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• Develop, enhance, and apply NETL’s suite of MFiX software tools that are used for design and 
analysis of novel reactors and devices for fossil energy (FE) applications. 

• Enable science-based models as viable tools to reduce the risk, cost, and time required for 
development of novel FE reactors.

• Open source codes are developed, validated, and supported in-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

• Joule 2.0 Supercomputer

• MFAL: high fidelity data that measures key performance parameters across a broad range of 
flow conditions-including fixed bed, bubbling, turbulent, entrained flow, and CFBs

CARD: CFD for Advanced Reactor Design 
Project Description and Objectives 



3

• Task 2: Develop, validate, apply, publicly distribute, and support MFiX
• Large-scale, reactor systems
• Complex chemical reactions
• Realistic geometry

• Task 3: Collaborate with industry partners
• Apply computational tools and FE/NETL supercomputing resources
• Understand and optimize circulating fluidized bed (CFB) boiler performance.

• Task 4: Accelerate time to solution (see Dr. Dirk Van Essendelft’s update)
• Google’s TensorFlow™, will be linked to NETL’s MFiX and the solvers will be written in 

TensorFlow to achieve significant code acceleration on the latest hardware.

CARD Tasks
Project Description and Objectives 
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• Graphical user interface (GUI)
• Increase usability of the code 
• Minimize error in setup, execution, and post processing.

• Additional Models/ physics required for challenging FE applications:
• Particle in Cell
• Coarse Grain Discrete Element Method
• Non-spherical particles
• Polydispersity

• Quality Assurance (QA) Program
• Validation
• Verification
• Improved documentation, user guides, and validation experiments.

• Outreach capabilities through the MFiX web portal to better serve FE and 
NETL stakeholders.

Task 2: MFiX Development, Validation, and Enhancements
Project Update
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Managing the tradeoff between accuracy and time to solution
MFiX Suite of Multiphase CFD Software
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• Open-source (https://mfix.netl.doe.gov)
• Motivation: Better serve MFiX community

– Improve usability of MFiX
– Support Linux, macOS and Windows OS
– Decrease time to setup, reduce error

• Solution: Graphical User Interface
• Released in 2017
• Between 1 and 4 releases per year

Graphical User Interface (GUI)

6
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MFiX usability improvement
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https://mfix.netl.doe.gov

Fortran 
compiler

mfixsolver

FB2D.mfx

custom 
mfixsolver

output

tutorials

Python environment

mfix

User responsibility
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User setup (.mfx file) greatly 
improved by GUI
Increased demand for 
complex geometry
Mesh generation

• Workflow challenge
• Geometry input (STL file)
• Preprocessing (cut cells)
• Mesh quality
• Difficult to troubleshoot
• Specific constrains for TFM, 

DEM and PIC

Preprocessor development

8
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Old workflow

New (20.1) workflow

Preprocessor development

9

GUI .mfx mesh results

MFiX 
solver

GUI

.mfx

mesh

results

MFiX 
solver

MFiX 
mesher
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DEM example

Height = 0.68 m

Particle diameter = 800 microns

Particle count = 500,000 particles

Enabling large Scale simulations
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Enabling large Scale simulations

Height = 0.68 m
Particle count = 500,000
 DEM

Height = 4.0 m  (x6)
Particle count = 650 Millions (x1,300)
 DEM 
 PIC, Parcel counts = 13 Millions
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Multiphase Particle In Cell (MP-PIC)

CFD-DEM
Computation Fluid 
Dynamic-Discrete 

Element Method Tsuji et 
al., 1993

MP-PIC
Multi Phase

Particle In Cell
Andrews and 

O’Rourke, 1996
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Momentum
Conservation

Solid Stress
Gradient

ED/TD HS
Event Driven/ Time 
Driven Hard Sphere

Hoomans et al., 1996
Ouyang and Li, 1999

CGPM
Coarse Grained 
Particle Method

Masaaki et al. 2000
Sakai and 

Koshizuka,2009

CGHS
Coarse Grained 

Hard Sphere
Lu et al., 2017
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MP-PIC can 
significantly 
reduce 
computational 
effort, and in the 
right type of 
application, 
maintain 
accuracy.

Particle Flow in Cyclone

Use MP-PIC for computational speed and averaged accuracy
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Basic Set-Up Information
Multiphase Particle In Cell (MP-PIC)

The PIC 
model 
parameters 
are clustered 
under the 
Solids tab.

