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ABSTRACT 

 

The overall objective of this joint ICCI/USDOE program is to develop a Computational 

Fluid Dynamic (CFD) model and to perform CFD simulations using Population Balance 

Equations (PBE) to describe the heterogeneous gas-solid absorption/regeneration and 

water-gas-shift (WGS) reactions for a regenerative magnesium oxide-based (MgO-based) 

process to simultaneously capture CO2 and enhance hydrogen production in coal 

gasification processes. 

 

The work performed in this ICCI-sponsored project is part of the joint USDOE/ICCI 3-yr 

project sponsored by the USDOE/NETL. The objective of the ICCI-sponsored portion of 

the work for the third year was geared towards performing CFD simulations for the 

regenerative carbon dioxide capture process. During the third year of the project, a CFD 

model was developed to simulate the absorber reactor and to predict the extent of CO2 

capture and enhancement of H2 production in a regenerative MgO-based process for 

Integrated Gasification Combined Cycle (IGCC). 

 

A 3D CFD model was developed and used to perform cold flow simulations on the riser 

part of the existing NETL Carbon Capture Unit (C2U) circulating fluidized bed unit. The 

results indicate that the CFD model can accurately capture the chugging behavior that 

was experimentally observed in the NETL-C2U unit.  The pressure drop in the lower 

mixing zone of the riser predicted by the CFD model was also shown to be in good 

agreement with the experimental data. 

 

The results of the CFD simulation of the CO2 capture in the absorber with a 

(50/50) CO2/N2 mixture indicate that the extent of CO2 capture at the NETL 

baseline condition is less than 15%. However, by increasing the solid circulation 

rate, the extent of CO2 capture can be increased to about 40%. Furthermore, the 

results also indicate that, by decreasing the gas inlet velocity by 35% (and 

therefore increasing gas residence time), the extent of CO2 capture can approach 

up to 60%. The results of the CFD simulations with a simulated syngas 

containing 20% CO2, 20% H2O, 30% CO, and 30% H2 indicate that up to  60% 

CO2 can be removed in the absorber, while the hydrogen content of the reactor 

exit gas can be enhanced through the Sorbent Enhanced Water-Gas-Shift 

(SEWGS) reaction to 65%.  
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EXECUTIVE SUMMARY 

 

Advanced power generation technologies such as Integrated Gasification-Combined 

Cycle (IGCC) are among the leading contenders for power generation in the 21st century, 

because such processes offer significantly higher efficiencies and superior environmental 

performance, compared to coal combustion processes.  Development of IGCC processes 

is especially advantageous to high sulfur Illinois coal, in comparison to western coal, 

because of its high Btu content. 

 

Global warming, which has been associated with the increasing concentration of 

greenhouse gases, mainly carbon dioxide (CO2), is regarded as one of the key 

environmental issues in the 21
st
 century.  Near-term applications of pre-combustion CO2 

capture from IGCC processes will likely involve physical or chemical absorption 

processes.  However, the commercially available processes (e.g., SELEXOL) operate at 

low temperatures, imparting a severe energy penalty on the system and, consequently, 

their use can significantly increase costs of electricity production. Therefore, 

development of high temperature regenerative processes based on solid sorbents offer an 

attractive alternative option for carbon capture, at competitive costs. 

 

The gas separation research team at the Illinois Institute of Technology (IIT) has 

developed a regenerative high temperature CO2 capture process that is capable of 

removing over 98% of CO2 from a simulated coal gas mixture at the IGCC conditions 

using highly reactive and mechanically strong MgO-based sorbents. The sorbent also 

exhibited some catalytic activity for the water-gas-shift (WGS) reaction at 300C, 

increasing hydrogen concentration from 37% (inlet) to about 70% in the reactor exit.  

Initial results of modeling of the sorbent/catalyst performance in a packed bed indicate 

that hydrogen concentration in the simulated coal gas mixture can achieve over 95% 

capture of CO2. These encouraging results indicate that both CO2 capture and 

enhancement of hydrogen production can be carried out in a single unit. 

 

Although the results obtained in the previous projects are promising, there are several key 

issues which need to be investigated to provide sufficient information for scale-up of the 

process. Computational Fluid Dynamics (CFD) provides an attractive option to 

accomplish this goal in a systematic and economically feasible way. However, in order to 

use CFD to perform simulations of the regenerative CO2 capture process, a model 

accounting for the variation of the particle porosity and its effects on the hydrodynamics 

is required.  

