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Motivation

Coarse grid
Computationally infeasible to implement /ﬁ
sufficiently small cells in large-scale simulations.
Need to use:
— 0O(109) cells in 2D, ?

— 0O(109) cells in 3D.

Quantltatlvely inaccurate predictions obtained when
smaller clusters are unresolved (Igci et al., 2008).

Alternate approach is to develop “filtered” models which account for sub-grid scale structures.

— Good progress made on two-phase gas-particle flows.
» lIgci et al., 2008;
* Igci and Sundaresan, 2011a;
* Igci and Sundaresan, 2011b;
* lIgcietal., 2012;
 Parmentier et al., 2011;
« Shietal., 2011;
« Hong et al., 2012.
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Motivation

Coarse grid Fine grid
|y },ﬂ
« Computationally infeasible to implement "r \

sufficiently small cells in large-scale simulations. ‘ )
Need to use:

—  0O(109) cells in 2D, ;\

_ 9 . =l W — :

0(1 0 ) cells in 3D. Quantitatively inaccurate predictions obtained when

smaller clusters are unresolved (Igci et al., 2008).

» Alternate approach is to develop “filtered” models which account for sub-grid scale structures.

clean
flue gas
» This work focused on developing a sub-grid
correction for an immersed horizontal
cylinder array.
» Device of interest is a fluidized-bed
ADSORBER “adsorber” — used to capture CO, from

thermal power plant exhaust using amine-
based particulate sorbents.

_) « Device length scale ~10 m, tube diameters

~1 cm.
CO2-rich — Cannot resolve tubes explicitly.

exhaust flue gas
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Model

A square 2D periodic domain with cylinder array.

Models a horizontal tube bundle in a region away from the walls.
A staggered arrangement used to prevent channeling of gas and solids between the tubes.
¢, =0.01 ¢, = 0.05 ¢, =0.10 ¢, =0.20

' solid fraction
.64
0.6

Velocity of gas and solids Range of solid fractions simulated:
controlled by varying the vertical ¢ = 0.01 (dilute) to ¢, = 0.60 (dense).
pressure drop AP .
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Model

A square 2D periodic domain with cylinder array.

* Models a horizontal tube bundle in a region away from the walls.
» A staggered arrangement used to prevent channeling of gas and solids between the tubes.
¢, =0.01 ¢, = 0.05 ¢, =0.1 @, =0.20

solid fraction
.64
0.6

* Cylinder spacing a.,; = 100 mm.

- Particle diameter d, = 180 mm, particle density p; = 441 kg/m?.

« Gas density p, = 1.14 kg/m?3 (18% CO,, 6% steam, 76% N,).

* Cylinder diameters investigated: D_, =10 mm, 20 mm, 30 mm, 40 mm.
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Filtering Procedure

The conservation equations are averaged over the domain to obtain
the cylinder-mixture drag.

Ly ) Aoty L1 (o s () s (o)

cylinder periodic
surfaces boundaries
f drag
¢g, v , O v , 6 _ represent unfiltered cell-values obtained from the

& g> 787 7S ’ highly-resolved CFD simulations.

f Filtered drag force exerted on
drag gas-solid mixture by cylinders.

e ©

* Jirag WoUld appear in a

nde corase-grid simulation.
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Filtering Procedure

The conservation equations are averaged over the domain to obtain
the cylinder-mixture drag.

m p¢g L (pg7) dV:_% i (6’g+6;).fld5 [[ Pads+L W[M +pd)gdr

ot

cylinder periodic
surfaces boundaries

f drag

DP=0.75 phiS:0.1 0

(slip velomty

20 * M?q *‘Aﬂ%%*%

Time averaging is Favre-averaged, time-

performed to obtain i 5, | averaged gas velocity
statistically steady =~ 3 of MWWW _

@

=

state values.

gas velocity Favre-averaged, time-

B M-ﬁwww«

solid velocity

averaged solid velocity

S0 100 200 300 400
time*
"= /
—t(g vt)
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Filtering Procedure

The conservation equations are averaged over the domain to obtain
the cylinder-mixture drag.

