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Silane Deposition

Model of fluidized bed system with two
different geometries based on Parker (2011)

Case 1: Screen Mesh
Case 2: Nozzle

The only difference in the simulations will be
the boundary conditions:

Note: Unless otherwise specified in the title,
the following model setup instructions apply
for both geometries

BARRACUDA VIRTUAL REACTOR

System Pressure: 1.358 bar

Particles:

10 kg Silicon particles
Fluid:

100% H, at 650 °C

Flowrate: 3 mol/min
50 mol% Silane

50 mol% H2 mixture
T=100 °C
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How to Get More Information

° ° ° E‘ Barracuda Virtual Reactor with Chemistry - 22.1.0 - my_setup/kuipers_my_setup.prj - [m] x
ra I n I ng m a e rI a S ave a File View Setup Run Graphics and Output Post-processing Help
‘EE o G @R

[ ] [ ] e [ ]
Project Tree Sl |: - _/Import Grid Mundo #®Redo ‘il View STLs . 2. Check Grid &3 3. Generate Grid /A 4. View Output Docll  Help
(" Barracuda virtual Reac... ~ :

& Setup 6rid Grid Controls
@ Global Settings Options Grid lines View controls (remove STL triangles outside of bounds) Generated grid info

about Barracuda and the GUI e STt s i )
. se the . utton In e gridding
e v - Particles Display units: [J Modify x [ Delete v | *Max Boss

Hide triangles: toolbar to run the grid generator.
=4} Drag Model i
Diog Models Coordinates location: [ Modify y [ Move -

(1) Volatiles ] Modify 2
&% Particle Species iy Back [ TM\H' y-Max '__

. Baffles
~ I+ Initial Conditions = - 1 P

£ Fluid ICs - -
| "7 Advanced options | | Set uniform grid @] Flow BC Editor >

[ ] .
wso Particle ICs
If you want to learn more, click B soudaryconits
’ Geometry  Baffles  Grid Controls ~ Grid lines Location Flux Plane  Fluid  Particles = Tracers

Pressure BCs
Flow BCs

L] Injection BCs Region
on the Help button in the -
Passive Scalar BCs ‘ Set Cell Region (m) ‘
v & BC Connections -
L4 L L4 Secondary Feeds Hapin min | Fenaw | -0.0075|
Secondary Exits ~ min max
relevant dialog. This brings up the o |
¥ & Chemistry Zosin rnin| Z...a.| min|
° ° E Rate Coefficients
75" Reactions Direction
corresponding section o e user o
(& Time Controls O Normal to surface:  Normal Limit
v & Data Output o
71 Flux Planes O x-direction
a n u a ° A Visualization Data O y-direction
Zmn Average Data
= Data Planes @® z-direction
- £ Data Points O Direction vector
(7 Particle Compoasition Editor >
us 0| w 0w 1
Available Components Mixture Components Eorce absolute direction
Component Component Density (kg/m3)}  Mass fraction  Age factor
o> Variation angle: degrees
GLASS(S) 2660 1 1
< —
Transient File
Edit | | [
Particle Density (kg/m?) 2660 (calculated) Sum of fractions: 1
Comment: |low x fluidization ‘
- | OK | Cancel I Help I
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Project File

We will demonstrate how to run the project
with the case of 57% mole fraction SiH4 for
each reactor geometry. Locate the following
directories:

* my-setup\nozzle\57perc_SiH4
* my-setup\screen_mesh\57perc_SiH4

Use the following project names:
* nozzle 57percSiH4.prj
e screen_mesh_57percSiH4.prj

BARRACUDA VIRTUAL REACTOR
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@ New Praject
<« > ) __ % Documents > my-setup
Organize + Mew folder
/} Home Mame
> @ OneDrive __ nozzle

Date modified Type
9/22/2023 1:11 PM File folder
9/22/2023 1:11 PM File folder

@l Desktop »

File name: | nozzle_50perc_SiH4.prj

Save as type:  Projects (*.prj *.PRJ)

# Hide Folders

|E| Flow Type Selection

Flow type for simulation:
® Compressible

Fluid domain can contain:
Particles can contain:

() Incompressible

Fluid domain can contain:
Particles can contain:
Bubbles can contain:

Gases and vapors
Solids, liquids, and volatiles

Bubbles are not available for compressible simulations.

