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This project was funded by the United States Department of Energy, National Energy
Technology Laboratory, in part, through a site support contract. Neither the United States
Government nor any agency thereof, nor any of their employees, nor the support
contractor, 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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- Develop, enhance, and apply NETL's suite of MFiX software tools that are used for design and
analysis of nov el reactors and devices for fossil energy (FE) applications.

« Enable science-based models as viable tools to reduce the risk, cost, and tfime required for
development of novel FEreactors.

« Open-source codes are developed, validated, and supportedin-house by NETL's software
development and application specialists.
« Support the following FE pillars of research:
*  Modernization of existing coal fleet
« Development of coal plants of the future
« Reduction of the cost of carbon capture, utilization, and storage (CCUS)

Unique NETL competencies:
«  Multiphase flow modeling expertise
« Joule2.0Supercomputer

«  MFAL:highfidelity data that measures key performance parameters across a broad range of
flow conditions-including fixed bed, bubbling, furbulent, enfrained flow, and CFBs
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Project Update =|tanonaL

Task 2: MFiX Development, Validation, and Enhancements
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Graphical userinterface (GUI)
* Increase usability of the code
*  Minimize error in setup, execution, and post processing.

Additional Models/ physicsrequired for challenging FE applications:
« ParticleinCell
Coarse Grain Discrete Element Method
« Non-spherical particles
« Polydispersity
« Accelerationof the flowsolver

Quality Assurance (QA) Program
« Validation
« Verification
« Improveddocumentation, userguides, and validation experiments.

Outreach capabilities through the MFiXweb portal to better serve FE and NETL
stakeholders.

U.S. DEPARTMENT OF




MFiX Suite of Multiphase CFD Software N=[HaneNAL
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3 Decades 300+ . .
. of development hiSiory downloads per month MFiX-TFM (TWO-FIUId MOdEI)
- s 17,000 . 400
NETL flagship (CFD) code registered users cliafions peryear ’_| MFiX-DEM (Discrete Element Model)
. ?leeorsgiicl)lgs’r)oolset (hydrodynamics, heat transfer, chemical ’_| MFIX-PIC (Mulfiphase Parlicle-in-Cell

* Gas/solidsflows . o MFiX-CGDEM (Coarse Grain DEM)
« Gas: transport equations (confinuity, momentum energy
species) ’
« Solids: tfransport equations or particle tfracking MFiX Exa (Exascale) - under development

« Opensource
C3M multiphase chemistry management
software
[ |

« Developedat NETL, in-house expertise
Nodeworks: Optimization and UQ Toolsets

* Runs on large HPC systems
« Accelerate development andreduce cost
« Optimizes performance
 Reducesdesignrisks

Tracker: Object tracking in videos/image
stack

.;.M Fs NETL MUItiEiclase Flow Science =4 .ﬁ . o
Home of the"MFiX Software Suite .
MFS Software Portfolio
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MFiX Suite of Multiphase CFD Software =|aTNAL
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Managing the Tradeoff Between Accuracy and Time to Solution

DNS

Direct Numerical Simulation: fine scale,
accurate simulations for limited size domain

. Discrete Element Method: Track

- D E M individual particles and resolve collisions
AVIFiX

“UIVIFX

E, Particle-in-Cell : Track parcels of N
3 P l C particles and approximate collisions

R ! Exascale: New code for new
¥ E Xa_ generation of computers
=1 ROM

_/DVT:\_\ Reduced Order Models: Simplified
!y = . P . .
i models with limited application

[CWCCH
Model Uncertainty ———*

NETL Multiphase Flow Science
Home of the"MFiX Software Suite

Two-Fluid Model: Gas and solids form
TF M an interpenetrating continuum

86.60 s

Time to Solution
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MFiX-TFM : Two Fluid Model

Highlights

« Long track record of
successfully supporting DOE-
FE priorities

« Computationally efficient

» Historical workhorse for large-
scale FE applications

Technical limitations

« Unable to efficiently model
phenomena like particle size
distributions

* Relies on complex constitutive
relations to approximate solid
stresses

* Ad hoc extension to multiple
solids phases

[ ]
° F
M s Home of the"MFiX Software Suite
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Fluid continuity equation:

d

57 (EaPg) + V- (ggpg%5) = S,
Fluid momentum equation:

0
a(egpgug) + V- (g0 uyuy)

= —&gVpy + V- 14+ e4pg9 + zgg.m
m

Solids continuity equation:

9]

a (Empm) +V- (gmpmum) =Sm
Solids momentum equation:

0
a(empmum) +V- (Empmumum)
= —Vpp + V-7, + npg — gg,m
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1.0e+00
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EP_G

—07

— 06

4.1e-01

Solver time: Fluid Solid
(one solids phase)




MFiX-DEM : Discrete Element Model
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Advantages

Uses first principles to account for
particle interactions, reducing model
complexity.

Fewer complex closuresresults in less
overall model uncertainty.

Only open-source, fully coupled CFD-
DEM code designed for reacting flows.

Technical limitations

Computationally expensive, limiting the
size of systems that can be modeled.
Fluid-particle interactionis closed
using drag models.

[ ]
° F
M S Home of the"MFiX Software Suite
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Fluid continuity equation:

d

a(egpg) +V- (egpgug) = Sg
Fluid momentum equation:

0

a (egpgug) + V- (egpgugug)

= =&, Vpg +V 15+ ¢4p,9 + Z.‘lg’p

Particle continuity equation:
0
a(mp) = Sp

Particle momentum equations:

mpﬁ =mg ola FCOll :]g'p
; dw, e
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MFiX-DEM : Discrete Element Model
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Advantages

» Usesfirst principles to account for
particle interactions, reducing model
complexity.

* Fewer complex closures results in
less overall model uncertainty.

@ D
Fluid continuity equation:

ad
a—t(ggpg) +V- (ggpgug) = S

Fluid momentum equation:

d
ot (egpgttg) +V - (egpgug1y)

* Only open-source, fully coupled CFD-
DEM code designed for reacting
flows.

