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Engineering and Research

R&D areas:
* Expanding application areas
* |ncreasing calculation speed & domain sizes
* Improving usability

Particle and bubble physics is central
Barracuda Virtual Reactor simulations

* Drag models —validation and
recommendations

e Particle-particle models
* Bubble breakup and coalescence
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Particle / Bubble Physics

Particle-particle interactions

Particle drag Bubble coalescence /

breakup
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Spherical drag mOdel Validation Re-creation of Wen & Yu Fig 3

100 100 N
4 80 Al
Assembled the data sets used by Wen and Yu (1966) plus data 60 .
of Jottrand (1952) o !
e Particle diameters: 20 um to 6.35 mm 7
* \Voidage: 0.36t0 0.95
20 C>|*
Voidage error consistent with +/- 10% reported by Wen and Yu
. g . 2 1w E 10 ! )
Drag force errors are significantly higher — .
6
Error in Wen and Yu Fit
250 4
L 200 ® Wen and Yu (1966)
= ©® Wilhelm & Kwauk (1948) »
§ 150 = voidage @ Richardson & Zaki (1954) @ PRESENT WORK
s ™ Drag Force Lewis, Gilliland, & Bauer (1949) f:?:::;siNK:Ziﬁ?:‘:}
© 100 O Jottrand (1952) [ 4 LEWSGILLILAND 8 BAUER(27)
3 1
5 0.1 1 0. 0.2 e 04 06 .
= 50 I I € Fig. 3. Correlation of the voidage function of multiparti-
cle system.
<0.5 (-0.5,- (-0.4,- - (-0.2,- (-0.1,0] (0,0.1] (0.1, (0.2, (0.3, (0.4, >0.5
0.4] 0.3] 02] 0.1] 0.2] 0.3] 0.4] 0.5] 0687 _365
Error ranges FWY/FStOkeS — (1 + 0.1 5 Re )g
BARRACUDA VIRTUAL REACTOR cpfd

cpfd-software.com

CPFD Software = 13501 Katy Fwy., Suite 3505 = Houston, TX 77079 USA 6


http://www.cpfd-software.com/
http://www.cpfd-software.com/
http://www.cpfd-software.com/

Spherical Model Results

Tuning dataset contains defluidized pressure / velocity data

in addition to expansion data

Beetstra drag model has low overall error

Improvement to models possible by tuning to data

Tuning Dataset

Full Dataset

Avg. Err. Max. Err. Avg. Err. Max. Err.

Drag model
New model - Tuned 8.9%
New Model - Untuned (A=180, B=1.8) 11.6%
Beetstra et al (2007) 15.5%
Di Felice (1994) 20.9%
Wen-Yu / Ergun Blend (A=180, B=1.8) 22.6%
Wen and Yu (1966) 26.6%
Gidaspow (1986) 31.2%
Tang (2015) 32.1%
Tenneti (2011) 36.3%
Ergun (1949) 57.7%

BARRACUDA VIRTUAL REACTOR

23.3%
32.3%
37.6%
33.9%
47.6%
58.6%
98.9%
53.9%
54.3%
230.3%

17.6%
25.2%
24.5%
26.3%
26.9%
27.5%
34.5%
31.7%
42.7%

CPFD Software = 13501 Katy Fwy., Suite 3505 = Houston, TX 77079 USA

47.2%
88.6%
49.0%
77.1%
58.6%
98.9%
89.6%
73.1%
230.3%

cpfd-software.com
7

BARRACUDA VIRTUAL REACTOR W Chicago - Lakeshore

USERS’ CONFERENCE 2024

June 19 - 21, 2024

x Wen-Yu @ Beetstra

1000

100

I:model

10

1 10 100 1000

Are/ (18 Re)

cpfd



http://www.cpfd-software.com/
http://www.cpfd-software.com/
http://www.cpfd-software.com/