𝜏𝜏𝑝𝑝 =
𝑃𝑃𝑝𝑝𝜖𝜖𝑝𝑝

𝛾𝛾

max 𝜖𝜖𝑐𝑐𝑐𝑐 − 𝜖𝜖𝑝𝑝, 𝛿𝛿 1 − 𝜖𝜖𝑝𝑝
𝑃𝑃𝑝𝑝
𝛾𝛾

1 − 𝜖𝜖𝑐𝑐𝑐𝑐

𝛿𝛿

𝑑𝑑𝑉𝑉𝑝𝑝
𝑑𝑑𝑑𝑑

= 𝛽𝛽 𝑈𝑈𝑔𝑔 − 𝑉𝑉𝑝𝑝 −
1
𝜌𝜌𝑝𝑝
𝛻𝛻𝛻𝛻 −

1
𝜖𝜖𝑝𝑝𝜌𝜌𝑝𝑝

𝛻𝛻𝜏𝜏𝑝𝑝 + 𝑔⃗𝑔

Some parameters that a user 
defines directly influence the 
momentum equation through 
solids stress calculation. 

Other parameters act as scale factors 
for energy exchange between parcels 
and their surroundings.

New in 20.2: PIC CFL setting
• Need for CFL identified by QA program
• Allows consistent results with large Fluid time step
• Showed speed up of 3 for a cyclone simulation
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Multiphase Particle In Cell (MP-PIC)

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

Excellent matching to pressure drop, temperature profiles and chemical species production at industrial scale.
Tractable time to solution.
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• Particles are lumped together to create a CG particle
• CG particles collide with each other
• Heat transfer, chemical reactions
• MFiX-CGDEM formal release: 03/31/2021

Coarse Grain DEM
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1. Sands & 130 micro Biomass
2. Coarse Grained DEM Simulation
3. Hybrid drag model
4. DNS calibrated heat transfer & 

reaction kinetics

CG-DEM Simulation of 2-inch Fluididzed Bed Pyrolysis Reactor
Coarse Grain DEM
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Moving STL walls through tangential velocity
• Add Collection of UDFs and tutorials
• Rotating drum
• Conveyor belts

Several options to represent moving geometry
Moving geometry
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Freeze or set particle velocity
Several options to represent moving geometry
Moving geometry

Move STL geometry (Granular DEM)



19

• Ability to control flow rate
Several options to represent moving geometry
Moving geometry
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• Available in 20.3 Release (September 2020)
• Merge and complement ASU implementation
• Initial and Boundary (mass inflow) conditions
• DEM Particle size distribution

• Normal
• Log-normal
• Custom (user-defined) 

• Improvement in IC seeding
• Robust
• Lattice
• Spacing
• Flexibility in input

• Volume fraction
• Solid inventory
• Particle count

Polydispersity (DEM)

Cubic lattice   Hexagonal lattice
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Polydispersity examples
Polydispersity (DEM)

Initial + Boundary Conditions Particle coating
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Non-spherical particles (SuperDEM)

• Can represent ~ 80% of all shapes by varying five parameters

• Superquadrics are a family of geometric shapes defined as

roundness parameters

𝑎𝑎1, 𝑎𝑎2,𝑎𝑎3,ℇ1,ℇ2
𝑇𝑇

Semi-axis

Superquadric particles

a1=2
a2=2
a3=4
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M&M candy static packing Cylinder candy static packing 1 million non-spherical particles M&M candy discharging from a hopper

Cylinder rotating drum

SuperDEM examples
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Experiment:  Vollmari K, Jasevičius R, Kruggel-Emden H. Experimental and numerical study of 
fluidization and pressure drop of spherical and non-spherical particles in a model scale 
fluidized bed. Powder Technology. 2016;291:506-521.

Validation experiment
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Ug=1.6 m/sFluidization of particles with different shapes
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• Both drag models consider the effects of particle 
orientation and cell voidage

• Di Felice-Holzer/Sommerfeld drag correctly 
capture the pressure in both fixed bed and 
fluidized bed regimes for each shape particles.

• Unresolved SuperDEM-CFD can not capture the 
channeling flow. Particle-resolved DEM-CFD may 
be tested in the future.

Validation-Pressure drop
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• SuperDEM-CFD correctly predict the particle 
height distribution at different gas velocities.