= =&, Vp, + V-1, +¢4p,9 + Zﬂg’p
P

P-P and P-W collisions are resolved
(soft sphere)

Technical limitations

« Computationally expensive, limiting
the size of systems that can be

Particle continuity equation:

d
a (mp) = CS‘p

modeled Particle momentum equations:
. N . .. ou
* Fluid-particle interaction is closed mpa_tp =mg+Feou—9,,
using drag models. L0y _
P —

o € 4
Home of the"MFiX Software Suite
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MFIX-CGDEM : Coarse Grain Discrete Element Model = [NATIONAL
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Fluidis a Continuum; Particles are Grouped into Larger Particles (CGP).
CGP are Individually Tracked, Resolving Collisions

Advantages

 Same formulation as DEM
 Runs fasterthan DEM

Drag force is based
on real particle size

Technical limitations
» Lossof accuracy for large statistical weights

Solvertime: Fluid Solid

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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MFiX-PIC : (Multiphase) Particle-in-Cell N=|NarionaL
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Advan tages /Fluid continuity equation: )
« Computationally efficient
« Able to track particle-scale
phenomena like time-histories | Fluid momentum equation:
and size distributions aﬁt(gg patty) + V- (£,p,u,1,)
* Only open-source, PIC model

0
a_t (sgpg) +V-: (sgpgug) = Sg

= —&Vpg+ V- 15 +e5py9 + zﬂg,p
p

Technical limitations

: : Parcel continuity equation:
* Relies on a continuum stress

: : d
model to approximate particle- a_t(mp) =8
particle interactions :
Parcel momentum equation:
« Strong dependence on ou,
implementation My — MG+ V7 —Jgp

Parcel collisions are not resolved
Formally released: April 2019
€ y
MFS Home of theMFiX Software Suite SOI\Iertime: Fluid Solid

@) ENERG' _




TECHNOLOGY
LABORATORY

NS =
B

What Can be Modeled with One Million Particles? gﬁg@AL
T
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Enabling Large Scale Simulations

DEM example

Height = 0.68 m
Particle diameter = 800 microns

Particle count = 500,000 particles

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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Enabling Large Scale Simulations

.-
o’ NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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Particle count = 65(
X DEM
M PIC, Parcel count

Height=0.68 m
Partficle count = 500,000 ¥
DEM ‘

ons (x1,300)

ilions
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Multiphase Particle In Cell (MP-PIC)

Use MP-PIC for Computational Speed and Averaged Accuracy

REDUCED ,
ACCURACY
CGPM \/ CGHS

- g Coarse Grained Coarse Grained
O © Particle Method Hard Sphere
- o Masaaki et al. 2000 Lu et al., 2017
|d—: Sakai and
E Koshizuka, 2009
v
& MFiXoem | /S
o _ Event Driven/ Time
8 k) Co?nELIJJta:iDOEII\ZIIIuid Driven Hard Sphere
— o Hoomans et al., 1996
o £ Dynamlc-Dlscrete" Ouyang and Li, 1999
v B | Element Method Tsuji et

al., 1993 /

VI X pic
MP-PIC
Multi Phase

Particle In Cell

Andrews and

O’Rourke, 1996

v

Collision
Resaolved

Momentum
Conservation

Solid Stress
Gradient

GENERALIZED IDEA FOR PARTICLE INTERACTIONS

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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Particle Flow in Cyclone

MP-PICcan
significantly
reduce
computational
effort, and in the
right type of
application,
maintain
accuracy.
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Multiphase Particle In Cell (MP-PIC) N=|rAToNaL
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~4 meters tall

650 million particles
13 million PIC parcels
200 cores on Joule 2
15 seconds/day

.
M FS Home of the"MFiX Software Suite

Simulation of industrial scale multi-phase flow devices is within MFiX’s grasp!
MFiX-PICcouples the MFiX Eulerian fluid solver with new Lagrangian solids stress model.




MFiX Development

Recent Developments

« 204 o Coarse Grain DEM
PIC collision damping

« 211 ~

W

® o 2xfluidsolver speedup
i ® Prodecural STL

-

@ = 6 new draglaws, 3 new Nusselt number correlations

« 21.2 o¢ CGDEM specify statistical weight per phase
% i, Force chain visualization
¥ b Reactionratfe output
% Filtering of particle_input.dat/partile_output.dat
« 213 = Guo-Boyce friction model
@ %% il Residence time output
@A Create animation from GUI

e 214 @ Polydispersity for PIC
e 22.1 2 DEM Rolling friction

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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Single phase
=~ TFM

=% DEM

e® CGDEM

PIC

U

I‘_: Workflow

g Geometry

¥ Chemistry

m Output

A Postprocessing




MFiX Development = |NTAL
20.4 - Coarse Grain DEM TL|{As5katory
« Particles are lumped together to create a CG particle

« CG particlescollide with each other DEM CGDEM

« Heat fransfer, chemicalreactions
« MFIX-CGDEM formalrelease: 12/31/2020

Same Velocity Same Temperature

‘3“?2;‘ Coarse Grain DEM — 10 to 100x speedup compared with DEM
- CGP 0.1 T T T I~ - T T T

Lump W

particles Assumptions in 7 5-9—0-& 2
Coarse Grained Particle Method 005
Negp = Np/W g
i v :
J Y x
I e dCGP =qmw" =
Original system with N particles ‘u/ ';\ "b L 505
i ® Loy 8O 08 Jiay £
(color stands for different a r% , L A 2
species fraction and temperature, ‘ 3 ,f' " ® pro : ; 0.1
vector stands for velocity) “ ,i ' ‘--;..t";i' 3 b
- CGP 015 o -
Same species fraction Lumped into a sphere ' -
o NETL Multiphase Flow Sci 02 AL .
. ultiphase Flow Science
MFS Home of the"MFiX Software Suite 0 0.020.040.060.08 0.1 0.120.140.16 0.18 0.2

X (m)

.S. DEPARTMENT OF
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CG-DEM Simulation of Two-Inch Fluidized Bed Pyrolysis Reactor

Time: OOO S Biomass (enlarged 2 times)

1. Sands & 130 microns Biomass
2. Coarse Grained DEM Simulation
3. Hybrid drag model
4. DNS calibrated heat transfer &
reaction kinetics
1004 T 22 o,
1
500. ~ - 80 - g§
. 450.% [0:45 /\
& 400. ; . = | /\
- ™ : 71O
a = | Nl S
e - 3l .
2 9 B
0 orsi Bio-oil Chlar Bio-gas

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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MFiX Development N=[Naronat
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* Update parcel velocity (regular PIC algorithm)

Ohevmecal Engmeering Sceence 60 (2099 60144008

Y tars o

Chemical Engineering Science

1h 4 Nocale/c
"” PO Www,

!
An improved collision damping time for MP-PIC calculations of

dense particle flows with applications to polydisperse sedimenting beds

and colliding particle jets
. Compute mean Velocity v ﬂfmv, ddej \ Peter J. O'Rourke**, Dale M, Snider®
Jfmdmdy; VWD b 111 ey Bk W 5 . g W 1111 054
e Compute std.dev Ifm(vo-m’dmdw]”
= |7 Jfmdmay,
3 - - . .
e Compute Sauter mean radius s, jr.fr2 ZmZV' * Restitution coeffl.aent e, controls
Jiré dmay, amount of damping
Ocp
. . . 0) = e
¢ Compute radial dist. function 8o(0) Oy—0 148, % Setting e, = 1
© . turns off damping

e Compute collision frequency

1 16 0o L — ==
_-’Ersz /

* Introduceda new keywordpic cd e
instead or reusingmppic coeff enl

e If collision frequency is not zero: replace regular PIC * |If collision frequency is very large,
velocity with ne1_ Vp +(0t/21p)V; we “replace” parcel velocity with
P 1 +(6t/2‘£’g)

the average velocity

S. DEPARTMENT OF
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Test case: Jet collision
A 1cm 200 8
* Collision of gas—solid jets 2_?&4 - _pT

e 2jetscolliding rad ) “6 em | 12cm
. . . —> v -

* Solids fraction= 0.1, velocity = 20m/s e | _-l

* No energyloss at walls (e_w = 1) Bl 60 em ~

e Statisticalweight=1 -« 72 em

* Without collision damping, the two jets do not
interact

Fig. 5. Channel geometry used for the calculations of two impinging gas-particle jets.