BARRACUDA VIRTUAL REACTOR W Chicago - Lakeshore

USERS’ CONFERENCE 2024

June 19 - 21, 2024

Non-spherical modeling

Work with Molten Industries on
modeling their decarbonization
technologies

Separation of carbon particles from

hydrogen in cyclone | i | B
: o.s: v “W"v-"ﬂdj\_; .5‘9‘ %:6%:'_“ |
Based sphericity on the bulk density - aE ;
o o . : R O AR T | m- 14 | |
measurements and Sphericity vs voidage =0 . R
curve from Wen and Yu (1966)
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Non-spherical modeling

400.0
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1.0

Simulated efficiency matched the measured
efficiency exactly

Very close match with measured size
distributions

Filter carbon comparison Cyclone carbon comparison
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m— Wen'u-Ergun

= - Effect of Drag Model on Bed Density
u g rI I I IO e I n g Particle volume fraction ~ 100.00 e PSRIData
.

= Wen'Yu-Ergun M=0_15
= Radl-Sundaresan

Radl-Sundaresan subgrid drag model
shows significant improvement for
modeling of large systems

Based on Beetstra drag model
Accounts for hydrodynamic
clustering of particles occurring at 1
the subgrid scale .
Accumulation of solids on crossovers 2010 PSRI Challenge problem case — 8 ft bed
BARRACUDA VIRTUAL REACTOR cpfd
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Particle-particle models

Joseph 46/54 P231/P328

Blended acceleration model T
. . oo gugm 9 % i-
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. . . o rracuaag . I:I—
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o ) [EI 1;' -
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- . LC
=05 | e TRE -
A SN grerrt ': {
T .4 Dg -
Improves particle segregation predictions U2 P s }
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v -
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Particle-particle models

Directional momentum redirection i

Simulates the effect of particle-particle
collision due to stress model

* Replaces random-scatter approach N . .o SO o e ol 50

Particle volume fraction

* Improved participation of particlesin | E |
bed

* Angle of repose predictions

Maximum momentum redirection from collision: 50% Maximum momentum redirection from collision: 70%

1 — sin(Angle of repose) = Momentum redirection

»» cpfd
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Bubble Breakup and Coalescence

Bubble breakup / coalescence is critical for
determining the evolution of bubble size
within a simulation 400 - = pbm

[ stochastic: Np=1000
350 A
300 A

Stochastic implementation of the bubble
breakup and coalescence model of Lehr

distribution
N N
o w
o o
l_I
'—I
[

(2002) 10 J
100 LJL
50- @£ Ty .
Tl
8.000 O.OIOZ 0.(?;04 0.(;06 O.OIOB 0.010
Reduced calculation complexity from N2 to diameter (m)

N through some simplifying assumptions

»» cpfd
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Product Updates e

&« C o O EJ https://cpfd-software.com/profile/dashboard/ f} ¥ ©® Q ﬂ

<

I
m|
=

‘ ‘f_}fd TECHNOLOGCY  APPLICATIONS SOLUTIONS COMMUNITY RESOURCES COMPANY CONTACT ,O & profile

Two releases per year Dashboard
* April/October release schedule

e Latest release can always be Search the Knawledge Base o
downloaded on the Dashboard of . : o

Download Current Release

the CPFD support site S

Barracuda Virtual Reactor 24.0.0 ; pretle

Substantial physics improvements
N

Training Resources

Maintained GPU I ion benefi
a I nta I n e a cce e rat I o n e n e Its Barracuda Virtual Reactor New Barracuda Virtual Reactor
User Training Supplermental Training
B ) Creating CAD for Virtual Reactor
Videos

Menu

Improved usability

»» cpfd
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. Catalyst Volume Fraction Bubble density (kg/m3)
Barracuda Virtual Reactor 22.1 Release ;o g

Bubbles
e @Gas absorption models
* Bubble condensation/evaporation
 Compressibility
 Bubble drag models

Tracers Improvements

GUI BC Dialog Redesign

batch_movie Improvements
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Barracuda Virtual Reactor 23.0 Release

Drag model updates
* Beetstra
* Tenneti
* Tang
* Syamlal-O’Brien

Temperature-dependent material densities
Secondary Feeds GUI redesign
Time-averaged fluid velocity fluctuations

New utility script: pid_controller.py

BARRACUDA VIRTUAL REACTOR cpld-software.com
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U= Hf(uf — up)

!