• Slight over predicted the expansion bed height 
as higher gas velocity. 

Validation-Particle height distribution
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• For rod, with an increase of superficial gas velocity, the 
fraction of sanding up particles increase, and the fraction of 
laying down particles decreases

• The ideal cylinder and cuboid do not show a decrease of the 
fraction of laying down particles with the increasing of gas 
velocity. 

• The SuperDEM-CFD correctly reproduced the behavior. 

Validation-Particle orientation distribution
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• 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)

Massively Parallel SuperDEM Simulation
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• Oriented bounding box (OBB) algorithm has been implemented and verified

• Superquadric contact algorithm has been implemented and verified

• Quaternion theory for object orientation (rotation between local and global) 

has been implemented and verified

• VTP (xml) was modified to output tensor for superquadric particle visualization

• Superquadric particle collision with wall (plane, STL) 

• Non-linear forces between superquadric particles

• Parallelization (MPI)

• 100 million non-spherical particles large scale  simulation on 6800 cores

• A new interpolation scheme (DPVM-Satellites) was developed.

• Non-spherical drag models (Di Felice-Gansor and Di Felice Holzter/SommerFeld) 

considering particle orientation and cell voidage were implemented

• A new general scheme to calculate the projection area of non-spherical particle 

perpendicular to the flow was developed.

• 100 million non-spherical particles fluidization simulation on 6800 cores

• Heat transfer, mass transfer, chemical reaction

• Coupling with other sub-models  

• Multi-superquadric particles to model moving 

internals, such as baffle, moving wall, etc.

• Advanced superquadric contact algorithm 

• Summary • Future work

SuperDEM development progress
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• Verification
• Code verification – Does the code do what we 

expect?
• Solution verification – Is the answer any good?

• Validation - How does the answer compare to 
the real world?

• Uncertainty Quantification
• Where is the error in my solution coming from?
• What happens to my answer when I change an 

input to my model?

Accomplishments
• MFiX Verification and Validation Manual 2nd Ed. (PDF & html)
• PIC theory guide (May 2020)

Building Confidence in Simulation Results
MFiX Quality Assurance
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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

Building Confidence in Simulation Results
MFiX Quality Assurance

Cases selected to cover a broad range of flow conditions
• Particle Settling: U/Umf < 1.0 (P0 ~ 1) (Analytical solution)
• Bubbling Fluidized bed: U/Umf ~ 1 (P0 ~ 10)
• Circulating Fluidized bed: U/Umf >> 1.0 (P0 ~ 100)

Summary of model parameters used:

𝑑𝑑𝑉𝑉𝑝𝑝
𝑑𝑑𝑑𝑑

= 𝛽𝛽 𝑈𝑈𝑔𝑔 − 𝑉𝑉𝑝𝑝 −
1
𝜌𝜌𝑝𝑝
𝛻𝛻𝛻𝛻 −

1
𝜀𝜀𝑝𝑝𝜌𝜌𝑝𝑝

𝛻𝛻𝜏𝜏𝑝𝑝 + 𝑔⃗𝑔

𝜏𝜏𝑝𝑝 =
𝑷𝑷𝟎𝟎𝜀𝜀𝑝𝑝

𝛽𝛽

max 𝜀𝜀𝑐𝑐𝑐𝑐 − 𝜀𝜀𝑝𝑝, 𝛿𝛿 1 − 𝜀𝜀𝑝𝑝

Parcel momentum equation

t1
Pressure 

linear scale 
factor

t2
Volume fraction 

exponential 
scale factor 

t3
Statistical 

weight

t4
Volume fraction 

at maximum 
packing

t5
Solid slip velocity 

factor

C1: Particle Settling [1,20] [2,5] [3,20] [0.35,0.5] [0.5,1.0]

C2: Fluidization [1,100] [2,5] [10,100] [0.4,0.5] [0.85,0.98]

C3: Circulating 
Fluidized Bed

[1,250] [2,5] [4] [0.4,0.5] [0.85,0.98]

*Parameters selected based on prior sensitivity study
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Problem setup
C1: Particle settling

t1
Pressure 

linear scale 
factor

t2
Vol. fraction 
exponential 
scale factor 

t3
Statistical 

weight

t4
Vol. fraction 
at maximum 

packing

t5
Solid slip 

velocity factor

C1: Particle 
Settling

[1,20] [2,5] [3,20] [0.35,0.5] [0.5,1.0]

