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* Preliminary MFiX Verification & Validation Glossary
* Continuous phase * Code Verification: Process of determiningif the numerical algorithms are

implemented correctly and verifyingits order of accuracy.

* Discrete phase . o o ,
* Solution verification: Process of determining the correctness of input

* Particle-In-Cell (PIC) data, numerical accuracy of solution and correctness of output data.

* Validation: Process of determining the degree to which a model
corresponds to a real system.

* BExtended ASME V&V 20 * Uncertainty Quantification: Process of determining the uncertainty in
numerical predictions due to inherent randomness in physical properties
(aleatory) and lack of knowledge (epistemic).

* VV&UQ Framework for granular & multi-phase flows

* Application

* Hopper discharge * Control variable: Variables in an experiment/simulation that are controlled

e Pulsed fluidized bed or modified while performing a parameter sweep.

* Response variable (Quantity of Interest): The observable quantity used
for validation.

* Challenge Problem

* Ongoing efforts

MFiXoem  MIFIX pic MFiX v VIFIX .

U.S. DEPARTMENT OF

William L. Oberkampf , Christopher J. Roy, Verification and Validation in Scientific Computing (2018)
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Continuous phase o .
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Discrete phase
Particle-wall Rolling on Terminal . .
. 5 : Granular shear flow Particle segregation
collision rough wall velocity
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Terminal Particle .
. . Evaporation
velocity Settling
_ _ Mass Inflow
Fs Fy & =10 & =10 At 30°C - » Pressure Outflow
—
£ = £gg £ = £qg . Wet-Bulb Temperature
@)
— 2
g = &5 5 33
= o 30
8 t=0 t>0 o
e 0 . . 2 75
>o05 [ —MFXPIC Settlingshock velocity ©
: O ODE solution QL_) 20
0 £50 0.10 0.15 0.20 o
0 o1 to(-g) 03 04 Analytical 0.334 0.256 0.193 E 15
PIC 0.34+0.01 0.28+0.01 0.22 +0.01 2
t (s) 10
0 i DEM 0.34+0.01 028+0.01 0.22+0.01 Neo)
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Z-04 | £50 0.10 0.15 0.20 = 0 50 100
ke Analytical 0.058 0.075 0.085
S . C o
706 | PIC 0.06 +0.01 00800l 0.10 £0.01 Relative Humidity (%)
DEM 0.06 +0.01 0.08 +0.01 0.10 +0.01 ~®-Analytical -#-DEM —+ MP-PIC
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Material High density polyethylene
Particle density 863 kg/m’
Crossover
‘ Mean particle diameter 871 um
r
Particle count 800,000

Wen & Yu (AIChE 1966) Gidaspow (AIChE 1990)

BVK (CES 2007) HKL (JEM 2001)
1200 :
Riser | Case 2 (M)
1000 . Wen&Yu (Group 1, P)

Gidaspow (Group 1, P)
BVK (Group 2, P)
HKL (Group 2, P)

[
|
|
800 —

600

400

Pressure drop (Pa)

200

all .l 1, o

Riser  Crossover Cyclone Standpipe L-Valve Outlet
Location
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ENERGY Xu, Y., er al. Industrial & Engineering Chemistry Research (2018)
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* Simulations with PIC using BVK drag law
* Maximum deviation in pressure drop across riser and standpipe about 20%

* Time to solution reduced to 1 day with PIC (~8X DEM)
* Maximum deviation for Case 1 (lower flow rates)

Case 1 Case 2
1200 FTC180 FTC135 FTC115 1200

1o Case 1 275 6 1.5 _ 1000

¢ 800 Case 2 300 7.5 2.5 ¢ 800

% 600 Case 3 325 6 1.5 % 600

E 400 E 400

200 Case 3 200
0 1000 0
Riser Crossover Cyclone Standpipe L-Valve Qutlet 200 Riser Crossover Cyclone Standpipe L-Valve Outlet
W Experiment mDEM = PIC = 500 B Experiment M DEM mPIC
e
% 400
E 200
0
200 Riser Crossover Cyclone Standpipe L-Valve Qutlet