Ly ) APy L1 (o v yas L[] pias L [][(nd < )]

ot

cylinder periodic
surfaces boundaries

f drag

The filtered variables are given by:

_ lJ‘J‘J‘ ¢ dV The filtered variables and Favre
- averaged velocities would also
appear in a coarse grid
4 = l-m- bV simulation.
V cv
1 v.dv
A ;m- A Objective: Obtain a closure for f;,,,, in
cv

terms of the filtered variables.

o= ([ var
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Filtered Drag vs. Filtered Velocities

* Objective: Find a closure for f*,,,, as a function of filtered velocities and solid fraction.
- First, plot filtered drag 1*,,,, against filtered velocities v," and v,".

q:.s =0.01 q:.s =0.05 q>s =0.10 q>s =0.20
—=—v 2 —=—v 2 ——v, 1 2 f dra g
; | = | -, of C
o CEHERO-OMENEDE | ¥ O
* O 0
—E— v
L) 3 3 :
v
g
: s : T ‘ b ‘ 3 :
-0 -4 -2 0 2 4 -0 -4 -2 0 2 4 -0 -4 -2 0 2 4 -0 -4 -2 0 2 4 * fdrag
dimensionless velocities dimensionless velocitics dimensionless velocities dimensionless velocities f;z’rag = 3
9, = 0.30 9 = 0.40 9 = 0.50 9. = 0.60 PV, Aoy
* A%
Vy =—
vt
o0 @
5 % B

el 3 @O 07 4

dimensionless velocities

-2 0 2 4
dimensionless velocities
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*
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g
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dimensionless velocities
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« Quadratic relationship observed between filtered cylinder drag and solids velocity.

Filtered Drag vs. Filtered Velocities

* Objective: Find a closure for f*,,,, as a function of filtered velocities and solid fraction.

$,=0.01

¢, =0.03

O

* f* |
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fit
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¢, =0.20

— fit

* *
1 2
O |v,vs. fdrag

2 2
3 . 3
20 2 6 -4 20 4 -6
% *
v v
s s
=0.40 ¢, =0.50
2 2
1 1
&0 g0
*uja *u_‘g
2, -1
7 O v_vs. fdm 2 O v Vs, fdra
— fit i
: -3 : - 3 i
2 6 4 2 0 4 6 4 2 0
* *
v v
5 s
% % %
f drag ~— /7 cyl-mix Vi |V
Sz
[l Lawrence Livermore 2 Pac{fic
—d National Laboratory - Los Alamos

NATIONAL LABORATORY
EST.1943

Northwest

U.S. DEPARTMENT OF

)JENERGY



Cylinder-Suspension Sub-grid Drag Coefficient

0.8
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Cylinder-mixture drag coefficient
' eyimix Obtained from least
squares fitting.

V

* %
cyl-mix _VS s

%
f drag =
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Cylinder-Suspension Sub-grid Drag Coefficient

0.8 T T
e fe Dﬂl/ﬂnl — 0.1450

e ﬂl/anl = 0.2899 f* — * 1 (_V
0.7 i Deyt/ @ey) = 0.4349 i SR S
T nyl/ﬂ'{r}'l = (.5798

* *

V

N

)

0.6 o FoE | . -
# = NS Cylinder-mixture drag coefficient
=S W S oy1.mix. ODtaINEd from least
Z< 5] R PN 1 squares fitting.
y SR

. Additional simulations performed

A4 for varying cylinder diameters to
" determine the dependence on
cylinder diameter D

)
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O
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Cylinder-Suspension Sub-grid Drag Coefficient