Fluid Volume
Fraction
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Barracuda Virtual Reactor 23.1 Release

Residence time

Bubble coalescence and breakup i

15
10
5
0

Radl-Sundaresan drag model
Per-species close pack volume fraction

Output improvements
 New output files: mass.log and energy.log
* Time-varying visualization output data
 New data output: chemical reaction rates

BARRACUDA VIRTUAL REACTOR cpfd
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Barracuda Virtual Reactor 24.0 Release

NEER R _Ae oo Xrs e BEAE A ARLO000 @

Plot g x

XY Line R

Show mapping layers
8 Lines

) Symbols

O gars

(0 Error bars

Mapping Style...

Monitor Run Automated Plots

SFF Option to Disable Interpolation

Time-Varying Gravity

Pages
sidebar

Particle-particle Thermal Conduction

Evaporation Model Stability Improvements

Click to Select, Drag to Select Group

Directional Momentum Redirection

BC Connector Pressure Feedback

dt {s)

BARRACUDA VIRTUAL REACTOR

USERS’ CONFERENCE 2024

June 19 - 21, 2024

. Quick Macro Panel
Double-click to

W Chicago - Lakeshore

update all plots

Tile Frames
TS

3D Retation Animation
Reset Center of Rotation

Grid: View Grid Lines

CFL

Setup: Flux Planes
Setup: Data Points
oosfl Cells: Fluid Pressure

particle mass (kg)

Particles: Speed
Particles: Size

I
025
| | 1 1 Load: Refresh / Reload Barracuda Data

Ll N Y I T Grick View CAD Model
l1 Grid: Compare Grid and CAD
[ Setup: Boundary Conditions

Cells: Fluid Velocity Magnitude

Cells: Fluid Temperature

Cells: Particle Volurne Fraction

Cells: Time-Averaged Fluid Pressure

Cells: Time-Averaged Fluid Pressure Gradient
Cells: Time-Averaged Fluid Ternperature

Cells: Time-Averaged Particle Volume Fraction
Particles: Volume Fraction

Particles: Residence Time

Volume-Average Chemistry Heat of Reaction Distribution
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[T R R R ¥R ¥
Time (s)

Run Configuration
[J €PU Parallel (Parallel license required)

Thread count: 7

() GPU Parallel (Parallel license required)

Prompt at Solver startup

Automatic selection: Available memory GPU count: 1 7

Use specified GPUs: all
List GPUs  Advanced GPU Options

Run Options am Files\CPFD\Barracuda\24.0.0\bin\cpfd.x.exe" test.prj
Check Setup

E’i‘[ *Run Solver Setup ﬂi View Setup

Run Simulation

i> Run Solver u Restart Solver y Interact

Monitor Run

Help

cpfd
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NVIDIA GPU Hardware Advancements

Latest-generation NVIDIA GPU cards give
impressive speed boosts for Virtual Reactor =
simulations

140

[
[
=]

For users with on-premise hardware:

* |f you are currently running on a computer
and/or GPU card more than 5 years old,
we recommend upgrading to new
hardware

=
[]
=

80

Simulation Speed (s/day)
5 & B

=]

Running Barracuda on the cloud allows
users to access latest-generation GPU cards

BARRACUDA VIRTUAL REACTOR cpld-software.com

Benchmark Simulation Speed Results

154
99
| I
2GPUs

B DGX-1V100 M®WRTX5000Ada ™ Rescale Mallorn A100

487,000 real cells
&0 million clouds
05: Ubuntu Linux

38

1GPU

cpfd
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Virtual Reactor Multi-GPU Speedup

Multi-GPU acceleration enables fastest

possible simulation speeds
* Only supported on Linux

1 GPU license required for each GPU

card used

Metered licensing is supported

* Choose single- or multiple-GPU
acceleration based on your needs

* Pairs well with cloud-based HPC

BARRACUDA VIRTUAL REACTOR

CPFD Software = 13501 Katy Fwy., Suite 3505 = Houston, TX 77079 USA
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Benchmark Simulation Speed Results