 

In pursuance of this goal, the overall objective of this joint ICCI/USDOE program was to 

develop a Computational Fluid Dynamic (CFD) model and to perform CFD simulations 

using Population Balance Equations (PBE) describing the heterogeneous gas-solid 

absorption/regeneration and water-gas-shift (WGS) reactions for a regenerative 

magnesium oxide-based (MgO-based) process to simultaneously capture CO2 and 

enhance hydrogen production in coal gasification processes. 
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Work performed in this ICCI-sponsored project is part of the joint USDOE/ICCI 3-yr 

project sponsored by the USDOE/NETL University Coal Research (UCR) program.  The 

ICCI deliverable for this third year of funding is development of a CFD model to predict 

the extent of CO2 capture and enhancement of H2 production in the regenerative process. 

 

During the third year of the project, a CFD model was developed to simulate CO2 capture 

and enhancement of H2 production in the regenerative MgO-based process in IGCC 

process.  A population balance equation (PBE) approach was used to describe the 

evolution of the particle porosity distribution and was linked with the multiphase flow 

dynamics governing equations. The variable diffusivity reaction rate model (that was 

developed in the second year of the ICCI project) was used to describe the porosity 

variation of a single sorbent particle as a function of sorbent conversion and was 

incorporated into the CFD model to predict the extent of the overall 

absorption/regeneration reactions. The PBE was solved with an efficient computational 

technique known as Finite size domain Complete set of trial functions Method Of 

Moments (FCMOM), recently developed by the IIT multiphase flow research team. 

 

Cold flow simulations were performed on the riser section of the existing cold flow 

Carbon Capture Unit (C2U) at the National Energy Technology Laboratory (NETL) 

circulating fluidized bed using the 3D CFD model to compare the pressure drop across 

the absorber predicted by the model with the experimental data reported by the NETL 

and to predict the chugging effect observed in the NETL experiments.  Results indicate 

that the CFD model can accurately capture the chugging behavior that was 

experimentally observed in the NETL-C2U unit. The pressure drop in the lower mixing 

zone of the riser predicted by the CFD model using a detailed Energy Minimization 

Multi-Scale (EMMS) approach was shown to be in good agreement with the 

experimental data and capable of accurately predicting both the average and fluctuating 

pressure drop. Additionally, it was shown that, although a traditional drag model which 

assumes a homogenous distribution of solid particles in the gas medium, does not predict 

any major fluctuations but can predict average values with acceptable accuracy. These 

results suggest that given the significantly shorter computational time required with the 

traditional drag
 
model, all simulations can be performed using the simpler traditional 

model, while the more detailed EMMS model should be used when more accurate 

information on instantaneous behavior of flow is required. 

 

The results of the CFD simulation of the CO2 capture in the absorber with a 

(50/50) CO2/N2 mixture indicate that the extent of CO2 capture at the NETL 

baseline condition is less than 15%. However, by increasing the solid circulation 

rate, the extent of CO2 capture can be increased to about 40%. The results also 

indicate that, by decreasing the gas inlet velocity by 35% (and therefore 

increasing gas residence time), the extent of CO2 capture can approach up to 

60%. The results of the CFD simulations with a simulated syngas containing 

20% CO2, 20% H2O, 30% CO, and 30% H2 indicate that up to  60% CO2 can be 

removed in the absorber, while the hydrogen content of the reactor exit gas can 

be enhanced through the Sorbent Enhanced Water-Gas-Shift (SEWGS) reaction 

to 65%. 
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OBJECTIVES 

 

Specific objectives of this project were to: 

 

 Develop a CFD model to determine the extent of CO2 capture in the gas/solid CO2 

absorption and sorbent regeneration reactions 

 Experimentally determine key gas-solid reaction parameters for the 

absorption/regeneration and WGS reactions  

 Perform CFD simulations of the regenerative carbon dioxide capture process 

 Develop a preliminary base case design for scale up 
 

To achieve the project objectives, a 3-year program comprising of extensive 

experimental, analytical, and CFD modeling work was undertaken consisting the 

following four tasks: 

Task 1. Development of a CFD/PBE model accounting for the particle (sorbent) porosity 

distribution and of a numerical technique to solve the CFD/PBE model 

Task 2. Determination of the key parameters for the absorption/regeneration and WGS 

reactions 

Task 3. CFD simulations of the regenerative carbon dioxide capture process  

Task 4. Development of preliminary base case design for scale up 

 

INTRODUCTION AND BACKGROUND 

 

Coal-fired power plants currently account for about 50% of the electricity used in the 

United States
1
. With diminishing petroleum supplies, public concern regarding the 

overall safety of nuclear power, unpredictability of natural gas prices, and unavailability 

of alternative large-scale sources of energy, coal continues to play a leading role in the 

total energy picture. Advanced power generation technologies such as Integrated 

Gasification-Combined Cycle (IGCC) are among the leading contenders for power 

generation conversion in the 21
st
 century, because such processes offer significantly 

higher efficiencies and superior environmental performance, compared to coal 

combustion processes. It is envisioned that these advanced systems can competitively 

produce low-cost electricity at efficiencies higher than 60% with coal while achieving 

“near-zero discharge” energy plants, if the environmental concerns associated with these 

processes, including the climate change, can be effectively eliminated at competitive 

costs.
2
 

 

Development of IGCC processes is especially advantageous to high sulfur Illinois coal, in 

comparison to western coal, because of its high Btu content. With any coal (high or low 

sulfur), a gas cleaning treatment is always needed due to process requirements in the 

downstream units. The cost of sulfur capture is determined primarily by the gas 

throughput of the system rather than the sulfur content of the coal. Another advantage 

associated with the use of high sulfur Illinois coal is the value of the increased sulfur 
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products generated in the cleaning process.  