0.8 . . '
"E" D{*}.l/a{\yl - 0.1"150
"':.E.?J"' Df}'l/ﬂ'v_vl — (.2899 * — * ' (_V* v* )
07+ e ny-lfﬂ-{myl — 0.4349 - fdmg cyl-mix s|'s
i1 Doyt ey = 0.5798
o P/ ® %
== 0.6 és Cylinder-mixture drag coefficient
Bl w f oy1mix Obtained from least
Bz 057 X o 1 squares fitting.
T $~”“‘ Q&I ';F
I 0.4} > 1 Additional simulations performed
ks o for varying cylinder diameters to
= 03l / | determine the dependence on
= AN cylinder diameter D_,,.
:#.F - fLQ«\«\ - yl
0.2 o | Quadratic polynomials used to
/, 2 ~ m describe the dependence on
0.1f e A0 = filtered solid fraction.
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Horizontal Cylinder-Mixture Drag

» Additional simulations were performed with a superimposed horizontal pressure drop.
» Horizontal drag force exerted by cylinders on mixture was much smaller than vertical

drag.
» The horizontal drag force may be neglected in comparison to vertical drag.
1
Vertical drag force by
08K} cylinders on mixture |
" Horizontal drag force| by
P T>"ﬁ0-6 I cylinders force on mjxture
o)
E g fdrag,X
“~=|+S 0.4} -
0.2+ g
0 . = e il] |
0 0.2 0.4 0.6
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Gas-Solid Slip Velocity

* Proposed drag model does not include contribution due to gas velocity.
« Implicitly assumes that gas and solids are locally in equilibrium.

3_5 T T T T T T
B Dey/acy = 0.1450
O Deyi/ey = 0.2899
3.0F V Dey1/acy1 = 0.43497
% Dey1/acy = 0.5798
2.5 =l -
< !
"_C:: 2.0‘?‘\ ('U —'1?q) e ) ; ) )
o N gl— =~ 3.01 ¢—9-29¢s [16.63@'}? + 5.8605 + 1]
N vt
| L5 .o . o
> ‘%‘ The slip velocity|does not depend on
b i R cylinder diameter, gas/solid velocity,
u';[ pressure drop, etc. Depends only on the
TR solid fraction.
0.5F . i
— "w hhhhh
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Influence of Cylinders on Gas-Solid Drag

Microscopic kinetic theory with no
filtering, assumes perfectly

10 T T T T T homogeneous mixture.
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Influence of Cylinders on Gas-Solid Drag

Microscopic kinetic theory with no
filtering, assumes perfectly

10 — ! . homogeneous mixture.
=== -dgs,micro
8*
~gs,fltered
8+ i

Filtering without tubes (lgci et al.,
6 ) 2011). Considers the correction due
to sub-grid scale clusters.

Bys
(psg/v¢)

|
o 4r |
* S

filtering without cylinders
(Igci et al., 2011)
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Influence of Cylinders on Gas-Solid Drag
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Microscopic kinetic theory with no
filtering, assumes perfectly
homogeneous mixture.

Filtering without tubes (lgci et al.,
2011). Considers the correction due
to sub-grid scale clusters.

Filtered model with cylinders. Clusters
seen near tubes for larger ¢ values.
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Summary

A sub-grid model for the vertical drag exerted by an array of cylinders
developed.

— Cylinders will appear as a uniform, stationary porous media in coarse
grid simulations.

The horizontal drag force on suspension due to cylinders is much smaller
than the vertical drag.

At larger solid fractions, presence of cylinders influences the clustering
behavior, which indirectly lowers the gas-solid drag.

Future work
— Implementation and verification of the sub-grid drag model developed.
Validation — availability of experimental data?
— Investigate other tube configurations — vertical tubes.
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Thank You

Disclaimer

This presentation was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.
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Carbon Capture Challenge

» The traditional pathway from discovery to Bench Research
commercialization of energy technologies can be ~1kWe
quite long, i.e., ~ 2-3 decades

- President’s plan requires that barriers to the Small oot
widespread, safe, and cost-effective deployment
of CCS be overcome within 10 years

Medium pilot

* To help realize the President’s objectives, new 1= 5 Mive
approaches are needed for taking carbon
capture concepts from lab to power plant,

