recent Developments in Separation Science, ed. N. Li, 1972 
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 Results of the CFD model in terms of pressure drops, 
capturing the cluster formation and CO2 removal rate is in a 
good agreement with the experimental data 
 

 An explicit Reaction kinetics model has been developed 
which is able to explain TGA experimental data very well and 
is suitable for CFD applications 
 

 PBM and the coupling algorithm for implementation in the 
CFD code has been developed and verified. More verification 
is in progress. 



 Simulations 
 Validation/Verification of the coupled CFD-PBM. 
 Validation of reaction model vs Packed-bed experiments 
 Application of the CFD-PBM in simulation of the circulating fluidized 

bed reactor 
 

 Experiments 
 Sorbent improvement 
 Reaction rate measurement in shallow/disperse bed reactor 
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Thanks for your attention 



A second order discretization scheme was used to discretize the 
governing equation  
domain including 34x1200 uniform rectangular cells. 
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