Control variables: CFD (PIC parameters)

Control variable: Initial solids concentration
Range: [0.05,0.25] 

x1
Initial solids concentration

C1: Particle Settling [0.05,0.25]

Response variable: Location of filling shock (y2)
CFD results are compared with analytical solutions

𝒙𝒙 𝒕𝒕 = −𝒕𝒕
𝜺𝜺𝒔𝒔∗𝜺𝜺𝒈𝒈∗ 𝒖𝒖𝒓𝒓∗ − 𝜺𝜺𝒔𝒔𝒔𝒔𝜺𝜺𝒈𝒈𝒈𝒈𝒖𝒖𝒓𝒓𝒓𝒓

𝜺𝜺𝒔𝒔∗ − 𝜺𝜺𝒔𝒔𝒔𝒔

𝒖𝒖𝒓𝒓 =
𝒈𝒈∆𝝆𝝆𝒅𝒅𝒑𝒑𝟐𝟐

𝟏𝟏𝟏𝟏𝝁𝝁𝒈𝒈
𝜺𝜺𝒈𝒈𝟑𝟑.𝟔𝟔𝟔𝟔

Location of 
shock

Rel. velocity
(Stokes’ drag)

Analytical Solution:
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C1: Particle settling

Parameter Default Range Calibrated

t1
Pressure linear 
scale factor

100 [1,20] 14.309

t2
Vol. fraction 
exponential 
scale factor 

3.0 [2,5] 2.165

t3
Statistical 

weight
5.0 [3,20] 12.241

t4
Vol. fraction at 

maximum 
packing

0.42 [0.35,0.5] 0.399

t5
Solid slip 

velocity factor
1.0 [0.5,1.0] 0.828

Parameters obtained through 
deterministic calibration

Sensitivity Analysis using Sobol Indices

t1: Pressure linear scale factor
t2: Exponential factor
t3: Statistical weight
t4: Void fraction at packing
t5: Solids slip velocity factor 

3D plot of the data-fitted surrogate model
Sensitivity analysis and Deterministic calibration
Response surface 
constructed from 55 samples 
Sobol indices show the 
following:

• main effects (first oder)
• interactive effects 

(second order)

Code-to-Code comparison 
with PSUADE
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Testing calibrated parameters at “unseen” settings
Deterministic calibration (using 120 samples and PSUADE)
C1: Particle settling

22.99% 
vs 

-0.96%

Consistently over-predicting 
with default settings

With calibrated settings 
for all 5 parameters both 
over-predicting with 
default settings

Comparing Distribution of % Error (Default vs Calibrated Settings) 
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Experiments
C2: Bubbling Fluidization

2.5Umf 3.0Umf 3.5Umf 4.0Umf 4.5Umf

ΔP4

ΔP2

ΔP3

C2 identified the need to implement a PIC CFL time step control
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Sensitivity Analysis
C2: Bubbling Fluidization

ΔP2 ΔP3 ΔP4

t1: Pressure linear scale factor
t2: Exponential factor
t3: Statistical weight
t4: Void fraction at packing
t5: Solids slip velocity factor 

t1: Pressure linear scale factor
t2: Exponential factor
t3: Statistical weight
t4: Void fraction at packing
t5: Solids slip velocity factor 

t1: Pressure linear scale factor
t2: Exponential factor
t3: Statistical weight
t4: Void fraction at packing
t5: Solids slip velocity factor 

3D plot of the data-fitted surrogate model (Radial Basis Function)

Sensitivity Analysis using Sobol Indices

*t1,t2,t5 set at 
nominal values

*t1,t2,t3 set at 
nominal values

*t1,t2,t3 set at 
nominal values
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Experiments
C3: Circulating Fluidized Bed

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

BVK (CES 2007) HKL (JFM 2001)

Material High density polyethylene

Particle density 863 kg/m3

Mean particle diameter 871 μm

Particle count 800,000
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Sensitivity Analysis
C3: Circulating Fluidized Bed

Interface height ΔP - StandpipeΔP - Riser

t1: Pressure linear scale factor
t2: Exponential factor
t4: Void fraction at packing
t5: Solids slip velocity factor 

t1: Pressure linear scale factor
t2: Exponential factor
t4: Void fraction at packing
t5: Solids slip velocity factor 

t1: Pressure linear scale factor
t2: Exponential factor
t4: Void fraction at packing
t5: Solids slip velocity factor 