 

Global warming, which has been associated with the increasing concentration of 

greenhouse gases, mainly carbon dioxide (CO2), is regarded as one of the key 

environmental issues in the 21
st
 century.  Continued uncontrolled atmospheric emission 

of CO2 is believed to significantly contribute to undesirable climatic changes.  Given that 

a large fraction of the total CO2 emissions is from large stationary sources such as fossil 

fuel-based power plants, it is logical to assume that the initial efforts toward reducing 

CO2 emissions should focus on development of improved and novel technologies for 

capture of CO2 from conventional or advanced power generation processes.   

 

Near-term applications of CO2 capture from pre-combustion systems will likely involve 

physical or chemical absorption processes.  However, these commercially available 

processes (e.g., SELEXOL) operate at low temperatures, imparting a severe energy 

penalty on the system
3
 and, consequently, their use can significantly increase the costs of 

electricity production. Therefore, development of high temperature regenerative 

processes based on solid sorbents can offer an attractive alternative option for carbon 

capture, at competitive costs. 

 

The gas separation research team at the Illinois Institute of Technology (IIT) has 

developed a regenerative high temperature CO2 capture process that is capable of 

removing over 98% of CO2 from a simulated coal gas mixture at IGCC conditions using 

a highly reactive and mechanically strong MgO-based sorbents (see Figure 1a) 

Furthermore, the catalytic activity has been exhibited by the sorbent for the water-gas-

shift (WGS) reaction at 300C (shown in Figure 1b), increasing hydrogen concentration 

from 37% (inlet) to about 70% in the reactor exit.
4,5

  While CO2 absorption reaction is 

accomplished at IGCC process conditions, the regeneration reaction is carried out by 

using a CO2 free regeneration gas (e.g., steam) to produce a concentrated stream of CO2, 

to be utilized in another industrial application or sequestered. 

 

The cyclic chemical reactions for CO2 capture involving magnesium oxide are: 

 

 MgO + CO2  MgCO3  (CO2 Absorption Reaction)   (A) 

 MgCO3  MgO + CO2  (Regeneration Reaction)   (B) 

 CO + H2O  CO2 + H2   (Water-Gas-Shift Reaction)   (C) 
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Figure 1: a (top), Extent of CO2 Capture at Different Operating Temperatures;  

                  b (bottom), CO2 Capture and H2 Production at 300 C 

 

The regenerability and long term durability of the sorbent has been demonstrated over 25 

consecutive absorption/regeneration cycles, indicating that the sorbent is suitable for 

long-term applications. It was also shown that only the outer layer (40-50 μm thick) of 

the sorbent (particle diameter 425-500 μm) reacted with CO2.
6,7

 Therefore, it is logical to 

assume that by reducing the particle size to about 100-150 μm, the CO2 absorption 

capacity of the sorbent can be significantly increased. A two-zone expanding grain model 

was developed to describe the gas-solid reaction to predict the sorbent performance in the 

cyclic process and the extent of CO2 capture and hydrogen production if the sorbent is 

mixed with an appropriate WGS catalyst.
5,7

 The results of theoretical modeling of the 

sorbent/catalyst performance in a packed bed indicated that hydrogen concentration in the 

simulated WGS mixture can exceed 95%. These encouraging results indicate that both 
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CO2 capture enhancement of hydrogen production can be achieved through a Sorbent 

Enhanced Water-Gas-Shift (SEWGS) reaction involving MgO-based sorbents. 

 

Although encouraging results were obtained in the previous related projects, there are 

several key issues that remain to be investigated to provide sufficient information to 

properly scale-up the process.  Computational Fluid Dynamics (CFD) provides an 

attractive option to accomplish this goal in a systematic and economically feasible way. 

However, in order to use CFD to perform simulations of the regenerative CO2 capture 

process, a model accounting for the variation of particle porosity and its effects is 

required.  

