ILLINOIS INSTITUT Eﬁy}b
OF TECHNOLOGY

CFD Simulations of a Regenerative Process for Carbon

Dioxide Capture in Advanced Gasification Based Power
Plants




ILLINOIS INSTITUTE
OF TECHNOLOGY

Outline

@ Motivation and Background
@ Objective, Scope and Timeline

Q Completed Work and Results
O
O




ILLINOIS INSTITUTE
OF TECHNOLOGY

The Drive for Carbon Capture
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CO, Removal and Hydrogen Production
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Regenerable Sorbent Approach
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MgO-CO, Equilibrium
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Objective

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 CO, and
enhancement of H, production in coal gasification processes.
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Scope of Work

The Project consists of the following four (4) tasks:

Taskl. 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 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
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Task 1.

Task 2.

Task 3.

Task 4.
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Month 3 6 912 15 18 21 24 27 30 33 36

Milestones:

A Task completion

€ Experimental work completed
—+ Reaction model finalized

Y CFD simulation of single reaction/reactor Completed
% CFD simulation of integrated process Completed

I Development of the base-case design completed
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Task 1

Development and validation of CFD model

CO, free flue gas Carbonation:

CO, + H,0+ K,CO; — 2KHCO; + Heat
Regeneration:

2KHCO; — CO, + H,0+ K,CO4 - Heat
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Yi et al., International journal of greenhouse gas control, 2007.
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Task 1

Numerical Modeling: Conservation Equations

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

granular flow
Assumptions: Uniform and constant particle size and density

- Conservation of Mass
a °
- gas phase: a(«?gpg)ﬁLV-(«?ngVg):mg

-solid phase %(esps) +V.(£,00V,) = M

- Conservation of Momentum

0
- gas phase: a(ggpgvg )+ Ve oV V) =6, VP +Vir +e,p,0— B (Vy —V,)

0
- SO“d phase a(‘c"spsvs) + V'(gSpSVSVS) = —(C,‘SVP _VPS +V'7’-s + 8spsg +ﬂgs (Vg _Vs)
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Task 1

Numerical Modeling: Conservation Equations

. 0
- gas phase: P GUADERZCYARARIY

_solid oh d
>0 Id p as€ E(‘gsps y|) +V'(gspsvs y|) = Rj

- Conservation of solid phase fluctuating Energy

- solid phase

g[% (851059) +V'(8sp56)vs] — (_vpsl + Z-s) . VVs +V(KSV0) — Vs

Generation of Diffusion  dissipation
energy due to solid
stress tensor

- Reaction Kinetic: Deactivation Kinetic Model (Park et al, 2007)

da

—a_deCOZa

[1—exp(z.k, (1—exp(—k4t)))]
1—exp(—k,t)

a = exp[ exp(—k,b)]
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Task 1

Numerical Modeling: Drag Correlation

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

—

- Empg ‘Ug —u,[Cp, Heterogeneity Factor
P 4 d, "ol
> 150(1_gg)2ﬂg +175(1_89)p9|ug _u5| 89 <0.74
_ :
g €40, dy
0.0214
(—0.5760 +
4(z, —0.7463)7 +0.0044 0.74 <&, <0.82
w(&y) = < —0.0101+ 0.0038 0.82<eg, <097
4(e, —0.7789)* +0.0040
g, >0.97
( —31.8295+32.8295¢, ’

Accounts for cluster formation by
multiplying the “Wen & Yu"” drag
correlation with a heterogeneity factor
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Solid Volume Fraction inside the riser
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Pressure Drop
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Task 1

Results
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Yi et al., International journal of greenhouse gas control, 2007.
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Task 1

Formulation of a Population Balance Model (PBM)

What is the Population Balance Equation?