W Experiment WMDEM mPIC
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* Complex hydrodynamics and inter-phase interactions P o,smm,)
* Numerous physical and modeling parameters Avsacton
* Need for objectively-assessed experimental uncertainty
Mathell'natical Phy;ical
Modeling Modeling
[ ] . " 2
AShE ey 2
“Ideally as a V&V program is initiated, those responsible for the simulations and those Code  implementatn areeton
. . . . . . R Verification
responsible for the experiments should be involved cooperatively in designing the 1&>1” | f— W e | Ceer
?/]‘Oﬁ o ,/: Calculations Mc::el
. Calculation | Calculation Experimentation Experiment
Verification
¢ . . . . . . Results Data
“The scope of this standard is the quantification of the degree of accuracy of simmulation e e
of specified validation variables at a specified validation point for cases in which the e R
conditions of the actual excperiment are simulated. Consideration of solution accuracy at 332’332312
points within a domain other than the validation points (e.g.,
Modeling, Simulation

interpolation/ extrapolation in a domain of validation) is a matter of engineering
Judgment specific to each family of problems and is beyond the scope of this standard.” == reesresne Ve

¥

‘ Next Reality of Interest in the Hierarchy ’

& Experimental Activities No

NM-11050-32
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Verification

Code Verification

Solution Verification

Features

Survey of subject matter
experts

Systematic design of
experiments and simulation

campaign

Tollgates for reviews,
analysis and discussions
with stakeholders

U.S. DEPARTMENT OF
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Revision

Define research

v

objectives & general
problem classification

-

Identify and define

v

application specific
constraints

|

Identify Quantities of

v

Interest (Qol)

v

Query subject matter

experts (SMEs)

Assess
feedback

Tollgate review
prior to testing

Computational

model setup

Experimental

F 3

O,

(2) Sensitivity study

y

(1) Screening study

Simulation

»| Campaign design &
prior tollgate review

Y

Campaign
execution

Additional simulations
(if deemed necessary)

Validation and
Uncertainty
Quantification

Analysis &
Stakeholder
Tollgate

setup

Model Bias Analysis
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Quantitative
Analysis

(2) Sensidvity study

(1) Screening study

Experiment

Campaign design &
prior tollgate review

Campaign I
execution

l

Additional experiments
(if deemed necessary)

Next research

L objective

A. Gel, A. Vaidheeswaran, J. Musser and C. H. Tong, J. Verif. Valid. Uncert. 2018; 3(3)
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Survey of Subject Matter Experis Computational model - Rejected Response Variables
SME | Rejected response variable Justification of rejected response variable
8. Subjecl Matter Expert [SM E:I Feedback Sum mary . . Computationzl simulations will be conductad with meno-disperse particles so thers is
cﬂmputatlﬂnﬂl model - RESPDHDE Variables 3 Flows pattern - highest and lowest points These zre connected to model input perameters, specificzlly the total number of
in hopper particles.
Accepted - Ranked by overall score Rejected - — . — .
1 Dl'scharge rate {kgfﬁ:l . Pa I'ti{:|& siza Distribution {PSD} Of diSChBI’gEd q Particle-wall friction coefficiant This is 2 madel input parameter.
2 AﬂglE le repose [degree} pE rticles 4 Particle-particle restitution coefficient This is @ model input parameter.
- Flow pattern - lowest pﬂiﬂt in hopper q Particle-particle friction coefficients This is 2 madel input parameter.
*  Flow pattern - Highest point in hopper Computational model - Accepted Control Variables
* Ea E!c:e—warlil:.frllctlosntioiﬁlcn}ntff ent Particle-particle coefficient of friction (sliding) Rank: 1 of 10
- arocie-particie resttution coermcien
- Young's Modules Proposed control variable value range
s Particle-particle dynamic friction coefficient SME Rank Mormal Low High Justification
- Pa rti{:l&-particle static friction coefficient | have seen the friction coefficient can be very sensitive ta
1 1 05 0.0 10 things like humidity. It would be best to measure the friction
Computational model - Control Variables coefficient in house if possible.
2 2 a3 a0 10 [It is] unclear whether distinction should be made betwaen
Accep‘led - Ranked h\'t overall score Rejected - - - dynamic,/static value but MFIX doesn't have this fine cantrol.
1. PP coefficient of friction (sliding) + Coefficient of friction (rolling) 3 7 I 05 /R N/R N
2. PW coefficient of friction (sliding) + [nitial voidage . P . MR MR IM: Rank assumed from list arder and inputs of dynamic and
3. PP restitution coefficient + [nitial bed height stotic friction.
4. PP LSD normal spring stiffness coefficient *  Particle density 5 \ 1 N/R /R NfR N/R
5. PW restitution coefficient + [nitial particle size distribution (PSD) 13 TEDTE) 035 031 029 M Nat specific on pp or pw
6. PW LSD normal spring stiffness coefficient .
. P g i . *  Wall asperities Particle-wall coefficient of friction (sliding) Rank: 2 of 10
7. PP LsD tangential spring stiffness coefficient | . qifice diameter
8 PW LSD tangential spring stiffness « Apexangle Proposed control variable value range
coefficient _ _ * Height above collection plate SME Rank Normal Low High lustification
5. PPLSD tange ntial d amping factor | have seen the friction coefficient can be very sensitive to
10. PW LSD tangential damp ing factor 1 2 068 045 0.50 things like humidity. It would be best to measure the friction
coefficient in house if possible.
Computational model - Held Constant Variables 3 2 N N/R N/R N/R /R
Accepted - Ranked by overall score Rejected 3 i 0s MR /R N/R
1. Particle density (kg/m?) *  Normal spring stiffness 4 1 I N/R N/R N/R JM: Rank assumed from list arder.
2. Particle diameter (m) »  Time step 5 \2 / N/R MR MR N/R
3. Particle sphericity 6 TED (5] 035 031 033 M Mot specific on pp ar pw