 

In this project, a population balance equation (PBE) approach was used to describe the 

evolution of the particle porosity distribution and was linked with the multiphase flow 

dynamics governing equations.  The variable diffusivity reaction rate model (that was 

developed in the 2
nd

 year of the ICCI project) was used to describe the porosity variation 

of a single sorbent particle as a function of sorbent conversion and was incorporated into 

the CFD model to predict the extent of the overall absorption/regeneration reactions. The 

PBE was solved with an efficient computational technique known as Finite size domain 

Complete set of trial functions Method Of Moments (FCMOM), recently developed by 

the IIT multiphase flow research team. 

 

THEORETICAL APPROACH 

 

In this project, a regenerative CO2 capture process was considered. The process consists 

of two reactors, the first being the absorber and the second being the regenerator. 

Typically, in a coal gasification power plant, the coal gas is first cleaned from its 

contaminants (particulates, sulfur, etc.) and then is sent to a water-gas-shift (WGS) 

reactor, and then to the CO2 capture unit. In the regenerative process considered in this 

project, both the WGS reaction and the CO2 capture by sorbent absorption take place in 

the absorber. The H2-rich syngas exiting the process can be converted to electrical or 

thermal power, while the sorbents enter the regenerator reactor, where CO2 is released in 

the presence of a regeneration gas (steam).  Therefore, both in the absorber and in the 

regenerator up to three phases can be distinguished, i.e. the sorbents, the WGS catalyst (if 

needed), and a gas phase (syngas in the absorber, and CO2 plus the regeneration gas in 

the regenerator). 

 

In the CFD/PBE model developed in this project, the gas and catalyst phases were 

described by standard multiphase governing equations
8
. However, as far as the sorbent 

phase is concerned, an original approach was used based on a population balance 

equation (PBE) governing the evolution of particle density distribution. The equations 

governing the gas phase fluid dynamics are the mass, momentum, energy and species 

balances
8
: 
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In equations 1 through 4, the subscripts g, c, s, and m denote gas, catalyst, sorbent, and 

generic solid phase, respectively.  The subscript n denotes a component of a phase,  is 

the microscopic (material) density,  is the volumetric void fraction, v is the convective 

velocity, Rgn is the reaction (production) rates of the Ng species in the gas phase, and p 

and  are the pressure and the stress tensor, respectively. The constant, g, is the 

gravitation acceleration and Igi represents the force (per unit volume) exerted by the gas 

phase on the solid phase i (interface momentum transfer). The last summation on the 

right-hand side of equation 2 represents the effect of the mass transfer rate Rgi from the 

gas phase to the solid phase i. The temperature is denoted by T, the specific heat by Cp, 

the heat flux by q, and the heat of reaction by H.  Xgn is the gas phase mass fraction of 

the n
th

 species and Dgn is the diffusion coefficients [kg/(ms)]. 

 

The sorbent particles are characterized by a distribution of the particle porosity 
p
. The 

particle porosity can be related to the particle density s, using the variable diffusivity 

model. The particle porosity distribution (PPD) is denoted by f(
p
, t, x) and is defined 

such that f, d
p
, and dx give the number of particles with porosity in the range 

p
+d

p
 at 

the location x+dx at the time t. The population balance equation governing the PPD 

evolution is:  

   t

s p

f G f
f D f

t 

  
     

 
v

       (5) 

n eq. (5), G=G(
p
, t, x) is the particle porosity growth rate due to the absorption reaction, 

which can be computed from the absorption reaction rate. The particle porosity growth 

rate can be negative, i.e. the particle porosity decreases. D
t
=D

t
(

p
, t, x) is the particle 

turbulent diffusivity and is assumed to be isotropic. The sorbent phase volume fraction 

can be computed from the PPD: 

 
3

6

P

s sD f d


    
         (6) 

Therefore, the mass balance is not required for the sorbent phase (it is already “included” 

in the PBE). 

 

The mass balance of the catalyst phase is expresses as
8
:   



9 

 

 

  0c c
c c c

t

 
 

 
   


v

         (7)  

The momentum, energy and granular temperature balances of the two solid phases 

(catalyst and sorbent) are
8
: 
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In eq. (10), m is the phase m granular temperature (one-third the mean square of particle 

velocity fluctuations), qm the granular energy heat flux, m is the dissipation of 

granular energy due to gas-solid interaction, Jm is the granular energy collisional 

dissipation. 

 

Referring to the sorbent phase, it should be noticed how the PBE (5) is linked to the 

equations (8), (9) and (10). The PBE (5) provides a distribution of particle porosities, i.e. 

particle (microscopic) densities s. On the other side, equations (8), (9) and (10) are 

derived on the assumption of one uniform value of s. Therefore, the value of s in 

equations (8), (9) and (10) is to be interpreted as an average value obtained using the PPD 

computed through the PBE (5). Additionally, the sorbent phase convective velocity in the 

PBE (5) is obtained from equation (8) and is an average velocity (independent of the 

particle densities). 