* Polydisperse system, particle diameter: ;p;;d i
* Mean=650pum, 0=25 um, clipped at meant2o [
* Mean=350 um, 6=25 pm, clipped at meant2c [14
5

0 5
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite

U.S. DEPARTMENT OF
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Mean=650 um, o=25 um, Clipped at Meant2co

23.0 No damping

X
o
o

|

— 15.0

10.0

Velocity Magnitud

5.00

With damping, ep=0.8

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite

Time: 0.0002 s

TL

NATIONAL
ENERGY
TECHNOLOGY
LABORATORY




MFiX Development =|NanoNAL

TL TECHNOLOGY
LABORATORY

Mean=650 um, o=25 um, Clipped at Meant2co

Speed (m/s) NoO damping No damping
I ,

[5

g g With damping, ep=0.8

[ ;

Barracuda (Paper) MFiX

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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Mean=350 um, o=25 um, Clipped at Meant2co

No damping
°: n(1-mn)

0.2
0.2

0.15
0.1

- 20
00
o
-~ 160 g
o
120 g
o
400
%0
20
200
e
- 180 i
0.05 et
e ;
"we
0 s
000 010 020 030 0.40 050 0.60 0.70 080 0.90 1.00 a
ep
no
=0
"o
o
1o g
100
a0
0
0o
00
"o
-~ 140

With damping, ep=0.0

1 16 0o

s e 1=
T /3nr2 Eon(1=1)
Speed (m/s)

With damping, ep=0.8

Particle volume fraction Wlth damping, ep=0.9

[
I, i
Barracuda (Paper) "

MFiX

U.S. DEPARTMENT OF




MFiX Development

21.1 Fluid Solver 2x Speedup

Single Phase benchmarks
 SQUARE PIPE: Steady State
« BLUFFBODY
 SQUARE PIPEDYNAMIC: Unsteady, transientinlet BC
e MFiX tutorials
 FLDVORTEX SHEDDING
e TFM HOPPER3D
e TFM HOPPER 2D
« DEM CYCLONE
 PICLOOPSEAL

* Timing based on 1 to 3 repeats, manually launched on a
dedicated node on Joule

e 21.1 Milestone: Accelerate fluid solver by a factor of 2

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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MFiX Development
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21.1 Fluid Solver 2x Speedup

Dev: Feb 2021 develop version:
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Reference: MFiX 20.4, “-02”, Line PC, ppg_den=10, epp_den=10

* Code change: Steady State convergence criteria: only affects Steady State simulations

* Regular vs Optimized Thomas algorithm: only affects simulation with Line PC (Charles Waldman)

* New control for PPG and EPP residual scaling (ppg_den, epp_den): loosen convergence when
norm_g=0, norm_s=0; default values: ppg_den=10, epp_den=10

Optimization flag: “-02” (default) vs
Line PC: On vs. OFF

B REF (20.4)

M Dev (-02)

® Dev (Native -O3)
Dev (-O2) + Thomas

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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“_march=native —-03”

B Dev (Native -O3) +Thomas

® Dev (Native -0O3) +Thomas+ppg_den=1
M Dev (-02), No PC
B Dev (Native -O3) +ppg_den=1, NoPC




MFiX Development = [MTYA:
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Speedup: Higher is Better

7.00
6.00

5.00

1.0

o

SQUARE PIPE BLUFF BODY SQUARE PIPE DYNAMIC FLD VORTEX SHEDDING TFM HOPPER 3D TFM HOPPER 2D DEM CYCLONE PIC LOOPSEAL
HREF (20.4) mDev (-02) mDev (Native-03) ® Dev(-02)+ Thomas M Dev (Native -O3) +Thomas M Dev (Native -0O3) +Thomas+ppg_den=1 mEDev (-02), No PC  HE Dev (Native -03) + ppg_den=1, NoPC

K
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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MFiX Development = |NAnAL
21.1 Fluid Solver 2x Speedup
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* New convergencecriteria for Steady State: ~ 4x speedup

* “march=native—03":3 to 14% faster

e Optimized Thomas algorithm: 3 to 11% faster

* Lowering ppg_den from 10to 1: up to 25% faster (helps

when ppg is dominant residual) fluid/vortex_shedding_2d _init_dt 0 01
e Turning off the PC: R e e —
e ~2xspeedup (fluid solver) - -, [xgnu/s.2.0:FLAGS="-02 g"; 1

dt: 2.12E-01, Steps: 1416

* Mayfail to convergeif DT=cst with bad initial conditions _  gcsauszoiriacs=-marehenative -03ppe pen=1.0 ere pen-1.0  Better to
(need to set adaptive DT) dt 2.01E-01, Steps: 1538

2.8x X;gnu/8.2.0;FLAG5="-02 -g";PPG_DEN=1.0 EPP DEN=1.0 STO rT Wi Th
: dt: 2.12E-01, Steps: 1418
H H o H ”n x;gnu/8.2.0;FLAG5="-02 -g";"No PC" S m O I | DT
* Best combination: No PC, “march=native —03” flag, 1 ox T e oL, Steper 1458
ppg_de n=1 1.4% x;gnu/8.2.0;FLAGS="-march=native -03";"No PC"

dt: 2.03E-01, Steps: 1480
x;gnu/8.2.0;FLAGS="-02 -g";PPG_DEN=1.0 EPP_DEN=1.0 "No PC"
1.2x dt: 2.05E-01, Steps: 1462 FO S-I-er
1.0x fix;gnu/8.2.0;FLAGS="-march=native -03";PPG_DEN=1.0 EPP_DEN=1.0 "N Th O n re O |
) dt: 2.13E-01, Steps: 1413 . I I
(I) lf.:!D 200 300 400 TI me"

Walltime [s]

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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MFiX Development = |NAnAL
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21.2 — Force Chain Visualization

Ability to visualize force chain
Between particles (DEM)

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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Time =5.00s
* This model was graciously provided by researchers from
Columbia University, NY. P G
* Allowsto correctly predict bubble pattern in a pulsating s
fluidized bed. 093

0.86

0.79

0.72
0.65
0.58
Qiang Guo, Yuxuan Zhang, Azin Padash, Kenan Xi, Thomas M. Kovar, Christopher e
M. Boyce, "Dynamically structured bubbling in vibrated gas-fluidized granular 0.44
materials", Proceedings of the National Academy of Sciences Aug 2021,118 (35)
e2108647118;D0I:10.1073/pnas.2108647118 031