Liquids and absorbed gases
Solids and volatiles
Gases and vapors

0K || Cancel || Help

cpfd
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Screen Mesh: Setup Grid

© tmportGrid  ~lundo " “redo A1 viewSTis | 2. CheckGrid (Ol 3.Generate Grid A/|4. View Output  Help

Options Grid Lines View Controls Generated Grid Info
n e STL file units: in ~| Total cells: 20025 Hide triangles: ka. w-Max ' Real cells: 17177
Display units: m [ Modify x [ Delete @ Front me. y-Max Total cells: 20025

Coordinates location: | Pointer () Modifyy () Move [ Back v |

screen_mesh/screen_mesh_57perc_. ———.... o
SiH4.prj file e :

Generated: Tue Apr 1 14:32:03 2025
z-Max

Drawing options ADMesh

Mouse tolerance for moving/deleting lines: 15 ) Pre-process stl file with ADMesh
kpcakxainglinangielinaks 0.2 Include grid faces in post-processing files: No Faces
Pixel width for major grid lines: 2 Stl normal check

Pixel width for minor grid lines: 1

Geometry tab:

Pixel width for minor non-linear grid lines: 1
Mote: A bad stl file can sometimes be detected

Pixel width for STL lines: 1 by checking for incorrect normal directions.
. Line colors: Major Minor sd
- -
Minor Non-finear Selection Color polygons by outward normal
Restore defaults Color by vector component in the x direction

Grid generator method

02_silane _reactor_flat_inlet.stl

Merge parameters

Merge volumes less than this fraction: 0.04

Note: Changing these values can dramatically _—

change the mesh. It is strongly recommended  Merge volumes with aspect ratio greater than: 30 11

that users use the default values. ——
Maximum merger iterations: 150 2

Remove parameters

Controls tab:
e Set STL file units to inches

 Under the Advanced options, use - L.
Merge and remove small cells

IO Merge and remove small cel\sl

Remove volumes less than this fraction: 0.04
() Remove small cells only

Remove volumes with aspect ratio greater than: 15 1

Restore default settings

BARRACUDA VIRTUAL REACTOR
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Nozzle: Setup Grid

In the nozzle/nozzle 57perc_SiH4.prj <=

file

Geometry tab:

 Add 2010-07-
02 _silane_reactor _cone.stl

Controls tab:
e Set STL file units to inches

 Under the Advanced options, use
Merge and remove small cells

BARRACUDA VIRTUAL REACTOR

- /Import Grid >
Options Grid Lines View Controls
in « | Total cells: 25116 Hide triangles:
Display units: m [0 Madify x () Delete @ Front

Coordinates location: Pointer | () Modifyy (J Move @ Back
() Modify z (] Baffles

Set Uniform Grid e Reset Views

Geometry  Baffles  Grid Controls ~ Grid Lines

L.,

lundo #¥redo | A1. view STLs | 2. Check Grid Q) 3. Generate Grid

A" 4. View Qutput | Help

x-Max
y-Max

z-Max

Generated Grid Info

' Use the Generate Gridbutton in the gridding toolbar to run the grid generator.

W Grid Generator Advanced Options

Drawing options

Mouse tolerance for moving/deleting lines: 15

Tolerance for culling triangle normals: 0.2
Pixel width for major grid lines: 2
Pixel width for minor grid lines: 1

Pixel width for minor non-linear grid lines: 1

ADMesh

8 Pre-process stl file with ADMesh

Include grid faces in post-processing files: Full

Stl normal check

Note: A bad stl file can sometimes be detected

Pixel width for STL lines: 1 by checking for incorrect normal directions.
Line colors: Major Minor st
Minor Non-finear Selection

Restore defaults
Grid generator method
Note: Changing these values can dramatically

change the mesh. It is strongly recommended
that users use the default values.

© Merge and remove small cells I

() Remove small cells only

Restore default settings

Color polygons by outward normal

Color by vector component in the x direction

Merge parameters

Merge volumes less than this fraction: 0.05

Merge volumes with aspect ratio greater than: 50 11

Maximum merger iterations: 3 s

Remove parameters

Remove volumes less than this fraction: 0.04

Remove volumes with aspect ratio greater than: 15 Al
oK Cancel

cpfd-software.com
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Global Settings

Set Gravity in the z-direction

Select Thermal to enable thermal
calculations with None selected for

radiation model

Select Enable particle-particle heat

conduction setting

BARRACUDA VIRTUAL REACTOR
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Global Settings

Flow Type: Compressible

Fluid domain can contain: Gases and vapors
Particles can contain: Solids, liquids, and volatiles

Bubbles are not available for compressible simulations.

