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Introduction

Available processes for CO, capture
— Pre-combustion CO, separation

— Oxyfuel combustion

— Post-combustion CO, separation 2

« Amine based liquid sorbents

« Membrane separation
« Cryogenic separation
» Solid Sorbents

Challenges:
— Energy Consumption
— High volume of flue gas
— low concentration of CO,
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DEVELOPMENT OF A
COMPUTATIONAL FLUID DYNAMICS
(CFD)/ POPULATION BALANCE (PBE)

MODEL



Q.v'v Population Balance Equation

What is the Population Balance Equation?

{} Qout
phase boundary ... U . : .

— "f/o?;g; o e > The popula’_uon balance equation is a
TNgfe mue %l/ggtgg : balance equation based on the number
ol6n] : density function £ (&; x, t) with external
_'\oo/O\OC]‘> X \ ; coordinate x and Internal coordinate ¢ .
< Q. gzggl:;eak; » Accounts for the particles accumulating,

= e e {} leaving, entering or being generated or

I destroyed in a single control volume

of @x.t) 3 of (€;x,1) 05§ o .. e
p [u (tX)f(&xt)]+ [Dpt(ﬁ, X, 1) ox 1+ ag[a f (& x,1)]=h(Ex,t)

Accumulation term + Convection term + diffusive term + Growth term = Source term



YL FCMOM

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

— (¢, x,t) will be approximated by expansion based on a complete set of trial
functions

f(EXD=3C 0D, when  C = [ fEx)D,()d
f(Ex0 = I3 Colx )Py ()P, () de
set of orthonormal trial functions forming a complete space

Dy ($), @y (S)sernns P, ()



Coordinate Transformation = _ 16 —[Smin (D) + Srnax (D] / 2}
USIﬂg [é:min (t) + é:max(t)] / 2

gel00] - S € [Smin(D: Srmax(D)] - ¢ e[-11]

Dimensionless distribution function
f’(g?,x,t): f(g?,x,t)/ fo.

Writing distribution function in terms of series expansion of Legendre
Polynomials

(@ x1) = Zc (t,%)4, (%)

on+l 1 & L)t 1
C, = == D> (=) (2v) ={ : s -
2 2" i3 [@Qv-—n)1 T(h—W)!].[\)1]
_ _ I
= 2n+1 _ = Po(Dy=1, P(DH=E PD=5-&—3.
b() = Rls) 5 3 3 5 15 o 3
PO=2FT 38 PO=2-T-2.T+3
: 2 2 8 3 g



%y Moments Transport Equation

= [F.6)dg

ou, aVloj

L+ = +V D — d&]=
ot A o Ve ax [f (5) 1=
—(MB + MBg,,,, + MB;;;; + MBp i, + MBi5 + 1G)

MB : Terms due to coordinate transformation (Moving Boundary)

|G: Contribution due to the Integration of Particle Growth Term

2 . _ .
IG = G, f —(-D)'G,f ]1-i.| G f'.(&)*d
Ty enfi-y'en ] L[G T.(E) aé}

o 9E

dt




e Particle Size distribution remains unchanged

e Density distribution is changingf (£;x,t) where &:particledensity
e PBE accounts for particle density Distribution changes

e No Birth or Death term for density

of (&;x t)

L, 0 FEx D+ 2D, ) T T (= h(,/t)

ot dg ot



’-V.' Possible Assumptions

_I+ _ ) +V _ [ Dr o Id —
o M OX, "l ox; ox, [fl "X, (&) dc]
—(MB + MB,,,, + MB;, + MBi, + MBj; + 1G)

1-No Birth or Death term for density: Source term is Zero

2- Incompressible particulate phase: bl —0
j
3- Particle Turbulent Diffusivity functionality D,,=D,(¢ x,t)
- if Homogenous, D,._ D,(¢,,t): MBpy ; is Zero
- if density independent, D,._. D,(x,t): MBp 5 is Zero

4- if Stm/n = pfresh sorbent and 5max = psorbent 100% conversion
then all the MB, MB, .., MBp 1 , MBpiee >, MBps 5 @re Zero

we are not dealing with a moving boundary problem
nymore



Final PBE Equation

2

_ (Strmx _ngn)