°
MFS Home of the"MFiX Software Suite

“'} U.S. DEPARTMENT OF
.2/ ENERGY

s




MFiX Development

21.4 Polydispersity for PIC

I
)i

Extension of DEM polydispersity
Normal distributions

log-normal distributions

Custom distributions

Boundary condition and initial condit

mmmmmm
uuuuuuuuuuuuuuuuuuuuuu

mmmmmm

U.S. DEPARTMENT OF
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Model

MFiX status

Mesh Stats X

New X

VTK X | Histogram X
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COkezk:De¢aaoiK<» >

Count

1600

1400

1200

1000

800

600

400

200

0.002

0.004

0.006

Diameter

0.008

0.01

0.012

|84 |




MFiX Development

22.1 DEM Rolling Friction

Jforce balance

@a

. 2000

e d) O Zhou et al. (1999)

£ 1500 - N - MFiX-DEM

5 1N

Q i N\

o \

21000 { %

Q ]

3 500 - .

c i '°~-

g : %o

2 0 -_—— 0--0.-0._0
1.E-05 1.E-04 1.E-03

Coefficient of rolling

..
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(a) (b) ()

Test case 2: Formation of a stagnant zone

e Particlesinitially in the top half

e Particlesizes =6 mmand 10 mm _ _

e Particlescollect at the bottomonce the ends are 30 em
opened. ’ 20 cm k

* Astagnantzone at the midplane is formed whose
characteristics depend on the value of the rolling

friction coefficient g [Som Sem/ L
 Asthevalueisincreased, more particles accumulatein | 30 cm |
the stagnant zone. In our case, we obtain reasonable (a) (b) (c) (d)

results while using ur=1.0E-4 m.
* Good qualitative comparison of final particle locations

between MFiX-DEM predictions and the work of Zhou A A A

et al.
Y.C. Zhou, B.D. Wright, R.Y. Yang, B.H.Xu, A.B. Yu, "Rolling frictionin the dynamic simulation
of sandpile formation", Physica A: Statistical Mechanicsand its Applications, Volume 269,
Issues 2—4, 1999, Pages536-553
M Formation of stagnant zone along the midplane with 6 mm particles using a rolling friction coefficient of
Fs Home of the"MFiX Software Suite (a) Om, (b) 2.5E-5 m, (C) 5.0E-5 m and (d) 1.0E-4 m.
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* Superquadrics are a farr;ily of geometric shapes defined as
2
2 2 2

&)+ @[

Superquadric Particles

(2o
as

* Canrepresent ~ 80% of all shapes by varying five parameters

la,, ay, a3, €4, E]"

~

Semi-axis roundness parameters

Bounding spheres and oriented bounding boxes

..
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SuperDEM Examples —
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Time: 0.000

Time: 0.C
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250
[200
— 150
B ]m . °
Cylinderrotating drum
50
1
M&M candy Cylinder candy
static packing static packing M&M candy dischargingfrom a hopper
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Particle properties including the volume equivalent dameter d.-dass the particle dimensions, the spheridty &, the particle density o, the bed height Land the averaged porosity & for the
initial, unfluidized setup.
Shape Sphere Sphere Ideal Cylinder Cube Cube \
0,11 m
T L0 40 90  $H9¢
s L de~class [mm] 7 5 7/ 5 7
Size [mm] 72 5 61 62 42 43 45 52 63 63
¢ -l 1.00 1.00 0.87 0.81 0.80
cle P, Ikg/m?] 7725 8230 7085 639.7 7469
=5 ) Ly (mm]/Z [-] \95 040 / 88 0.40 \_28_0.15_/ 98 037 \_mz_w_/
oo pressure tapping Shape El d Cylinder El d Cuboid El d Cuboid Bl d Plate
points ,/ &' j ‘v 0’
d,~class [mm] 7 5 5
Size [mm] 39 140 30 3.0 7.1 42 42 114 20 49 60 20 40 80
¢ 1- 075 075 073 071 0.69
Py [kg/m] 7644 7456 630.7 7541 7566
Ly [mm]/Z [-] 103 0.44 J 103 042 115 040 102 043 108 0.46
Shape Elongated Cuboid Pate = Flemme A D
AR Chs
flow straightener ‘ ’ ' _‘—'3—-3__‘
de~class [mm] 5 400 . ..”
Size [mm] 20 30 110 22 9.0 938 0
¢ - 064 063 Q‘-S
Po [ke/m] 7281 6728 - 3004
Ly mm]/Z [-] 117 048 121 046 8“ .
a 5
g 200 *
air inlet =
compressor a
5} L/
p‘: 100 & Experiment
—e— Di Felice-Holzer/Sommerfeld
Experiment: Vollmari K, Jasevi¢ius R, Kruggel-Emden H. Experimental and numerical study of fluidization and pressure drop of spherical and o —A— Di Felice-Gansor
_ . . . T . . _ T T T T T
non-spherical particlesin a model scale fluidized bed. Powder Technology. 2016;291:506-521. 00 04 08 12 16 20 24

..
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400
20 —e—10 Million
o 2 - —+— 100 Million
_0'0 > £ 300-
4 2= *
—.0 9 g
T > 200-
20 3 £ 200
B
30 £
40 -Eé 100 -
f <
(m) ¢ o’ 53 S
MFiX-SuperDEM : s ( o goy o oo e
100 Million M&M Candies 2a=2b=13.56mm 100 1000 10000
6800 Cores 2¢=7.19mm Number of cores

» The solver was parallelized using MPI.
« Simulation on NETL supercomputer Joule 2 (80K cores), World Top 60, 2020
* Non-spherical particles fluidization simulation, 100 million (6800 cores)

..
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Non-Spherical Particles Code Acceleration

X m y m n/m 7 n ‘ /T-Flr\
(G5 +E] 8 1 2105

* Need to compute xYfor non-integer x and y. 0.5 re * * #
* Range 0<x<Z2andy=1. 1 “ ‘ ‘ ‘
e 70% code spent on exponentiations 2 . . . .
* Integerpowers and square roots are computationallyinexpensive
« We can compute certain powers quickly, e.g., x%° is x*x*sqrt(x) @)4 . . ﬁ '

(not an approximation) 6 . 5 . i
* Constrainm and n to be integers or dyadic rationals
* Does not guaranteethat the ration/m is similarly nice 3 . . 5 '
 Restrictingvalues on m and n such that m,n and the ration/m are 10 . . . i

lead to an efficient exponent computations Y

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite

.S. DEPARTMENT OF




SuperDEM =|NATIONAL
TLJReSkarory'

Non-Spherical Particles Code Acceleration

xpow(custom) vs pow(libm)

* Prototype function xpow T T T T T T T T T T T 7T T==:

.....