120

487,000 real cells
&0 million clouds
0S: Ubuntu Linux

161
138
89
1 I

CPU serial 1GFU 2GPUs 3 GPUs 4 GPUs

H NVIDIA A100 GPU
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Support and Training Updates |~ — —

C ‘ 'Jifd TECHNOLOGY APPLICATIONS SOLUTIONS COMMUNITY RESOURCES COMPANY CONTACT £ & profile
Menu

CPFD’s support team strives to provide
excellent support to Barracuda Virtual s
R e a Ct O r u s e r s W O rI dwi d e Spp‘mnmg Ebulated Bed srurprpleTnia.miningimmserl

Best way to contact us is via email:
support@cpfd-software.com - :
0O Meet - jru-agjn-kzw X | -+ - !

* We might have an answer already > O 0 memeggecs. O A % G @ v (D)
documented on our support site (5] Youraresening o averyone

MMMMM

* |f live screen-sharing is helpful to
help you solve a problem, we’re
happy to schedule web meetings

BARRACUDA VIRTUAL REACTOR ) cpfd
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[P Tecplot for Barracuda Training ' % |+ v . o %

<« C @ O B nttpsy/jepfd-software.com/tecplot-for-barracuda-training-videos/ B ® ©® § =

Tecplot for Barracuda Training Videos

Docum

for Barracuda Training

This collection of training videos will help Barracuda Virtual Reactor users get started with Tecplot for Barracuda. Some of the videos have been
created by CPFD to highlight items of specific interest to Barracuda users. Other videos were created by Tecplot and show general usage
information

Large collection of how-to videos on the CPFD Tecplot for Barracuda Basics

* April 29, 2020 Webinar: Getting Started with Tecplot for Barracuda (59:20)

+ Tecplot for Barracuda - Launching Tecplot (04:50)

support site for post-processing Barracuda Virtual e

« Tecplot for Barracuda - Adjusting the Contour Legend (04:24)

« Tecplot for Barracuda - Using Value Blanking (04:53)

] [
« Tecplot for Barracuda - Using Frames (05:37)
eactor simulations |

o Tecplot for Barracuda - Creating xy Plots (06:01)

« Teeplot for Barracuda - Creating an Isovolume (03:25)

° - « Tecplot for Barracuda - Creating Vectors (03:18) I
e Most videos are < 10 minutes e e
Advanced Tecplot for Barracuda Usage

e Ran ge f rom b as | cto a d vance d usa ge 0

 Tecplot for Barracuda - Using Multiple Frames to Create a Grid of xy Plots (10:00)

+ Tecplot for Barracuda - Plotting xy Data from Multiple Files (04:01)

« Tecplot for Barracuda - Using Data Alter to Specify Equations and Smooth Data in xy Plots (11:21)

« Tecplot for Barracuda - Using batch_movie (05:19)

+ Tecplot for Barracuda - Calculating Cyclone Efficiency (07:00)

o Tecplot for Barracuda - Using Isosurfaces to Analyze Erosion Results (10:41)

Let us know if there’s a specific topic you’d like us

PyTecplot Tutorials

[ ]
« Tecplot for Barracuda - Calculating Average Values Over a Custom Time Period (12:40)
o m a e a V I e o a o u « Tecplot for Barracuda - Creating_Particle Trails (08:23)

+ Tecplot for Barracuda - Calculating Particle Residence Time Distribution {07:51)

+ Tecplot for Barracuda - Extracting and Analyzing Bubble Properties (15:44)

Visitors from China who are unable to view these videos are invited to view the content on the Chinese Yanfabu website (FEFFAIEETIFL) by
clicking here and here.