 

Finite Size Domain Complete Set of Trial Functions Method of Moments (FCMOM 

 

In the numerical solution of the CFD/PBE model defined above, in the previous section 

(eqs. 1-10), special care must paid to the PBE (5) (in fact, standard numerical are 

available in literature and in CFD codes to solve the other governing equations). The PBE 

(5) was solved in this project using the FCMOM (Finite Size Domain Complete Set of 

Trial Fnctions Method Of Moments), recently developed by the IIT multiphase flow 

research team.  

 

The FCMOM is a moments based numerical technique to solve monovariate and 

bivariate PBE 
9,10

. The FCMOM is computationally very efficient and provides accurate 

reconstructions of the particle internal variable distribution. The FCMOM was validated 

both for homogeneous and for in-homogenous (spatially not uniform) systems
9-11

. 

 

To apply FCMOM to PBE (7), the particles are characterized by the particle porosity 
p
, 

whose values range between min
p
(t,x) and max

p
(t,x) (minimum and maximum values). 
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Using the following coordinate transformation: 

       
1

min max max min, , , ,

2 2

p p p p
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The dimensionless internal variable 
p
 ranges in the domain [-1, 1]. The particle porosity 

distribution (PPD) can be defined in dimensionless terms as f
’
(p

, t, x)= f
’
(p

, t, x)/fsc, 

where fsc is an appropriate scale factor. The dimensionless moments are defined as: 

 
1

'

1

i
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i f d  


  
.              (12) 

The dimensionless PPD f
’
 and is expressed as a series expansion truncated after the first 

M terms: 
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Where, n(
p
) are the ortho-normal functions associated to the Legendre polynomials

12
 

and the coefficients cj can be expressed in terms of the moments. Therefore the PPD f
’
 is 

completely determined by the moments. M is the number of moments considered. 

 

The moments evolution equations are derived from PBE (5): 
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In eq. (14), 

' '

1 1

,
p p

f f

  

 

   denote the values of the 
'f  derivative with respect to 

p  at 

1p   and 1p   , respectively; 
p  is equal to 

 max min

p p 
. Eq. (14) was derived in 

the assumption that 
'f  is equal to zero at 1p   and 1p   ; the general form of eq. 

(14) has also been derived and is available but is omitted here for sake of clarity. 

 

The structure of equation (14) is as follows. On the left-hand side, the first term is the 

moments accumulation rate, the second term represents convection, the third term 

represents particle diffusion. The remaining terms on the left-hand side 

1 2, , ,conv diff diffMB MB MB MB
 are due to the coordinate transformation (12): MB  accounts for 

the temporal variation of the boundaries min

p  and max

p  and is present also in homogeneous 

processes 
9
. convMB  accounts for the spatial variation of the boundaries in presence of 

convection. 1diffMB
 and 2diffMB

 account for the spatial variation of the boundaries in 

presence of particle diffusion. On the right-hand side of equation (14), there is a term due 

to the particle porosity growth rate G. 

 

Moments evolution equations must be coupled with moving boundary conditions 

providing the governing equations for  min ,p t x
 and  max ,p t x

. Such boundary conditions 

were derived both for homogeneous and for in-homogeneous systems by Strumendo and 

Arastoopour 
9,11

. As an example, in a homogeneous (spatially uniform) system in which 

the particle porosity changes are only due to the particle porosity growth 

(absorption/regeneration kinetics), the boundary conditions are obtained applying the 

growth rate G directly to min

p  and max

p . 

 

For classical PBE in which the particles are characterized by the particle size (instead of 

the particle porosity which defines the particle state in this project), the FCMOM was 

validated for the cases of constant, linear, diffusion-controlled growth, with and without 
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particle formation, particle dissolution (negative growth), particle aggregation, 

simultaneous particle aggregation and growth, particle diffusion and particle convection 

by Strumendo and Arastoopour 
9,11

. In Figure 2a, the results of the simulations for the 

case of diffusion-controlled growth are plotted. The particle size growth rate (in terms of 

particle radius) is inversely proportional to the particle radius, through a constant K=0.78 

micron
2
/sec. The numerical solution of the particle size distribution, obtained with 10 

moments, was compared with the analytical solution at the final time (Figure 2a); the 

numerical solution closely represents and has converged to the exact size distribution.  

 

Figure 2a shows the simulation results when the FCMOM is applied to particle 

dissolution (negative growth). In this application, particles decrease their size, because 

mass is transferred from the particulate phase to the fluid phase, until they dissolve. The 

product between the constant dissolution rate K and the final time tfin is K.tfin=0.5 micron. 

Again, the comparison between the solution by the FCMOM (with 10 moments) and the 

analytical solution shows excellent agreement. 