*t1,t2 set at nominal 
values

*t1,t2 set at nominal 
values

*t1,t2 set at nominal 
values

Sensitivity Analysis using Sobol Indices

3D plot of the data-fitted surrogate model (Radial Basis Function)
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Q2FY20 (Jan-March 2020) :  158 registrations, 831 MFiX Downloads
Q3FY20 (April-June 2020)   :  161 registrations, 815 MFiX Downloads
All-time registrations = 6,264 (June 30th 2020)

Still going strong amid pandemic crisis
Outreach: User base

Registrations location (Q2FY20 + Q3FY20)
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• All-time MFiX registrations = 6,264

• University = 4,529
• Industry = 910
• Nat. Labs = 392
• Other = 533

• 81 countries, Top 5: 

Stakeholders and Technology Transfer
Outreach: All-time MFiX Stats

USA : 1,632

China : 1,020

India : 509

Brazil : 268

Canada : 196
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User support

Categories
• Installation
• How to
• Bug report
• Share

Topics (threads)

File attachment

Searchable

MFiX Forum https://mfix.netl.doe.gov/forum
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User manual

V&V manual

Html and pdf

Text and video tutorials

MFiX Documentation https://mfix.netl.doe.gov/doc/mfix/19.2.0



44

• MFiX releases
• 19.3: Moving geometry (tangential velocity)
• 20.1: New meshing workflow
• 20.2: Moving geometry (STL), PIC CFL

• MFiX development
• GUI continuous development
• Polydispersity (20.3 release, Sept. 2020)
• Coarse grain DEM
• Non-spherical DEM particles
• PIC parameter sensitivity/calibration

Task 2: Summary
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Problem Statement
• Design and optimization of reactors for FE applications is a challenging and expensive process 
• CFBC systems: Important to existing power generation fleet and next generation (Coal FIRST Program) 
• CFBC advantages: fuel flexibility, lower operating temperatures, high efficiencies
• Challenges for existing plant in designing and operating multiphase flow systems fluctuating load 

conditions
Benefits
• Science-based models: reduce the risk, cost, and time required for development of novel FE reactors.
• NETL is providing an advanced suite of multiphase flow CFD models that enable this capability. 
R&D Challenges
• Large physical size of the reactor, high particle count, and the complex physics 
• Study several scales of CFB combustor ranging from small pilot scale through commercial scale
• Requires High Performance Computing systems
• Complex modeling effort: broad range of fluidization conditions, high temperature reacting flow, 

complex geometry (heat transfer surfaces), gas/solids coupling

Task 3: Device scale modeling
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• Objectives: 
• Detailed analysis of industrial scale CFBC systems to advance both 

existing fleet and coal plants of the future needs
• Study existing CFBC boilers over a range of operating conditions to 

optimize fuel-air mixing and plant flexibility

• Collaborative effort between NRCan and NETL in the study of CFB 
combustion of coal and biomass over a range of oxyfuel conditions

• Experimental facility designed, built, and operated at Natural 
Resources Canada, CanmetENERGY1 (NRCan)

• Apply computational tools and FE/NETL supercomputing resources to 
aid in understanding and optimizing CFB boiler performance

• Hydrodynamics study with PIC model (MFiX and OpenFOAM)
• Identify modeling challenges
• Riser and full-loop simulations
• Benchmarking

50kWth CFB Combustor Experiment
Task 3: Device scale modeling

1 Hughes, R.W. et al., 2015. Oxy-fluidized bed combustion using under bed fines fuel injection. In 22nd International Conference on Fluidized Bed Conversion. Turku, Finland, 2015.
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Inert material: Olivine sand, 𝜌𝜌𝑝𝑝 = 3,063 kg/m³

Cold Flow Experiment

23 heat exchanger 
tubes modeled as 
adiabatic walls

ΔP
1

0.
83

1m
ΔP

2
3.