@ U.S. DEPARTMENT OF
(@2 ENERGY
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Experiments

* Design of experiments - Central composite

Apex Orifice Apex  Orifice

: Discharge : Discharge
. Re licates t0 assess uncertaint Index angle diameter v () Index angle diameter ¥ (9]
P y (deg) m (deg)  (mm)
. 6 20 5.88 190 | 1 20 7.02 3.0
* Control variables from the survey of SMEs 1 20 7.02 3.15 3 20 6.45 2.53
2 . 1.92 23, : 1.91
+ Apex angle 6 0 5.88 9 5 35 605 9
4 165 6.05 221 | 3 20 6.45 2.53
* Orifice diameter 3 20 6.45 249 | 9 1505 645 2.80
§ 165 6.85 309 | 5 235 6.05 1.94
D, (mm)? 3 20 6.45 251 | 3 20 6.45 2.53
3 20 6.45 252 | 3 20 6.45 2.49
E;Of')oz] 7 235 6.85 278 | 8 165 685 3.09
, +a
(16.50.6.85] (23.50,6.85] ~ schge 20 7.02 312 | 3 20 6.45 2.47
(1+1) (+141) E Peaols 2 2495 645 200 | 3 20 6.45 2.46
£ 4 165 6.05 219 | 3 20 6.45 2.48
[15.05,6.45] (2495645 & Zd0 6 20 5.88 191 | 2 2495 645 2.00
(-0,0) (0,0) (+00) 9 "2 5 2495 645 205 | 5 235 605 1.93
» J
[20,6.45] 0() £ 269 1505 645 278 | 3 20 6.45 2.49
o “30 3 20 6.45 253 | 9 1505 645 2.80
~32 5 235 6.85 278 | 3 20 6.45 2.52
(-1-1) (+1,-1) >34 3 20 6.45 250 | 4 165 605 2.20
[16.50,6.05] [23.50,6.05]
0, ) 7 235 6.85 278 | 8 165 685 3.07
[20,5.88] 3 20 6.45 2.50
16 17 18 19 20 21 22 23

Apex Angle

U.S. DEPARTMENT OF

ENERGY A. Gel, A. Vaidheeswaran, J. Musser and C. H. Tong, J. Verif. Valid. Uncert. 2018; 3(3)
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Screening study ; Mot o it tgr) e Mot Mot Pt i)
o o 25 25}
* Granular discharge through a conical hopper N=44 |, N = 55
2 2t 5
: g
« » . 3| 3
* “Mass-flow” operation mode ;
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ENERGY A. Gel, A. Vaidheeswaran, J. Musser and C. H. Tong, J. Verif. Valid. Uncert. 2018; 3(3)
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Global Sensitivity Analysis
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A. Gel, A. Vaidheeswaran, J. Musser and C. H. Tong, J. Verif. Valid. Uncert. 2018; 3(3)
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Experiments

e Periodic fluidization leads to structured
bubbling pattern depending on material
properties and operating conditions

Coppens and co-workers (University College London)
* Bench-scale system to facilitate UQ study

Material Glass

Particle density 2500 kg/m?3
Mean particle diameter 394 pm
Particle count 188,496
Dimensions of the bed 50 mm X 5 mm
Pulsing frequency 4 Hz, 5Hz, 6 Hz
Particle count 188k