Semi-works pilot

quickly, and at low cost and risk 20-35 MWe

« CCSI will accelerate the development of carbon
capture technology, from discovery through Fiﬁ;fﬂ%”&ﬁz'
deployment, with the help of science-based te

simulations

Deployment, >500
MWe, >300 plants
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Cylinder-Suspension Sub-grid Drag Coefficients — Alternate Fit |

0.8 : 0.5 :
@ Dt/ ey = 0.1450 =B =D.y1/ ey = 0.1450 .
_| @ D/ s = 0.2899 @ =@ =D/ = 0.2899 ) Determlne the
0.7 i Dot/ et = 0.4349 0™ 1 0.4} === Deyt/ ey = 0.4349 ' coefficients:
eI Dl:"t'|,-"|lﬂl:".'] = 0.5798 e | - Dn:"\.'ll.".lfin:-\'] = 0.5798 s - ﬂ* .
: : : : cyl-mix
__ 0.6 58 ok
- ] cyl-mix
= o == 7 a4
=3 0.5 e by least squares fit as a
== ‘12 function of the solid
Il 04 I fraction.

» Perform additional
simulations for varying

cyl—mix
o
L]

*

= 4 cylinder diameter.
 Fit a family of curves for
0.1 ﬁ*cyl-mix and y*cyl-mix for
varying diameter and
O —0.2 : ' . : :
0 0.2 0.4 0.6 0 02 04 0.6 solid fraction.
Q. Qg
D cyl/ acyl (D cyl) ﬁ cyl-mix 7* cyl-mix
0.1450 (10 mm) 0.0847¢2 +0.10184, 0.3814¢42 — 0.1674¢,
% % % % *
— _ _ 2 2 _
f drag = Peylmix ( 2% ) + ¥ cylmix 0.2899 (20 mm) 0.1081¢2 + 0.4424 4, 0.5074¢42 — 0.1607 ¢,
0.4349 (30 mm) —0.6095¢2 + 1.15594, 1.3334¢2 — 0.4248 ¢,
0.5789 (40 mm) —0.4363¢2 + 1.41104, 2.1284¢2 - 0.81514,
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Cylinder-Suspension Sub-grid Drag Coefficients — Alternate Fit Il

0.8 - . . 0.5

@+ Degt/ eyt = 0.1450 = 5= Dey1/ eyt = 0.1450
7 ny}/(a'(ryl = 0.2899 -@- {‘\l/anl = 0.2899
0.71 i Dot/ @y = 0.4349 T 0.4f == Dey1/ ey = 0.4349 d
vt Doyl/aey1 = 0.5798 =% = Doyl /g1 = 0.5798
0.6} b g - 3 ¥
0.3} i [
0.5} v. 5 & 8 '
3 - S 2 020 % )
,_. 04 X - o :f - -v\ ‘\ :
= = ! - h v I
5° g = 0l $§__.e---"e"x6).\\t : 1
IRRF 5SRO
’E" Az ﬁ‘ - ..,5
0 ¥ © oW ' % '
L o \
| &Y e N 4
0.1 WS e ey —0.1f v
0 \ — 4 &= TORNE - S | | _02 | 1 1
Oav 0.2 04 0.6 0 0.2 04 0.6
Os Ds

*

%k %k % % %
f drag ~— Fcyl-mix Vs Vs T /4 cyl-mix (_Vs)

Poor fit without any trends. Data suggests that there is no linear velocity dependent
term, only the quadratic term.
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Horizontal Cylinder-Mixture Drag

» Additional simulations were performed with a superimposed horizontal pressure drop.

» Horizontal cylinder-mixture drag measurements were much smaller than the vertical
drag.

« This suggests that the horizontal drag exerted by the cylinders on mixture may be
negligible in comparison to vertical drag.

0.25} ' ' i 0.25}
0.2} 0.2t
*$.0.15} N > 015!
© 3
*g 0.1; | %5 0.1}
~ Horizontal cylinder- Y Vertical mixture-
0.05¢ mixture drag - 0 05| cylinder drag
Ve ~0.5-25v, Vyy~0.5=1.0v,
O e—a—8 = 8——a—5—0 - O e——"2"
O 0.2 0.4 0.6 0 0.2 0.4 0.6
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Gas-Solid Slip Velocity

At smaller solid fractions, only a few particle
clusters exist and their behavior r% erratic.