18
9m

Air @ 3.09 m/s
120°C

Total mass of inert = 9 kg

Computational grid with
tube bank resolved

for riser-only simulation

MFiX-PIC Parameters
Stat. weight 500
Drag model Gidaspow
𝛼𝛼𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 0.34
𝑒𝑒𝑐𝑐 0.85
𝑒𝑒𝑤𝑤 0.85
𝜇𝜇𝑤𝑤′ 1.0
𝑃𝑃𝑠𝑠, 𝛽𝛽 Varies



48

Riser Hydrodynamics

Overall ΔP is lower 
for Gidaspow drag 
because at each 
time step, more 
particles stay in 
the side inlet due 
to the higher 
recirculation

• Challenge: For 𝑈𝑈g = 3.09 m/s, sand particles are elutriated out 
of the riser and the recirculation must be considered to 
maintain accurate inventory for comparison with experiment

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

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

• Pressure drop distribution and overall pressure drop are both in 
agreement with experimental results
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Full Loop Simulation of Cold Flow

Particle recirculation mechanism is via a ram valve

• From the riser-only simulations, the experimental pressure drop distribution in the riser can be 
matched as long as the riser holdup matches the experiment

• It is desirable to model the full loop so that the riser holdup can be allowed to evolve as a 
function of the operating parameters instead of being fixed at a prescribed value

• Challenge: Ram valve operation
• Filtered drag performs better than homogeneous drag
• Results are independent of parcellation (constant statistical weight

or constant parcel size)
• Need to tune Ram valve position to match DP

(fully open, 31.1, 32.5, and 34.0mm)
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Full Loop Simulation of Cold Flow
• From the riser-only simulations, the experimental pressure drop distribution in the riser can be

Valve stroke = 34.0 cm
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Tuning Riser Inventory w/ Ram Valve
Increasing stroke
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Effect of Valve Stroke

Exp. Open 31.1mm 32.5mm 34.0mm
ΔP1 (kPa) 3.92 3.96 4.64 4.01 3.45
ΔP2 (kPa) 0.82 5.53 3.33 1.61 0.92
ΔPT (kPa) 4.74 9.49 7.97 5.62 4.37
mriser (kg) – 8.18 6.69 4.69 3.70

ṁ (kg/s) – 0.21 0.12 0.054 0.020

Values averaged over final 100s of simulation
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Data MFiX OpenFoam

Grid size (fluid cells) 347K 363K

Number of Parcels 1.467M 1.460M

Cores 160 160

Simulated time/day (s) 26 53

Comparison MFiX-OpenFOAM

Tetrahedra Grid

 Grid density (Coarse): 363,286 cells
o ∆𝑚𝑚𝑚𝑚𝑚𝑚= 0.6mm ( ⁄∆𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 = 1.4)
o ∆𝑚𝑚𝑚𝑚𝑚𝑚= 14.9mm ( ⁄∆𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 = 35.1)

 Time step: 1e-3s

Mesh

Laplacian Filter (of gas volume 
fraction)

∇ � 𝐷𝐷𝑓𝑓∇𝛼𝛼𝑔𝑔 = 0
Grid−based diffusion 𝑫𝑫𝒇𝒇

𝐷𝐷𝑓𝑓 =
2 Ω
𝜕𝜕Ω 𝛿𝛿

𝜖𝜖

Grid-based diffusion length-scale: 𝑫𝑫𝒇𝒇 ≈ 𝟑𝟑.𝟗𝟗𝟗𝟗𝒅𝒅𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑

Exp. MFiX-
Filtered

OF-
Filtered

ΔP1 (kPa) 3.92 4.24 3.63

ΔP2 (kPa) 0.82 5.11 5.76

ΔPtotal
(kPa) 4.74 9.36 9.39

mriser
(kg) - 7.98 8.36

ṁ (kg/s) - 0.22 0.0087
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• Riser and full loop simulations of the CANMET 50 kW reactor were 
conducted

• A good match with experimental data was achieved for lower bed 
pressure drop

• Filtered drag performs better than homogeneous drag
• Circulation rates and pressure drop in upper section of riser are sensitive to 

valve opening setting
• MFiX and OpenFOAM provide comparable results
• Future work: 

• Full loop reacting flow (50 kW)
• Develop cold flow 12 MWth CFB Boiler Model
• Develop reacting flow 12 MWth CFB Boiler Model

Task 3: Summary
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• Advancing Multiphase flow modeling capabilities to address FE strategic 
goals of modernizing existing coal fleet, developing coal plants of the 
future, and reduce the cost of carbon capture, utilization, and storage

• Improvement in science-based models confidence, accuracy, speed, 
usability will make them viable tools to reduce the risk, cost, and time 
required for development of novel FE reactors.

• Open source

Concluding Remarks
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