Other Resources

Comprehensive documentation is installed with Tecplot for Barracuda:

« The Online Help viewer covers all features of Tecplot for Barracuda in detail. It is accessed using Tecplot for Barracuda’s menu Help, Tecplot 360 EX
Help...
* The Welcome Screen contains links to PDF decuments bundled with the Tecplot for Barracuda installation. Use Tecplot for Barracuda's menu View,
Welcorme Screen. The bundled documentation includes:
« Getting Started
* User's Manual
* Macro Scripting Guide
« PyTecplot Guide
* Quick Reference

Additional resources are available on Tecplot's website:

A large collection of Video Tutori

» Recordings of past We

BARRACUDA VIRTUAL REACTOR cpfd
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Publications on CPFD’s Website

Search our website’s Publications list to find
published papers and articles about a wide range of
topics related to particle technology and simulation

* |f CPFD holds the copyright, you will often be able
to download the material directly

* |If not, there will be a link to the original publisher’s
website

Contact us if you have publications you’d like us to
include in our list!
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7 Publications | CPFD Scftwere % 4 v - o
[ 08 cpfd-software.comyresource/publications Bu 2 ® 0 n
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Publications

Coupling catalytic bed fluidization with impeller rotation for improved hydrodynamic
h ization of Berty

Apiil 30, 2024

Despite more than 100 years of commercialization of wide-ranging fluidized bed reactors, scale-up tools and methods have remained quite
similar. To exploit the benefits of fluidized beds for the time-critical sustainability challenges, scale-up has to be implemented quicker and
better.

Read Mors. »

ized Bed Scale-Up for Sustainability Challenges. 2. New Pathway

Despite more than 100 years of commercialization of wide-ranging fluidized bed reactors, scale-up tools and methods have remained quite
similar. Ta exploit the benefits of fluidized beds for the time-critical sustainability challenges, scale-up has to be implemented quicker and
better,

Read More ¥

Intermittent discharge of powder from a pressurized fluidized bed of polyethylene
powder

March 22,2004

‘When reactive particles which might agglomerate have to be withdrawn quickly from a fluidized bed reactor, intermittent powder discharge
reduces the risk of agglomeration by ensuring high turbulence and low residence time in the discharge line

Read More. +

3-D numerical simulation of the heat transfer of a fluidized bed with a horizontal tube
bundle and Geldart D particles

November 2,202

In the present study. a numerical simulation is performed to analyse hydrodynamic and heat transfer of a fluidized bed in a vertical channel.

Read More ¥

Review on erosion of horizontal tubes immersed in fluidized beds of Geldart B particles
November 15,2023

The ercsion of internals is a major problem in fluidized beds. This review collects, discusses, and compares key experimental and numerical
results on erosion of internals immersed in fluidized bed with Geldart B (sometimes near D) particles, comparing the different models and

experimental data available in the literature.

Read More »

Hydrogen Through Methane Pyrolysis

Octobert, 2028

This article illustrates that methane pyrolysis is an important emerging technology that presents an economically attractive hydrogen
production process with zero CO2 emissions.

Read More »

Regulating the crude oil-to-chemical process in a multizone fluidized bed reactor using
unconventional catalyst formulations

50,2025
This paper investigates adding silicon carbide and adjusting the crude oil-to-chemicals process in a multizone fluidized bed reactor ta
improve the performance in terms of morphology of hydrodynamics and thermal conductivity

Read More ¥
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Barracuda Virtual Reactor New User Training

PFD Software x

The Barracuda Virtual Reactor New User Training - - oo s cesa-
co u rse is a Iways ava i I a b I e o n o u r S u p po r t Si te Cpfd TECHNOLOGY ~ APPLICATIONS ~ SOLUTIONS ~ COMMUNITY  RESOURCES  COMPANY  CONTACT O & profiie

Dashboard
* Can be completed as either:
* A web-based, CPFD-led training class
* Aself-led, independent course

Barracuda Virtual Reactor 24.0.0

 Updated with each version release

Great resource for new employees who will be
using Barracuda Virtual Reactor .