* Checks for integer exponents or exponents of .| -]
the form a+b/4 T AT :

» Efficient methods based on squaring and
square roots

* 6x speedup compared with built-in math
library

* Overall speedup on hopper benchmark is
about 2.1x

..
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Non-Spherical Particle Drag Law

e Detailed simulations of flow around prolate spheroids

* Lattice Boltzmann method (LBM).

* Reynolds numbers range 0.1 < Re £2000

* Incident angles 0° < @ <90°

e Aspectratios1 <A<16.

* Accuratecorrelations for averagedrag, lift and torque
coefficientsare proposed.

Freeslip boundary
he
. F E
Ueo =~ .._‘_:-""5- Outflow
——— T~ . Foi —_ boundary
lu la
Y =z
Z Freeslip boundary Sathish Sanjeevi, Jean-F. Dietiker, and Johan T. Padding, “Accurate hydrodynamicforce

and torque correlations for prolate spheroids from Stokes regime to high Reynolds

) . . . . . . .
° NETL Multiphase Flow Science numbers”, accepted for publication, Chemical Engineeringlournal
Home of the"MFiX Software Suite




Non-Spherical Particle Drag

Non-Spherical Particle Drag Law
Lift and Drag
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Non-Spherical Particle Drag
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Non-Spherical Particle Drag Law
Lift and Drag
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(a) Re = 100 (b) Re = 2000 ) )
1.G T T T T T T T T o ] )
O Sanjeeviot al. (NI8) L5 Mg o &
LG} — Pt Wk
— Prosent correlation :
, [ g e Frohilich o al
] Frohlich ot al Lit e (hgcdyone of al 4
=== Ouchene ot al o6k
sesnsn  Enstawny ot al 13}
(13 -
= 04 S 10
03k s o o
0.2 LIEH
i fr,f‘
0 I i : —
P o4f e, 1
’ 00— memm—— T -
0 15 20 T [T ™ o 0 15 ) a5 10 3 ) 0 0 1000 1500 2000
ol o] Re

Figure 12: Comparison of Cp against o for A = 2.5 at (a) Re = 100 and (b) Re = 2000).
with the DNS data of Jiang et al. [21, 22].

NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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DEM Solver was Ported to GPU (Prototype)

 170-fold speedup with double precision, 243-fold
with single precision

e Re-use CFD, interphase coupling, and chemical

MFiX-CPUDEM

=
a
=
L] L] L] (‘D
reaction modules in MFiX
= i TSR ¥ ¥ BaEmEF . <
Time =0.05s Time=0.1s Time=1.0s Time=2.0s
O MFiX-CPUDEM [ Particle Parallel (PP) [ Collision Pair Parallel (CPP) [Particle Parallel (PP) == Collision Pair Parallel (CPP) ——CPP/PP
90.00 200.0 - 16.00%
177.1 176.8 178.0 177.9 00 | = MFiX-CPUDEM 0.10
80.00 76.22 76.25 180.0 1654  167. 168. 167.7— | 14.00% —+— MFiX-GPUDEM
69.52 160.0 - 0.08
_ 70.00 r 1200%  _ gpo E
< 5 1400 130.2 %3 &
= §0.00 5 120.4— | 1000% O - 0.06 £
= = 120.0 — : = [
= = © o
~ 50.00 & & 500 S
= Y 1000 T - 8.00% o L 0.04 2
= 40.00 5 T — E g
= 40. X £
5 g %00 B — - 6.00% 400 - @
S 30.00 % 600 ] 0.02 &
S L 4.00% —o— MFiX-CPUDEM %,
20.00 40.0 300 4 —*— MFiX-GPUDEM -
200 L 2.00% T . . |
1000 | 6.70 5.145.23 5.175.27 ' 0 10 20 30
425431 .145. A175. |
0.890.92 00— : L : L ‘ L : L 0.00% Time (s)
0.00 ' ' ' ' 100 400 800 1200 1600
[ ]
- . R o PARTICLE NUMBER (THOUSAND) Heat Transfer & Chemical

Fluidized Bed Speedup Particle Packing Speedup Reactions (Biomass Drying)
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Effect of Coarse Graining

08 0.8 :
. e —— CFD-DEM (FG) —— CFD-DEM (FG) !
S <] o GAS1-WenyulEr=2.39) o GaSlfiter(Er=232)
i T 0.7 9 —=— Gasa-wenyu(Er=5.37) 07 9 -=- casa-fiter(Er=1.43)  #
25352 T g (71 1 1 oL . 1
;‘hK“ ssaasass e 3 e 2 M
3333 e v g 0.6 4 0.6 = )
: " .\" Ty : » g
|_n' ._;'I"_"_’ , 05 - 0.5 4 1
SagEne gu3s , i L Z
iyt g - > :
:ﬂ.‘ 2W0IT V _'._l.‘: 0.4 - - o“ - ‘
5 28 S s :
ca -‘Y E
3 ¢ 0.3 4 03 -
o Ve 0.2 .
’:4 w o
0.1 ~ 0.1 =
0.0 T T Y T Y 0.0
(a) Fine grid CFD-DEM (b) Fluid Coarse-graining (c) Fluid-Particle Coarse-graining 06 07 08 09 1.0 0.6 07 08 09 1.0
Voidage () Voidage (-}
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Glued-Sphere DEM

Irregular Shape of Particles
 Composite spheres

* Intra-particle temperature distribution

Qconv + Qcond +Qcond p Qchem

inter intra P

Inter-phase convection Inter-particle conduction Reaction heat

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite
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Intra-particle conduction

Biomass Center Temperature (k)

Solid residues (-)
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MFiX Quality Assurance =|NanoNAL
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Building Confidence in Simulation Results

LY L] L3 NNM%RGTTEC%K)GV LABORATORY
 Verification
e Code verification — Does the code do what we valaaon Qualfcain e
expect? i [
. e - L ¥E Z;
* Solution verification—Is the answer any good? merrourr wi'w
. . Model Biogranining Model 22 May 2020
* Validation - How does the answer compare to
the real world? ertoaton
_ @ciisroy | [ e

* Uncertainty Quantification
* Where is the error in my solution coming from?

* What happens to my answer when | change an
input to my model?

Accomplishments (https://mfix.netl.doe.gov/mfix/mfix-documentation)
* MFiX Verification and Validation Manual 2" Ed. (PDF & html)
e PICtheory guide (May 2020)

..
ol NETL Multiphase Flow Science
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* PIC parameter sensitivity and calibration
* How sensitive are PIC simulations to PIC model parameters?