 

Figure 2: Particle size distribution (PSD) vs. particle radius: in Figure 2a (left), 

comparison between the numerical solution by the FCMOM and the exact solution for 

the diffusion-controlled growth rate. The final time is 20 sec. In Figure 2b (right), the 

numerical solution by the FCMOM vs. exact solution for particle dissolution. In both 

Figures 2a & 2b, M=10.  

Simulations of the CO2 capture regenerative process 

 

The regenerative CO2 capture process consists of two reactors, i.e. the absorber and the 

regenerator. The syngas mixture (CO, CO2, H2O, H2, CO2, diluents), the sorbent particles 

and the WGS catalyst (if needed) are fed to the absorber, where the CO2 and H2 are 

produced by the WGS reaction and CO2 is removed from the syngas by absorption. At 

the exit of the absorber, the H2-rich syngas is sent to power production; while the 

carbonated sorbents are sent to the regenerator reactor and can be partially recycled to the 

absorber (the catalyst can be either recycled to the absorber or sent to the regenerator 

with the sorbent). In the regenerator, the CO2 is released from the sorbent particles to a 

regeneration gas (steam); at the regenerator exit, the steam/CO2 stream is separated from 

the regenerated sorbent particles, which are fed again in the absorber. 

 

a b 
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The objective of this project was to assess the performance of the sorbent for capturing 

CO2 in a regenerative process and to provide a base case design for a circulation fluidized 

bed reactor. To achieve this objective, we used the NETL Carbon Capture Unit (C2U) 

design as our starting point. The data provided directly by NETL and some details has 

been reported by Clark et al
13

. 

 

The system is a bench scale CO2 capture unit using a solid sorbent to capture CO2 from a 

flue gas stream. The experiment data on hydrodynamics and operation of a continuously 

looping CO2 capture system was used as a baseline for validation of our CFD model. As 

the first step, we used the cold, non-reacting conditions to study the gas-particle flow 

behavior of the system.   

 

A schematic picture of the experimental unit is shown in Figure 3.  The unit has an 

overall height of 3.35 m, a width of 1.16 m, and a depth of 0.71 m. The system is made of 

clear polycarbonate material which allows visual observations and image recordings of 

particle flow.  The regenerator and loop seals are 13.97 cm ID clear polycarbonate. 

Piping is 5.08 cm ID clear polycarbonate except for the 2.54 cm piping from the riser to 

the cyclone. Two-ring heating coils are located in the regenerator and loop seal 1 and 

reduce cross-flow area from 152.28 cm
2
 to an effective flow area of 105.48 cm

2
. 

 

The CO2-containing gas enters the bottom of the absorber and mixes with fresh sorbent. 

In the cold experiments with inert sorbent, air is used as the fluidization media. The 

sorbent particles mix with the feed gas absorbing CO2 into the particle through chemical 

reaction. The carbonated particles flow up the riser, turn and flow into the cyclone. In a 

reacting C2U experiment, CO2-lean gas is separated from particles in the cyclone and exit 

the system, and the carbonated particles pass through a loop-seal and into the regenerator 

where CO2 is released from the sorbent-particles by heating the spent sorbent in a 

regeneration gas stream (e.g., steam). The CO2 gas exits the C2U system and the 

regenerated sorbent particles continue through the loop to the next loop-seal. The fresh 

sorbent particles pass through the loop-seal to the absorber and the process continues. To 

maintain gas-particle flow in a CO2 capture loop, gases are injected throughout the 

system to keep particles fluidized. The main gas inlet is the absorber inlet. Other gases 

are injected into the system to keep particles fluidized and flowing. In an active CO2 

transport loop, fluidizing gases, injected downstream of the cyclone will be the 

regeneration gases such as steam. In the non-reacting cold-flow experiment the solid 

particles were assumed to be spherical with mean diameter of 185 µm and density of 

2480 kg/m
3
.  The system is operated at room temperature and atmospheric pressure and 

only air is used as the fluidization media. Table 1 provides the flow rates of gases and 

injection points throughout the system. 

 

Cold flow simulations were performed on the riser section of the NETL C2U circulating 

fluidized bed unit using our (Abbasi and Arastoopour
14

) 3D Eulerian-Eulerian CFD 

model. Our initial focus was directed toward the absorber and riser section of the 

circulating fluidized bed as shown in Figure 3. The objective of this stage was; 1) to 

calculate the pressure drop across the absorber and, 2) capturing the chugging effect as 

observed during the experiments. This section has an overall height of 3.35 m. For our 



14 

 

 

simulations, the initial solid height in the absorber was set to 30 cm and at minimum 

fluidization state. Fluidizing gas was injected from the bottom of the absorber with a 

mass flow rate of 0.005 kg/s while the solid mass flow rate was set to 0.048 kg/s and 

injected from the side. Outlet boundary condition was set to atmospheric pressure.  