Recent Knowledge Base Articles
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{* Barracuda Virtual Reactor New | X |+ v - o X
<« C @ O & httpsy//cpfd-software.com/courses/barracuda-virtual-reactor-new-user-training/ B %% @ © 9 =
C‘ ‘fd TECHNOLOGY APPLICATIONS SOLUTIONS COMMUNITY RESOURCES COMPANY CONTACT 0 & Pprofile

Web-based, CPFD-led training classes for Barracuda Virtual Reactor New User Training
the remainder of 2024
[ — 20% COMPLETE Lastaciity on Jarsary 22,2026 523 m

. ‘Welcome to the New User Training course for Barracuda Virtual Reactor. After completing this course, you will have a basic understanding of:
-
u y + What Virtual Reactor does, and what types of systems it is well-suited to simulate

= How to use the Virtual Reactor GUI for setting up and running simulations

New Use

+ How to post-process Virtual Reactor simulation results
. A S t 9 3 The training course includes both presentations and hands-on exercises. To gain the most benefit, it is strongly recommended that you work through
each exercise yourself using the Virtual Reactor software environment (GUI, solver, and post-processor).

If you are joining a CPFD web-based training class, you may be using a CPFD-provided system that already has Barracuda Virtual Reactor installed

and all training materials pre-loaded. You may still wish to download the training directory for your own reference.

. S e p t e I I I b e r 2 3 - 2 ; If you are working through the training materials independently, or you are using your own system that does not yet have Barracuda Virtual Reactor

installed, please complete the steps in Preparing for the Barracuda Virtual Reactor New User Training Course which include:

= System Requirements and Recommendations

* Octo b er 21-25 P
Course Content p—
* December 9-13 =

° Training Course Agenda

° How to Use the e-Learning System

Contact us if you would like to participate S
in one of these classes! o

5 Topics

© Expand

Gasifier Training Example

@ expand

13 Topics

Best Practices for Using Barracuda Virtual Reactor

BARRACUDA VIRTUAL REACTOR cpfd
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Supplemental Training Examples

Barracuda Virtual Reactor

Supplemental Training

Available to all customers
with support site accounts

Useful for those who have
attended New User Training
class and want to learn more
advanced topics

Cyclone, FCC Riser, Single-
Cell Chemistry, CFB Erosion,
Ebullated Bed, Silane
Deposition

BARRACUDA VIRTUAL REACTOR

BARRACUDA VIRTUAL REACTOR W Chicago - Lakeshore

USERS’ CONFERENCE 2024

June 19 - 21, 2024

«

(7 Dashboard | CPFD Software X +

C o QO B htips://epfd-software.com/profile/dashboard/

C l ‘de TECHNOLOGY APPLICATIONS SOLUTIONS COMMUNITY

RESOURCES

Dashboard

Home / Profile / Dashboard
Search the Knowledge Base

Download Current Release

Barracuda Virtual Reactor 24.0.0

B Download For Windows B Download For Linux

Release Announcement

Training Resources l

Barracuda Virtual Reactor New User Training Barracuda Virtual Reactor Supplermental Training
Tecplot for Barracuda Training Videos Creating CAD for Virtual Reactor

Recent Knowledge Base Articles

[® Bamacuds Vitust Reactor Supy X 7 Supplementsl Treining: Bouller: X+ v - 0 x
CcC @ O 8 hitps//cpfd-software.com/sups al-training sted-be (58] 9 @ © 9
Cpfd TECHNOLOGY APPLICATIONS SOLUTIONS COMMUNITY RESOURCES ~ COMPANY ONTACT O & pr
Supplemental Training: Ebullated Bed
training mph f llec t is intended to be done independ d aft
mpletion of the se.

Step 1: Dowr 1 g m i

video

[©)]
Ebullated Bed: Introduction I
CPFD Software
www.cpfd-software.com

w

Step 3: Work through Setup and Analysis PDF

g a1y % o620 — + AuomsticZoom v

BARRACUDA VIRTUAL REACTOR T cpfd

Post-Processing

Create a 5 frame view of the
ebullated bed behavior as
shown to the right

Specific hints for obtaining the
desired views are on the
following slides

Also see the following videos:
* Frames
* Slices
+ Contour legend

BARRACUDA VIRTUAL REACTOR
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Q&A

We welcome your questions

For more information
e Visit our website: https://cpfd-software.com

 Follow CPFD on LinkedIn:
https://www.linkedin.com/company/cpfd-software/

* Email: info@cpfd-software.com

e Phone: +1-713-429-1252

BARRACUDA VIRTUAL REACTOR
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