 Recommend parameter values for a given type of application
e Cases selected to cover a broad range of flow conditions

* ParticleSettling: U/U, < 1.0 (P,~ 1) (Analytical solution)

* Bubbling Fluidized bed: U/U, ~ 1 (P, ~ 10)

* Circulating Fluidized bed: U/U_>>1.0 (P, ~ 100)

Parcel momentum
C%quaﬁon 0 1 CFB
Vo — oy 1 1 :
— g _ _ I _ g 100 ‘
It ﬁ(Ug Vp) Py Vp e Vi, + 9 =
€ 10}
0.0 -
1 L
0.1
0.01 L—

0.01 0.1 1 10 100 1000
U/U,¢
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Sensitivity Analysis and Deterministic Calibration
Parameters obtainedthrough
. Response SUFfOC6(55 somples) deterministiccalibration

« Sobol indices show: | parameter | Defauit |  Range | Calibrated |
1

&=0 &=0

* mainefiects (first oder) o Pressureinear (100 | [1,20] 14309
 inferactive effects (second ) R scale factor
order) . f’r2 .
& = £ Vol rac’rlqn 3.0 [2,5] 2165
=0 >0 exponential
scale factor
=i order s —)
’ I Second Order
04 Statistical 5.0 [3.20] 12.241
> t1: Pressure linear scale We|gh‘|'
S 03 factor
= t2: Exponential factor
(ﬁ 02 :iz\S/zz?‘:;iilic\)lvne;ih;acking VOl fr(;réTiOﬂ GT
0.1 t5: Solids slip velocity factor mOXimum 0.42 [0.35,0.5] 0.399
n*i““uu. packing
I I I I I I I Dsl I I I I I bal DAI 1-5
O &0 PO 0000 OO
MR A A Solid slip 1.0 [0.5,1.0] 0.828
Data-fitted surrogate model Sensitivity Analysis using Sobol Indices velocity factor
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Validation and formal release of superDEM particle capability

* Step-change from the typical approximation of spherical particle shape

* Code optimization for faster turn-around time on large supercomputing systems

* These capabilities allow for accurate modeling of mixed feedstocks of large, reacting particles

Validation and Formal release of multiphase radiation modeling capability
* This work incorporates the development work performed by University of Wyoming under NETL support
* New radiation models available for all multiphase modeling approaches (TFM, DEM, PIC)
* Enhanced accuracy of heat transfer in high temperature FE reactors

Development of conjugate heat transfer capability in MFiX
* Accurate modeling of internal heat transfer surfaces critical to industrial scale reactors
* Critical capability for Hydrogen production and Oxygen separation technologies

Continued development of the Graphical User Interface (GUI)

* Improved usability, reduced user setup error, faster overall workflow
* Contributes to alarger MFiX community worldwide and better visibility of NETL's multiphase modeling expertise

Continued Verification and Validation efforts
* Improved confidence in new implemented models
* Documentation of parameters sensitivity and best practices for simulation setups

..
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Marchelli, F.; Di Felice, R. A Comparison of Ansys Fluent and MFiXin Performing CFD-DEM Simulations of a Spouted Bed.
Fluids 2021, 6, 382. https://doi.org/ 10.3390/fluids6110382 125

Fluent - structured mesh

Fluent - Cartesian mesh

MFiX

@ Experimental
0.75

Velocity Magnitude

05

Particle average vertical velocity (m/s)

\*;' 1 0.25
Experimental Fluent — structured Fluent — Cartesian MFiX
o" . . . . o :
Both programs can provide acceptable qualitative predictions when 0 — - = - .
employing standard settings. If the Di Felice drag model is applied, v (m)
M FlX yIE|dS better reSU|tS and pr'OVIdes a Very gOOd quantltatlve lljg;:e;f.ﬂ?;z;ﬂa;araged vertical profiles of the particles’ vertical velocity when employing the Di
reproduction of the experimental particle velocity profile. Moreover,

despite employing similar mesh and time steps and the same number
of particles, MFiX is about 17 times faster. However, Fluent seems to
respond slightly more efficiently to an increase in the particle number
and appears to have better parallelisation functionalities. “

Particle average vertical velocity (m/s)

0.2 0.25

t.l \
y
[ ]
L] Figure 3. Time-averaged vertical profiles of the particles’ vertical velocity when employing the
& . Gidaspow drag model.
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Ligiang Lu, Xi Gao, Aytekin Gel, Gavin M. Wiggins, Meagan Crowley, Brennan Pecha, Mehrdad Shahnam, William A. Rogers, JamesParks, Peter N. Ciesielski, Investigatingbiomass composition and size effects on fast pyrolysisusing
global sensitivity analysis and CFD simulations, Chemical Engineering Journal, 2020, 127789, ISSN 1385-8947, https://doi.org/10.1016/j.cej.2020.127789.

Vaidheeswaran, Avinash, Li, Cheng, Ashfaq, Huda, Rowan, Steven L, Rogers, William A, and Wu, Xiongjun. Geometric Scale-up Experiments on Fluidization of Geldart B Glass Beads. United States: N. p., 2020. Web.
doi:10.2172/1648031.

Vaidheeswaran, Avinash, and Steven Rowan. "Chaos and recurrence analyses of pressure signals from bubbling fluidized beds." Chaos, Solitons & Fractals (2020): 110354.

Aytekin Gel, Avinash Vaidheeswaran, MaryAnn Clarke; “Deterministic Calibration of MFiX-PIC, Part 1: SettlingBed,” DOE/NETL-2021/2646; NETL Technical Report Series; U.S. Department of Energy, National Energy Techndogy
Laboratory: Morgantown, WV, 2021; p. 72.DOI:10.2172/1764832.

Avinash Vaidheeswaran, Aytekin Gel, MaryAnn Clarke, William Rogers; "Sensitivity Analysis of Particle-In-Cell Modeling Parameters in Settling Bed, Bubbling Fluidized Bed and Circulating Fluidized Bed,” DOE/NETL-2021/2642, NETL
Technical Report Series; U.S. Department of Energy, National Energy Technology La boratory: Morgantown, WV, 2021; p. 40. DOI: 10.2172/1756845.

Gel, Aytekin, Vaidheeswaran, Avinash, & Clarke, Mary Ann (2021). Deterministic Calibration of MFiX-PIC, Part 1: Settling Bed. NETL Technical Report Series; U.S. Department of Energy, National Technology Laboratory: Morgantown,
WV, 2021; p. 72. https://doi.org/10.2172/1764832

Vaidheeswaran, A,, Gel, A, Clarke, M. A., & Rogers, W. A,, “Assessment of model parameters in MFiX particle-in-cella pproach”, Advanced Powder Technology, Vol. 32 (8), 2021, 2962-2977,
https://doi.org/10.1016/j.apt.2021.06.011.

Gel, A.; Weber, J.; Vaidheeswaran, A. Sensitivity Analysis of MFiX-PIC Parameters Using Nodeworks, PSUADE, and DAKOTA; DOE.NETL-2021.2652; NETL Technical Report Series; U.S. Department of Energy, National Energy
Technology Laboratory: Morgantown, WV, 2021; p 52. https://edx.netl.doe.gov/dataset/sensitivity-analysis-of-mfix-pic-parameters-using-nodeworks-psuade-and-dakota, DOI: 10.2172/1809024.