ﬁQout
_ phaseboundary .. .o | oo > The population balance equation is a
T Ok %i balance equation based on the number density
. "% function 7(& x, 1)
a|G
» 00 OO X
1 \ : » Accounts for the particles accumulating,
i ?,g::g,,g Qz. o leaving, entering or being generated or
— LoTeed .. break - : :
b JRLLEON R destroyed in a single control volume
| Qin
of (€;x,t) 0O 0 of (&;x,1); 9 95,
+ u, (t,x)fFE;x,t)]+—[D_, (€ x,t + f(€;x,t)]=h(E; x,t
o axi[ » (6, X) £(§;x,1)] axi[ (8%, 1) ox | agj[at & x.1)]=h(E;x,1)

Accumulation term + Convection term + diffusive term + Growth term = Source term
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Finite size domain Complete set of trial functions Method Of Moments: FCMOM

> Finite size domain: [-1, 1] instead of [0, ] E = 1S —[Gmin (1) + S (D]/ 2}
[Srin (1) + & (D)]/ 2
> Solution in terms of both Moments and size distribution

> f(é,x,t) will be approximated by expansion based on a complete set of trial
functions

F(E X 1) = icn (t,X) D (&) when

2n+1 1 &, e (20) 1
Z( b [(2v—n)!]'{[(n—v)!]-[(V)!]

=[TE@9E 4,&- TR @

}'/u2v—n
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IER&!

Moments Transport Equation

a |
g,: +V.(1;v,) = V(D Vi) = =(MB + MB,,, + MByi; + MBi, + MByiis + 1G)

MB : Terms due to coordinate transformation (Moving Boundary)

IG: Contribution due to the Integration of Growth Term

Boundary conditions:

démin — Smin and démax — S
dt dt

max

For the application of interest:

8;' +V.(1,V,) =—(MB +MBg,, +1G)
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Task 1

Assumptions

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 [€,..., &.....] 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.
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Implementation and validation of FCMOM method ina CFD
code

Implementation in Ansys Fluent via UDS

Oe, P, 9.
ot

+V.(e,pV, 0, —£.D, V) =S,

gl ="t

€

i v u v,)=—(MB+MB

+ 1G
ot )

Conv
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Task 1

Validation

Test casea: Linear Growth, No convection

Case study for k=0.05 and t=10 sec
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Coupling CFD-PBE

ILLINOIS INSTITUTE
OF TECHNOLOGY

CFD
Two Fluid Model

Phase velocity,
Volume Fraction

Mean Solid Density

v 1
: UDS Source terms Moments of Density
Reaction Distribution

A
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Test case 2: Density Growth (Reaction) and convection
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Assumption: Moments are convected with mixture velocity

B e A T (Smny
A O A R L i oy
T A B (fxmji“)—
T A R (L aggxm;" )
89;?” +V, V& =K

(fll) (émax o gmin) + (gmin + gmax)

Ps = >

. Im




Test case 2: Results
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Scalar 0

Scalard

4 166e+000
t 4. 164e+000
- 4.163e+000
- 4 161e+000
- 4.159e+000
- 4.157e+000
- 4. 155e+000
- 4 154e+000
- 4. 152e+000
- 4_150e+000
- 4.148e+000
- 4. 148e+000
- 4.145e+000

4.139e+000
- 4.137e+000

- 4.143e+000
4.141e+000

1st Moment

Scalar 1
Scalar1

W

-2.070e+000
-2.074e+000
-2.078e+000
-2.081e+000
-2.085e+000
-2.089e+000
-2.092e+000
-2.096e+000
-2.099e+000
-2.103e+000
-2.107e+000
-2 110e+000
-2.114e+000
-2.117e+000
-2.121e+000
-2.125e+000
-2.128e+000

2nd Moment

Number density function (Dimensionless)

15

Particle Property (Dimensionless)



Test case 2: Results
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t =10s

Scalar 10
Solid density

2.003e+003 |
t 2.003e+003 |
- 2.003e+003 |
2.003e+003 |
- 2.003e+003 |
- 2.002e+003 |
- 2.002e+003 |
- 2.002e+003

2.002e+003
2.002e+003

2.001e+003 |
- 2.001e+003
- 2.001e+003 |
- 2.001e+003

2.000e+003

2.000e+003 |

2.000e+003

Minimum
Density

Phase 2 Volume Fraction
Solid density

B 2.970e-001
: 2.909e-001

r 2.848e-001
r 2.788e-001
F2.727e-001
i 2.667e-001
{ 2.606e-001
i 2.545e-001
i 2.485e-001
{ 2.424e-001
F 2.364e-001
r 2.303e-001

| 2242001

+ 2.182e-001

2.121e-001
- 2.061e-001
2.000e-001

Solid Volume
Fraction

Phase 2.Density |

Solid density
BB 2.126e+003

2.126e+003

- 2.126e+003
- 2.126€+003
- 2.125e+003
- 2.125e+003
- 2.125e+003
- 2.125e+003
- 2.125e+003
- 2.125¢+003
- 2.125e+003
- 2.125e+003
- 2.124e+003
- 2.124e+003