{06, T~ (-1'6, T1]-i 6 F1() )
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’.V.‘ Two-Zone Expanding Grain Model

Desired Particle Size about 150 Micron

a: Non-Reacted Particle b: Reacted Particle

r; - The radius of the unreacted core of the grain
ry: Initial radius of the grains
ry" The radius of the expanded grain

Rp: Radius of Particle
Rc: Radius of Inner Layer
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Modification of High-Pressure Packed Bed
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COMPUTATIONAL FLUID DYNAMICS
(CFD) SIMULATION OF CO, SORPTION
IN THE RISER SECTION OF CFB
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’V’ Objective and Process Concept

Objective: To validate our CFD model for CO, Capture process with solid
sorbents in the riser section of a circulating fluidized bed using available
experimental data from Korea Institute for Energy Research (KIER).

CO, free flue gas

CO,-free gas €O, H,0 MHCO I
3 co
O ) — H,0
_.@ 2
Carbonation
= s L |
4 5| & Yi et al., 2007
- i O ©_O
MHCO; g Solid sorbent
MHCO, || L
+— Steam
h O i
Flue gas Fluidization M,CO, Flue gas
gas
Carbonation: CO, + H,0+ K,CO; — 2KHCO; + Heat

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



Experimental setup (KIER, 2007)

DP4 : top
Temperature
B 80°C
£
DP3 : middle 2 g @ |
T |®| E
@2270 -3 g
100 mm 1.D.
DP2 : middie 1 .
25 mm 1.D. <_@ Gas inlet
T s20 : Vy=2m/s
DP1:bottom & 10% CO,
w4 @ 15% H,0
75% N,

Gas-solid outlet
P=1atm

solid inlet

G, =21 kg/m2.s
£.=0.6

35% K,CO;4

65% inert

0% KHCO,

«—



Numerical Modeling:

u.‘ Conservation Equations

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

- Conservation of Mass
a [ J
'gaS phase a(é‘gpg)+V(8gngg)=mg

- solid phase %(85105) +V.(g,0V,) = me

- Conservation of Momentum

.0
- gas phase: a(ggpgvg)+v.(ggpgvgvg) =—g,VP+V.r +&,p,9—f,(V, —V,)

_ 0
- solid phase a(gspsvs) +V.(g,0VeVs) = =6, VP = VP +V.r  +&,0.0 + (v, — V)



Numerical Modeling:
Conservation Equations

- Conservation of Species P
a(ggpgyi)_'_v'(ggpgvgyi): RJ
- gas phase: 5
a(gspsyi) +V'(gspsvsyi) = Rj
- solid phase

- Conservation of solid phase fluctuating Energy

- solid phase

3,0
E[a (gspsg) + V'(gs:osg)vs] — (_vps I+ Z-s) - VVs + V. (stg) —7s
Generation of Diffusion dissipation
energy due to
solid stress
tensor



Numerical Modeling:

A V" Drag Correlation

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

< T~
- §m Py ‘Ug _us‘CDO g, >0.74 Heterogeneity Factor
P 4 d, W<l
g 1-g,)° A-g4)pglu, —u
150 ¢ g)zﬂg s 0% oV —Us| £ <074
L £4d, d,
0.0214
" 05760+
4, —0.74637 +0.0044 014 <8, <08
a)(gg) = < 00101+ 0.0038 0.82 <¢g, <097
4(z, —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




i & Reaction Kinetic:
U ’ Deactivation Kinetic Model

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

dC da
- Qg =2 = kCHzocc:oza - E =Kq Ccozel

1-exp(—k,t)

- Proposed by Park et al (2006)

- Compared the result with Homogenous Model: Garg et al. (2010)
dCeo,
dt

=ke SCK2C03 Cc:o2



Time evolution of Solid Volume Fraction inside

the riser

Solid volume
fraction
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Time evolution of Solid Volume Fraction inside
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Time averaged

CO, Removal

[=2]
(=]