Lu, L., “GPU accelerated MFiX-DEM simulations of granular and multiphase flows”, Particuology, 2022, 62: 14-24, https://doi.org/10.1016/j.partic.2021.08.001

Gel, A., Vaidheeswaran, A., Clarke, M., “Calibration of a particle-in-cell simulation modelfor gravitational settlingbed application,” 2021 NETL Multiphase Flow Workshop, on-line, Morgantown, WV, August 2021.

Gel, A., Weber, J., and Vaidheeswaran, A., “Sensitivity Analysis of MFiX-PIC Parameters Using Nodeworks, PSUADE, and DAKOTA”, 2021 NETL Multiphase Flow Workshop, on-line, Morgantown, WV, August 2021.

Ligiang Lu, Xi Gao, Jean-Frangois Dietiker, Mehrdad Shahnam, William A. Rogers, MFiX based multi-scale CFD simulations of biomass fast pyrolysis: A review, Chemical Engineering Science, Vol. 248, Part A, 2022,117131, ISSN 0009-
25009, https://doi.org/10.1016/j.ces.2021.117131.

Ligiang Lu, Xi Gao, J.-F. Dietiker, Me hrdad Shahnam, William A. Rogers, Ma chine Learning Accelerated Discrete Element Modeling of Granular Flows, Chemical Engineering Science, 2021, 116832, ISSN 0009-2509,
https://doi.org/10.1016/j.ces.2021.116832.

Xi Gao, JiaYu, Ligiang Lu, William A. Rogers, Coupling particle scale modeland SuperDEM-CFD for multiscale simulation of biomass pyrolysis in a packed bed pyrolyzer. AIChE Journal, 2021,

e17139. https://aiche.onlinelibrary.wiley.com/doi/abs/10.1002/aic.17139

Xi Gao, JiaYu, Ricardo J.F.Portal, Jean-Francois Dietiker, Me hrdad Shahnam, Willam A.Rogers, Development and validation of SuperDEM for non-spherical particulate systems using a superquadric particle method, Particuology,
January2021.1SSN 1674-2001,
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Li,C.,,Gao, X.,Rowan, S., Hughes, B., JeremyS. Harris, and Rogers, W. A. Ex ] ] ]
sand particles; NETL-TRS-2725-2021; NETL Technical Report Series; U.S. Department of Energy, National EnergyTechnoIogy La boratory Morgantown WV 2021 DOI 10 2172/1776642

Lu, L, Gao, X, Shahnam, M, Rogers, WA. Open source implementation of glued s phere discrete element method and nonspherical biomassfast pyrolysissimulation. AIChEJ. 2021; 67:e17211. https://doi.org/10.1002/aic.17211
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Granular Matter

@ Springer

Investigating the rheology of fluidized and
non-fluidized gas-particle beds: implications
for the dynamics of geophysical flows and
substrate entrainment
By Breard C. P. Eric, Fullard Luke, Dufek
Josef, Tennenbaum Michael, Fernandez-
Nieves Alberto & Dietiker Jean-Frangois
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Granular Matter
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Using a proper orthogonal
decomposition to elucidate
features in granular flows

By J. E. Higham, M. Shahnam & A.
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Resources — MFiX Website

* Showcase NETL's Multiphase Flow
Science (MFS) team

— MFS software

) Install MFiX
Documentation nstd !

For detailed setup instructions, follow the setup guide.

Forum

— Experimental data (Challenge pbs)
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https://mfix.netl.doe.gov

Employment Profile

B
MFS Home of the MFiX Software Suite Fiemie

Nodeworks »

Support

Log Out Q

Research » Publications ‘Workshops

MFiX Documentation
C3M » MFiX Archive
Tracker » MFIX Applications

MFAL »

Windows Linux Mac

— Publications

Source / Pip g 2
NETL Multiphase Flow Science Group

Install Anaconda

— Workshop proceedings

Download and install Anaconda (link op

— News, announcements

3.6. Three Dimensional DEM Hopper

Install MFiX (in new

3.6. Three Dimensional DEM Hopper
Open the Anaconda Prompt (installed ur

Copy and paste the following command

MFiX Versionf /1.4 v conda crea

This will create a new conda environmer

Run MFiX

U.S. DEPARTMENT OF

Simulation-Based Engineering Tools to
Advance Multiphase Flow Systems

US Department of Energy Engineers and Scientists developing and applying Multiphase CFD Tools and using

MFiX Documentation

Latest Documentation

experimentation to advance existing and next-generation energy and environmental devices and systems
MFiX User Manual

MFiX Verification and Validation Manual, Second Edition

MFiX PIC Theory Guide
4.5. DEMOS: Oblique particle collision

Older Documentation

4.51. Description

£ 4.5. DEMOS: Oblique porticle
collsion

Legacy Manuals

MFiX Training

4.5.2. Setup
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List of Publications
https://mfix.netl.doe.gov

Sort by: Year (Newest to Oldest) Total: e

Publication Year 2022

1. Modest, M. F. M., Sandip. "Chapter 20 - The Monte Carlo Method for Participating Media," Radiative Heat Transfer (Fourth Edition). Academic Press, 2022, pp. 737-
773.

2. Lu, L. Q. G., X;; Dietiker, J. F.; Shahnam, M.; Rogers, W. A. "MFiX based multi-scale CFD simulations of biomass fast pyrolysis: A review," Chemical Engineering
Science Vol. 248, 2022, p. 26.

3. Lu, L. Q. L., C.; Rowan, S.; Hughes, B.; Gao, X.; Shahnam, M.; Rogers, W. A. "Experiment and computational fluid dynamics investigation of biochar elutriation in

fluidized bed," Aiche Journal Vol. 68, No. 2, 2022, p. 11.
208 234
4. Gao, X. Y., ). Portal, R. ). F; Dietiker, J. F.; Shahnam, M.; Rogers, W. A. "Development and validation of SuperDEM for non-spherical particulate systems using a

superquadric particle method," Particuology Vol. 61, 2022, pp. 74-90.

5. Lu, L. Brennan Pecha, M.; Wiggins, Gavin M.; Xu, Yupeng; Gao, Xi; Hughes, Bryan; Shahnam, Mehrdad; Rogers, William A.; Carpenter, Daniel; Parks, James E.
"Multiscale CFD simulation of biomass fast pyrolysis with a machine learning derived intra-particle model and detailed pyrolysis kinetics," Chemical Engineering
Journal Vol. 431, 2022, p. 133853.
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MFiX Forum

https://mfix.netl.doe.gov/forum

U.S. DEPARTMENT OF
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NETL Multiphase Flow Science
- Home of the JYRIFaX Software Suite.

Category

& Develop

This is a private category for developer’s discussion. It is the
equivalent of the develop mailing list.
MFiX

M Installation B Howto M Bugreport M Share

Ask questions, report
bugs, and share what
you are working on!

Nodeworks

Ask questions, report
NDdeWDrks bugs, and share what
you are working on!
M Installation W Howto M Bugreport M Share

Tracker
Ask questions, report
bugs, and share what

% Trac ke r you are working on!