2.124e+003
2.124e+003
2.124e+003

[kg m"-3]

Solid Density
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Task 2

Development of a chemical reaction kinetics model
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Task 2

Key Assumptions

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 r, =r3/1- X) +2X

4- Dyis Variable due to the pore closing and is a function of
conversion p =D  (-aX”)

. . . . . E
5- Intrinsic reaction rate is Arrhenius type k. =k, exp(——)
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Two-Zone Variable Diffusivity Shrinking Core Model with
Expanding product layer

0.45
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0.05

R L
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oL Time (s)

. . Product Layer
r. : Radius of the low reactive zone (k,) Y

r,: Initial radius of the particles Highly Reactive Zone (k,)

r,": Radius of the expanded particle _
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Two-Zone Variable Diffusivity Shrinking Core Model with
Expanding product layer

dr (G, —Co) /Ny o k| € -c)
d r°/ (r,-r)r 1 — = TNo _
|'7_|_ p + = dt NMgO 1+ksri(1_r,’)
K, r,Dy L(i ] D, o
film Product Reaction
Layer

D, = D, (—aX )

0 (Cb_ce)(:l'_x)g
. NMgO

itk Fox
M 1+—Srp(1—)()3(1_3 1X)
7 = pproduct ’ react Dg 1- X+ XZ

Preact M product

3k 2
r, :rgi/(l—X)+ZX dX r,

k, forrxr,

k:

S

k, forr<r,
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Task 2

Reaction Model vs TGA Experimental Date

6E-10
035 e o i o
o D, = Dgo(—ax3)
0.3 5E-10
[ o
K=l
QO.ZS “» 4E-10
g 10
c 0.2 —_
o 8 —
(&) T 2T B
o 0.15 ~
1) 0
= 0.1
_5 -
0.05
_10 |
0 )E I 15 5 1
0 200 T §n aversion
o -20 |
= —
£ —
_25 | | | | | | | |
2 21 22 23 24 25 26 2.7 28 29
(1/T)x1000 (1/k)
Dgo 1.1E-10 6.0E-10 1.2E-9 2.1E-9
a 3.5E+2 8.1E+1 B.7E+1 4.6E+1

B 3 3 3 3
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Validity of Shrinking Core Model
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Thiele Modulus

Ka? reaction

¢ = D dif fusion

® ~0.01 Reactionis controlling
® ~ 100 Dif fusionis controlling

Shrinking core model is applicablein an
intermediate regime

Thiele Modulus in our study

500 1000 1500 2000 2500 3000

t(s)

Onischak and Gidaspow, “Separation of Gaseous Mixtures by Regenerative sorption on Porous Solids. Part Il: Regenerative separation of CO,”",

Recent Developments in Separation Science, ed. N. Li, 1972
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Packed-Bed Model

Thermocouple ——» 455
+ T11
Thermowell —— 450 . ¥%%
T + T14
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Packed-Bed modeling results

@ 425°C
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5O mMin

CO, Outlet Flow, mol/min*10°
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Inlet Total Flow Rate= 200 cm ®/min
CO, inlet= 50 %mol

I{ N, inlet= 50 %mol
p
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Time, min

CO, Absorption Breakthrough Curve at Different Operating
Temperatures
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Conclusion

Results of the CFD model in terms of pressure drops,
capturing the cluster formation and CO, removal rateis 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.
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Future Work

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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—

Solid inlet Gas inlet Outlet Wall

Solid mass flux = 21 kg/m’s Gas velocity= 2 m/s No slip
condition for
gas phase

Solid volume fraction = 0.6 P =1 atm

] Solid volume fraction= 0 Partial slip
Carrier gas mass condition for
flux = 0.05 kg/m?s solid phase

Mass fraction K2CO=: =0.35 Mass fraction COz=0.1
Mass fraction KHCO,; =0 Mass fraction H,O = 0.15
Mass fraction Inert = 0.65 Mass fraction N> = 0.75

A second order discretization scheme was used to discretize the
governing equation
domain including 34xa200 uniform rectangular cells. = «—
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