CO2 Mass fraction

Xco,,, — Xco
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: o Xcos i
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’-V-' Pressure Drop and Inlet Gas Velocity

Time averaged Time
Pressure drop averaged
(mm HZO) Pressure

KIER drop
Experiments (mm H20)
Simulation

DP1 100 107

DP2 200-500 335

DP3 250 270

DP4 70 73

Removal %

CO2

70 A <: Baseline
A N operation
60 - o M~ condition
\ BT~
50 - NS OON
\ A
40 1 A ~.
A NG
30 - _ —\ N
—ll - Experiment \
20 - — — Diactivation . \
=—A = Homogenous \A
10 T T T T
1 15 2 2.5 3

Inlet Gas Velocity (m/s)

3.5



’-V-' Conclusion

e The simulation was able to capture the CO, removal
percentage in line with experiment

e The calculated pressure drop is in good agreement with
the experiment

e The simulation predicted cluster formation inside the
riser using EMMS drag model



Moments Transport Equation

Moving Boundary Conditions

25

dggmin dé:min
min_ — u.. ..
dt Z ( dx p"’m'”)

dgmax dé:max
—omax _ ——Zmaxy
dt Z ( dx p"’maxj

Dpt (é: = é:min’t’ X) af .
Feor ) U € Ennt0]

Dpt(gzé:max,t,X) Oof -
f(gzé:max,t,X) [axi (é:_é:maX!t,X)]

up,i,min (t’ X) - up,i (QZ - é:min’t X) — Vp,i (t’ X) o

up,i,max(t’ X) - up,i (é: - é:max’t’ X) = Vp,i (t’ X) _
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Moments Transport Equation

Moving Boundary Terms

MB = —{[T] — (1) Ty]— iz . (Somn . many

= R Vo.i
M BConv — _{[ f+1 B (_1) . 1:—1] _ I'zui—l}' .

(é:max o gmin) | dt dt

£ i+1 £ - 1 dgmin dgmax
-t -1 -f_1]—(l+1)-ﬂi}-(§max_§mm)-(— 4 Tt )

(8§min + aé:maX)
(fmax B é:min) aXj aXj

I A 1A Tt _ VIO,J' _6§min aé:max
{[f, - ~.1t/] (I+1).,u|}.(§max_§min).( ox + 8Xj)
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Moments Transport Equation

Moving Boundary Terms

1 0,  OF oD,
MB., = min max L
o (gmax_gmin)( aX- ’ aX- )f Xj 5 (é:) §+
1 aé: aé: i+1
( min maX) _(g) dg
(é:max_fmin) an [ X- ég
L (O%ni acfmax oD, of’
T e L N @y
E aé:mm aé:max aD a |+1 é:_
(é:max - §m|n) OX 1 8é: a
1 aé:mln aé:max ! aD, f' _
ey o 50T L o LS
1 OZmin 8§max agmm 8§max LoDy of o
(é:max_é:min)Z. (aX ax )( )fl ag 85? (5) dé:
L (% 65 L 0D O o .z
(‘/;max o é:min)z aX

1 ag oF



Moments Transport Equation

Moving Boundary Terms

82 Y
MBp, = 2 (895"“n afmax)[ pt (f) {:

(é:m ax éfmin) 6X

2 _aé:mm agmax
(§max—§min)( oX, )[ o

aag

|+1 é_»_

aag

1 aé:mm aé:max dF —
G el A agﬁ e Eyaz

1 8é:mln éﬁmax a§m|n Gcfmax 1 -
(é‘:max_é:min)Z. (aX 8X )( )f pt 98 (é:) dé:

1 _ angm aégmax
(é:max_é:min)2 ( aX ) f pt

2 aé:mln 8é:max aé:mm
(fmax_gmin)z ( 5X )(

|+2dé;

55

8§maX)f pt _ (g?)'d4?+

1 2é:mm agmax 4 —
Gy Cox )f - 5 (BydE

1 a CJEmin _ 6 égmax 2 _aé:min aé':max 21 _ I+1d
(gmax_é:min).[( anZ asz )+(§max_§min)( an T ) ]f pt é: (5) é: 30