M Installation B Howto M Bugreport M Share

Community heaith

Consolidated Pageviews

~x
o

WX

"o

Topics

4

179

1 unread

(e - e e ‘oz sun . - -

—Z
il

jo)
Il

4+ New Topic

Installation problem for MFIX-19.1
o MFiX

About vtk output !
W Bug report

Results of dem?
o MFiX

How i can track single particle trajectory in
dem?
B MFiX

How to output the drag force particle by
particle?
B MFiX  dem

Is it possible to have mulitple solid particle
sizes in 2D TFM model? ¢
- MFiX

articles in ghost cells

e

IS

4h

8h

14h

2d

3d
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Sorbent-Based Carbon Capture - MFiX-DEM N=|MAnionaL

TL TECHNOLOGY
LABORATORY

\J

Iz and COZ

13
ah
IR
Secondary |
Cyclone

f . “¥5§ q
9| |,
'8

B o

L
Standpipe -

: &4

N,
TNzandCOZ
a NETL CO, Capture Rig

i \
T“} U.S. DEPARTMENT OF
@/ ENERGY
R e ————————————————————————————

N, and Captured CO,

Simulation Results: ks T
MFiX-DEM 4




Sorbent-Based Carbon Capture - MFiX-DEM N=|nATONAL

TL TECHNOLOGY
LABORATORY

Cold Flow Hydrodynamics

Excellent comparison between modeled and measured solids holdup(pressure drop values)
around the flow loop

Time: 2,00 Time: 2.00

Gas Phase ~ [poT810

: Volume 11 o P |
Particles _ ] d0) o
colored by vel ocity Fraction at ! Y|P
magnitude center plane '

Red is moregas
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Decarbonization Through Gasification of Coal, Biomass and Municipal Solid Waste

Commercial-scale gasifier design (22MW) 90% Coal, 10% Biomass, Air

Accomplishments
* Supportthe University of Alaska-Fairbanks Modular Gasification project
* Model validated with Sotacarbo pilot scale data
* 3D, transient simulation of prototype gasifier compares well to UAF design
* Transientresponse of gasifier to load variations, ramp-rate and turndown

* Gasifier performance for coal-biomass co-feed conditions to explore novel Net Zero Carbon,
BECCS, and H2 productionhas been modeled

Impact: NETL's model predicts gasifier performance relative to feedstocks and operating conditions

* Predicted syngas data will provide key information for design of downstream components
including engines for generators

* Modeling effort will significantly de-risk the design of the $46million facility ® SOTACARBO

Reactor dimensions: 3.05 m diameter x 4.5 m height

Solidsinventory: >10 tons UNIVERSITY OF ALASKA A
Number of CG particles: ~130,000 FAIRBANKS P SONS
Time scale (physical time):>10 hours Hamilton-Mauvurer International

Jia Yu, Ligiang Lu, Yupeng Xu, Xi Gao, Mehrdad Shahnam, and William Rogers, Coarse-Grained CFD-DEM Simulationandthe Design of anIndustrial-Scale
Coal Gasifier, Industrial Engineering and ChemistryResearch, 2022, Volume 61, No. 1, 866-881, https://doi.org/10.1021/acs.iecr.1c03386

.S. DEPARTMENT OF
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Advanced Reactor System - MFiX CGDEM mmom
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Advanced Reactor System — MFiX CGDEM [N=]uanona

Syngas Exit Composition with Oxygen Enrichment

* Simulations show that the prototype
gasifier is adaptable to a wide range of | s00
oxygen enriched conditions with steam .,
and CO, diluents

30.0
* This meets key requirements for candidate
gasifiers for Net Zero Carbon and H, 200
production
10.0
* Oxygen-blown with steam produces .

higher H, as expected
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Syngas Composition for Oxygen Enrichment
( mole fraction on dgys basis)
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Biomass Gasification - MFiX CGDEM

FABER (Fluidized Air Blow Experimental Gasifier Reactor)

Project Goals:

Develop reaction kineticfor Cypress
Biomass gasification

Validate reaction kineticfor FABER

Design and optimization of the fluidized
bed reactor

Accomplishments

Gasification of Cypress biomass in FABER
was simulated.

Gasificationreaction kinetics were
developed and validated against
experimentalresults.

Biomass, 100°C
75 kg/hr

s

i

Nitrogen, 100°C
8.255 kg/hr

Reactordimensions: ID = 0.489 m, height=5.733 m
Number of CG particles: ~64,000

Solids inventory: Sand 234 Kg, Biomass 25 Kg

..
ol NETL Multiphase Flow Science
Home of the"MFiX Software Suite

5 U.S. DEPARTMENT OF

ENERGY
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Air, 650.7 °C
109.7898 kg/hr

Bed height (m)
o w

Particle

tempera tempera

ture (K)

Gas

ture (K)

Particle
drying
process

Gas H20
MERS

fraction

Particle
pyrolysis
process

TL

Gas CO

mass

fraction

NATIONAL

ENERGY

TECHNOLOGY
LABORATORY

Gas 02
mass
fraction

Gas
CO2 mass
fraction

Mass fraction (%)
~ w =
3 8 &

are

600

700 80
Temperature (C)

1000

Axial bed temperature

0
Species

Syngas composition




CFB Combustor — MFiX-PIC N=|ranona
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NETL and Natural Resources Canada-CanmetENERGY have
teamedto study CFB combustion systems with coal-
biomass co-feed with potential for carbon capture

Accomplishments:

e NETL is simulating the 50kWth pilot CFB system
being operated at NRCan over a range of coal-
biomass blends and oxygen-enrichment conditions

* The collaboration provides NETL with high quality,
detailed data describing rig operations which is
critical information for validating the model

* The modelis providing NRCan with valuable insight
on conditionsinside the system to help guide
system optimization S —

aaaaaa

Canada

Impact:
* Once validated at the small pilot scale, these MFiX
models running on FE’s JOULE2 Supercomputer will

be used to study scale-up and performance
optimization of coal-biomass CFB combustion
systems designed for negative CO2 emissions

L0

(AR 1.5, DEPARTMENT OF
21 @ENERGY
W .y

Fossil Energy

N
TL

NRCan 50kWth CFB Test Facility NETL MFiX Model of NRCan

Experiment

U.S. DEPARTMENT OF
/ENERGY
D I




50kWth CFB Combustor — MFiX PIC

——INATIONAL
= |[ENERGY

Hydrodynamics Benchmarking - Effect of Drag Model

* First step: validate hydrodynamics
* Riser-only simulations

* Fluidization is impeded by applying the
filtered drag model, so more particles
are retained in the lower riser

e Circulation rate is reduced, reflected in
the average mass of recirculated
particles in the side inlet

* Pressure drop distribution and overall
pressure drop using the filtered drag
model show better agreement with the

experimental results (P, =10, y = 3)

U.S. DEPARTMENT OF
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Time: 0.10s
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CFB Combustor — MFiX-PIC
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