 

 

 
Figure 3. NETL C2U experimental setup 

 

 

 

Table 1: Inlet flow rates (Positions shown in Error! Reference source not found.). 

 

Flow Location 
Nominal Design Flow Rate 

(kg/s) 

Absorber 5.0e-03 

Loop Seal 1 7.0e-04 

Regenerator 1.0e-03 

Loop Seal 2 8.0e-4 

Adsorber 

Regenerator 

Cyclone 

Riser 

Loop seal 1 



15 

 

 

Following the cold flow simulations of the riser section of the NETL C2U circulating 

fluidized bed unit using our 3D Eulerian-Eulerian CFD model, the focus of our research 

was directed toward adding carbonation and water gas shift (WGS) reactions to the 

system to investigate the performance of the MgO based sorbent in capturing CO2 and 

enhancing H2 production in the reactor.  

 

RESULTS AND DISCUSSION 

 

According to Clark et al.
13

, chugging occurs when a large mass of particles lifts from the 

fluidized bed and moves into the cone leading into the riser. The cone-constriction 

prevents particles from flowing smoothly into the riser and particles plug the riser pipe. 

As shown in Figure 4, chugging was observed during the experiment and the same 

behavior was captured by our CFD model as shown in Figure 5. 

 

A comparison of the predicted pressure drop in the lower mixing zone of the 

riser with the experimental data is presented in Figure 6, indicating that the 

model prediction is in good agreement with the experimental data. The average 

calculated pressure drop from the simulation is 4.29 kPa averaged over 12 sec 

compare to 3.87 kPa average pressure drop measured in the experiment over 150 

sec. One of the factors contributing to the slight differences between the 

predicted and the measured pressure drop can be due to the difference in 

averaging time, while overestimation of drag force between gas and particulate 

phase (calculated by ordinary drag models) may also be another contributing 

factor.  Ordinary models assume a homogenous dispersion of particle phase in 

the fluid, and as a consequence, the calculated drag force between phases is 

higher than the actual drag force, in which particles make clusters in the fluid 

phase. In order to eliminate model over-prediction, an Energy Minimization 

Multi-Scale approach (EMMS)
15

 was incorporated in the model. 

 

The EMMS approach is based on the assumption of minimizing energy transfer between 

the clusters and dilute phase inside a gas-solid environment, while the traditional drag 

models (e.g. Syamlal and O’brien
16

) assume a homogenous distribution of solid particles 

in the gas medium, and therefore neglect all heterogeneities inside the flow. Figure 7 

shows the comparison between EMMS and Syamlal and O’brien
16 

model for a bubbling 

fluidized bed.  The results clearly indicate that EMMS provides an accurate prediction of 

both the instantaneous fluctuations and the average and pressure drop. While Symlal and 

O’brien
16 

model does not predict any major fluctuation, it can predict the average value 

with acceptable accuracy. Given the significantly shorter computational time required 

with the Syamlal and O’brien
16 

model, all simulations should be performed with Syamlal 

and O’brien
16 

model, and EMMS should be used when a more accurate data on 

instantaneous behavior of flow is required. 
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Figure 4. Chugging effect reported during NETL experiments 

 

 

 

 

 
 

Figure 5. Chugging effect captured in simulations 
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Figure 6. Experimental pressure drop data compare to the simulation results across the 

lower part of the adsorber 

 

 

 

 

 

 
 

Figure 7. Comparison between EMMS and Syamlal drag models 
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After validating the cold flow hydrodynamics model against the experimental data at low 

pressure and temperature, the model was used as a base-case for simulations of reactive 

flow at elevated pressure and temperatures. Because of the effect of temperature and 

pressure on the viscosity and density of the fluidizing gas, the hydrodynamics of the 

system is different at elevated pressures and temperature, a preliminary study was 

performed to determine the required inlet gas velocity at the target pressure and 

temperature (i.e., T=425 °C and P=20 atm). The goal was to find an operating condition 

that provides the same solid inventory in the riser. Table 2 shows the baseline operating 

condition for the reactive case.  

 

Table 2. Baseline Operating Condition 

Pressure, atm 20  

Temperature, °C 425  

Inlet gas velocity, m/s 0.15  

Inlet solid rate, kg/s 0.044  

Inlet CO2 mole fraction, v/v% 50  

 

The carbonation reaction between CO2 and the MgO-based solid sorbent was added to 

the model using the variable diffusivity shrinking core model (Abbasi et al.
17

). To 

investigate the effect of operating conditions on the CO2 capture performance, a set of 

simulations were performed at different solid circulating rates and gas residence time. 