Measurements are not statistically
meaningful and scatter is large.

O Deyl/aey = 0.1450
0 Deyi/acy = 0.2899
V Deyi/acy = 0.4349
x Dc}.-l / eyl = 0.5798 7
== =fit

s At larger solid fractions, the slip velocity
. depends only on the solid fraction, and does
S~ L not depend on otherfactors (cylinder

- i geometry, pressure drop, etc.)

0
0

! L ?- - - -
0.1 0.2 0.3 0.4 0.5 0.6

|
Ps

« For the solid fraction range of interest (¢, > 0.10), slip velocity depends only on

solid fraction.

« Assuming local equilibrium between gas and solids is reasonable.
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Effect of Cylinders on Gas-Solid Drag

Bys
(psg/vr)
()

[ L:
3z,

== Dyl /acy) = 0.1450
——Dy1/acy) = 0.2899
——Dey1/acy1 = 0.4349
e Dyl eyl = 0.5798

))-k
E = .
’ qs, micro

— g5 filtered (Igci et al., 2011)

solid line = filtered B4, without
tubes (Igci et al., 2011)

-
-
__-l"'.
- -

0.1 0.2 0.3

M Lawrence Livermore
National Laboratory

AAAAAAAAAAAAAAAAA

Pacific
Northwest

The gas-solid drag is over-
predicted when using
larger cells without sub-
grid correction (lgci et al.,
2011).

Fine-scale cluster
formation allows gas to
bypass these clusters,
which lowers the gas-solid
drag.

For smaller solid fractions

(¢ < 0.35), addition of
cylinders found to agree

with predictions from Igci
et al. (2011).

For ¢ > 0.35, a further
reduction in the drag is
observed.

Drag reduction is greater
for larger cylinders.
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Gas-Solid Drag Reduction By Cylinders

10

Zgﬁﬂﬁiﬁ = g;ggg At larger solid fractions, dense packed clusters form in
| = Dest/ 1oy = 0.4349 | the vicinity of the cylinders. Gas flow can easily

— Do/ ey = 0.5798 bypass these dense clusters near the tubes, which

— v itered (Iqci et al., 2011) results in a further reduction in gas-solid drag. (Indirect

influence of cylinders on gas-solid flow.)
¢, = 0.50

4. =0.20

At smaller solid fractions, the gas-solid microstructure
(characteristic cluster length-scales) appears to be
qualitatively unaffected by the cylinders. The gas-solid
drag follow the predictions obtained for system without
cylinders (Igci et al., 2011).
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Filtering Procedure 7

The conservation equations are averaged over the domain to obtain O 1
the cylinder-mixture drag. . . Ol ev
o(p ¢gvg L 0(pgi) I R o
_m. Py dV:—; ” (cg+cs)-ndS ” P ndS +— Hj[ p¢g+ps¢s)g]dV
cylinder periodic
surfaces boundaries

f drag cylinder-mixture drag

' ' ' ' ' 1

¢g9 \7g, Gg, ¢S, \7S, O represent unfiltered cell-values obtained from the highly-resolved simulations.

The filtered quantities are given by: DP=0 75 phi &= 10

1 .
¢ = ¢ dV (slip veloc
S -Lg g 2 eg \M'M N‘I%“Mm M{' |
1 ' A further averaging =k | Favre-averaged, t|m-e-
=— dv o _ f averaged gas velocit
6=y 1l in time is performed = *§ 0] WW% : — ’
| eee o to obtain statistically 'l = gas velocity Favre-averaged, time-
DV, = ;m P,v dV steady state values. = oot |_averaged solid velocity
cv D )
1 . solid velocity
P, _?I” pv.av =0 100 200 300 400
v . time”
= t( glv, )
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