~ Test section used at NETL




Pulsed Fluidized Bed
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Experiments
<\
B LED Light
Source
A
¥ S
A A&
A'A
Glass
beads A
Camera g
Flow
Distributor

}

Air Flow

U= uy+ uysin(2mft)

.S. DEPARTMENT OF

t=0.00(s) t=0.00(s)

J. Higham, M. Shahnam, A. Vaidheeswaran, arXiv. 2018; 1809.05033

t=0.00(s)
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Pulsed Fluidized Bed S e
Experiments
Onf 17t 4 Hz 27k 3nf

* Controlled repeatable bubbling pattern
every 2 cycles

* Change in the bubbling characteristics
with pulsing frequency

* Larger bubbles at 4 Hz: bubbles migrate
from one side to the other (1-1 pattern)

* The pattern changes to 1-2 at 5 Hz and 6 Hz
and the average size of bubbles decreases

e, U.S. DEPARTMENT OF

{®) ENERGY
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Pulsed Fluidized Bed
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Simulations

* Sensitivity analysis of
pulsed-fluidized bed
system using “MIFiX pem

* Parameters influencing
mean diameter and root
mean square velocity

* Coefficients of friction
restitution and ratio of
damping factors seen to
be influential

U.S. DEPARTMENT OF

ENERGY
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NETL Multiphase units - Cold flow

2”7 X Vs
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Pseudo-2D Fluid bed Cylindrical Fluid beds 17, 2.5” Continuous separator Mini CFB

s
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!

Circulating fluid bed Vortexing Circulating
4> 1”x4” & 37 x 12”7 4> 4> 127 fluid bed 8”

Spouted beds




NATIONAL
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Chemical loop reactor Single fluid bed/jet cup 2” Solid fuel fluid bed 4” Spouted bed 2”7 x 8”
8” FR, 6” AR, 2’ riser

(@) ENERGY
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* Idea of CPs for particulate flows originated at Fluidization VII

* Accelerate the development of simulation-based engineering

* Test predictability, accuracy of numerical models and their implementations
* Identify existing modeling deficiencies

* Features
* Well-characterized operating conditions for accurate representation
* Repeats or replicates for high-confidence measurements

* CPs in the past
* CP III — Bubbling fluidized bed (NETL), Circulating fluidized bed (PSRI)
* SSCP I — rectangular fluidized bed (NETL)

- DEPARTMENT OF

Formulation

Announcement

Modeling

REENE
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* Fluidization in a bench-scale rectangular domain
* Smaller geometry for better control over operating conditions Potential operating conditions
* Fluidization-defluidization characteristics Geometry 9” X 3” 457X 15"
* Particle size distribution
o ) o ) o o Material Nylon beads Ceramic beads
* Properties including sphericity, coefficients of friction and restitution
. Diameter 3mm 1 mm
* Quantities of Interest:
_ Particle count 100k 800k
* Pressure statistics
* Particle velocity statistics Flow rates 2Unnf, 3Umt, 4Upne - Up 10 3.5Upne

* Possibly involve geometric scaling at 2X
* Long term data management

* Intended date of announcement — Spring/Summer 2020

Feedback welcome !!

U.S. DEPARTMENT OF

ENERGY
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Ongoing efforts and plans for future

* Consistent development of MFiX-DEM & MFiX-PIC feeding in to MFiX-Exa
* Extension of VV&UQ methodologies for reactive flows — experiments and simulations
* Provide open-access data covering design of experiments and simulation campaign

* Larger-scale facility to support development of MFiX-PIC and coarse-grained modeling
techniques

* Active collaboration with universities and research organizations, use external data for validation
and cross-validation
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MFiX Suite Quality Assurance

ACKNOWIEDGEMENT

This work was performed in support of the US Department of Energy’s Fessil Energy Crosscutting Technology Research:Program. The
Research was executed through the NETL Research and Innovation Center's Advanced Reaction Systems FWP, Research. performed by
Leidos Research Support Team staff was conducted under the RSS contract 89243318CFE000003.

DISCLAIMER

This work was funded by the Department of Energy, National Energy Technelogy Laboratory, an agency of the United States Government,
through a support contract with Leidos Research Support Team (LRST). Neither the United States: Government nor any. agency thereof,
nor any of their employees, nor LRST, nor.any of their employees, makes any:warranty, expressed 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 afy specific commercial product, process, or senice 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..

. U.S. DEPARTMENT OF

ENERGY




Team N=[NATehAL
T L | G8RSRT

Thank you for your attention. Questions?
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