Table 3 shows the inlet gas velocity and solid circulating rates for different cases: 

 

Table 3. Test Cases Operating Condition 

Case Inlet gas velocity 

(m/s)  

Solid circulating rate 

(g/s) 

5xSolid 0.15  220 

10xSolid 0.15  440 

25% less gas 0.1125  220 

35% less gas 0.0975 220 

 

Figure 8 shows the effect of solid circulation rate on the CO2 capture. At the 

NETL baseline condition, the extent of CO2 capture is less than 15%. By 

increasing the solid circulation rate by factors of 5 and 10, the extent of CO2 

capture increased to 40%, indicating that the solid hold up in the riser has 

reached a level that no longer controls the extent of the CO2 capture. This can be 

attributed to the denser solid flow in the lower part of the riser and also denser 

solid flow in the transport zone. Figure 9 shows the effect of gas inlet velocity 

on the extent of CO2 capture, decreasing gas inlet velocity by 35% (and 

therefore increasing gas residence time) up to 60 % CO2 capture can be 

achieved.  

 

Following the implementation of the carbonation reaction in the model, the 

water gas shift reaction is added to the reactive system to investigate the 

performance of the MgO-based solid sorbent in the sorbent enhanced water gas 

shift (SEWGS) reaction. Hassanzadeh
7
 evaluated the same MgO-based dry 
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sorbent in a SEWGS reaction in packed-bed reactor at 350 °C and showed that 

the sorbent is capable of capturing over 90% of the CO2 and increase the 

hydrogen mole fraction from 37 mol % (dry basis) in the inlet to 55 mol % in the 

outlet. In this study the same assumptions were made and performance of the 

sorbent was evaluated for a SEWGS process. In this CFD/PBE simulation 

model, the inlet gas was a simulated syngas with a composition of 20% CO2, 

20% H2O, 30% CO, and 30% H2. Initially, the reactor contained only steam 

(H2O). The operating condition corresponds to the “5 x Solid” case except the 

temperature was at 350 °C. 

 

 
Figure 8. CO2 outlet to inlet mole fraction ratio vs. time, at different solid circulating rates 

 

 
Figure 9. Effect of gas inlet velocity on CO2 capture 

 

Figure 10 shows the gas composition (wet basis) in the reactor outlet 

corresponding to about 60% CO2 capture with and exit gas containing 65% H2. 

Since the carbonation reaction is limited by equilibrium,  in this case due to the 

lower concentration of CO2, the extent of CO2 captured by the sorbent is lower 

than that in the cases with 50% inlet CO2. 

Equilibrium limit 

Equilibrium limit 
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Figure 10. SEWGS gas outlet concentration at 350 

◦
C 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

A Computational Fluid Dynamic (CFD) model was developed to simulate CO2 capture 

and enhancement of H2 production in the regenerative MgO-based process for CO2 

capture in Integrated Gasification Combined Cycle (IGCC).  A population balance 

equation (PBE) approach was used to describe the evolution of the particle porosity 

distribution and was linked with the multiphase flow dynamics governing equations. The 

variable diffusivity reaction rate model (that was developed in the previous phase) was 

used to describe the porosity variation of a single sorbent particle as a function of sorbent 

conversion and was incorporated into the CFD model to predict the extent of the overall 

absorption/regeneration reactions. The PBE was solved with an efficient computational 

technique known as FCMOM recently developed by the IIT multiphase flow research 

team. 

 

Cold flow simulations were performed on the riser part of the existing C2U cold flow 

unit at the NETL circulating fluidized bed unit using a 3D CFD model. The objective of 

this work was; 1) to calculate the pressure drop across the absorber and, 2) capturing the 

chugging effect observed in the NETL experiments.  The results clearly indicate that 

EMMS provides an accurate prediction of both the instantaneous fluctuations and the 

average and pressure drop. While Symlal and O’brien
16 

model does not predict any major 

fluctuation, it can predict the average value with acceptable accuracy. Given the 

significantly shorter computational time required with the Syamlal and O’brien
16 

model, 

all simulations should be performed with Syamlal and O’brien
16 

model, and EMMS 

should be used when a more accurate data on instantaneous behavior of flow is required. 

 

The results of the CFD simulation of the CO2 capture in the absorber with a 

(50/50) CO2/N2 mixture indicate that, at the NETL baseline condition, the extent 

of CO2 capture is less than 15%. By increasing the solid circulation rate by 

factor of 10, the extent of CO2 capture can increase up to 40%, while by 

decreasing the gas inlet velocity by 35% (and therefore increasing gas residence 

Equilibrium limit 
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time), the extent of CO2 capture can approach up to 60%. The results of the CFD 

simulations with a simulated syngas containing 20% CO2, 20% H2O, 30% CO, 

and 30% H2 indicate that up to 60% CO2 can be captured in the absorber, while 

enhancing the hydrogen content of the reactor exit gas to 65% through the 

Sorbent Enhanced Water-Gas-Shift (SEWGS) reaction.  
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