Gravity Settings

© use specified values: x-direction: 0 m/s® y-direction:

) Rotate about major axis: Rotation velocity: 0 radfs

1) Use transient file: Edit
Thermal Settings

(2) Isothermal
Temperature: 923.15 K

O Thermal

Convection

Heat Transfer Coefficients

Conduction

8 Enable particle-to-particle heat conduction

Radiation

0 mfs’ z-direction:

© None ) Near wall (O P-1 [ Cap exposed particle area

Temperature Warning Limits

Minimum: 100 K Maximum: 6000 K

() Record minimum and maximum temperatures in MinMaxTemp.data log file

Simulation Start Options

-9.8 m/s’

Help

cpfd
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Base Materials

Import H2, Si(S), and SiH4

Add Si_fines (Silicon fines)

Project Material List

Material name  Phase(s) Description

H2 G H2 HYDROGEN. REF ELEMEN

Si 5 Si SILICON REF ELEMENT (9

Si_fines G Silicon fines from homogen

SiH4 G SiH4 SILANE

Add Edit Copy Delete
Properties

Averaging method for fluid mixture properties (applies to
viscosity, thermal conductivity, and mass diffusivity):

) Mole average O Mass average

e Create a copy of Silicon base material and label it “Si_fines”

Change the phase to “Gas”

* Note that gas is chosen here due to the reaction chemistry.
Barracuda does not have the functionality for deposition without

a seed particle
e MW =28.0855 g/mol
e Viscosity = 3e-5 Pa*s

 The same heat capacity and thermal conductivity values are
used from the Silicon base material.

In order to have the chemical equations balanced use the

following molecular weights:

» 28.0855 g/mol for both Silicon and Silicon_fines

e 32.1171 g/mol for SiH4

BARRACUDA VIRTUAL REACTOR

Material Property Editor X

Material: Si_fines (G)
Property: Viscosity
Property units: Pa's - ‘
Temperature units: | K > \
— Expression
| Polynomial (ath order) |
3e-05 0 0 0 )
—  Temperature Limits—\ ( Value LimitSﬁ
— Verification

1
Display units as: (@ Specified B Rerty i o

300 3e.0 Material: Si_fines (G)
Property: Heat capacity
0 2000 Property units: ‘J.’kg,‘l( - ‘
Temperature units: | K - |
—Exps i —

9
{Expression is valid
Double Polynomial - |

‘ - Lower range
Copy expression 7.161053e-06

-38.24415 | 4.3581 -2.349099e-09

: = : ] Split temperature
8l Help _1pooo r

Upper range

-0.008186367

519.726 -+ 0.9393562 -0.0008237474 3.743921e-07 -6.428311e-11

iv| Temperature Limits ]
( 250 | 600 | ( | |

~ Verification

Display units as: (® Specified (Sl

300

Material Property Editor x
0 2¢
Material: Si_fines (G)
Messages————— i .
(Expmsswn Evalid Property: Thermal conductivity
Property units: |W'.fm.iK

Temperature units: | K

g

!.iﬂél;momi.a.l..(;it.l:\ order)

436.782 -1.2856 + 0.001111 7 0 QT

—+| Temperature Limits | value Limits ————————
250 | 600 | { 001 |

— Verification

Display units as: (e Specified (. Sl

300 151.092
0 T, 2000 T 1 - Plot
g9
Expression is valid
Copy expression
Help @ Cancel | FoK |

cpfd
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Particles

Set Close pack volume fraction: 0.54

Normal-to-wall momentum

retention: 0.3

Tangent-to-wall momentum

retention: 0.99

BARRACUDA VIRTUAL REACTOR

Particles

cpfd-software.com
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Contact and Collision Models
Close pack volume fraction: 0.54
Momentum redirection model: Directional e

Maximum momentum redirection from collision:  40%

[_] Blended acceleration model for the contact force
B Transfer liquid mass on collision

Stress Model Options

Wall Interactions

Normal-to-wall momentum retention: 0.3

Tangent-to-wall momentum retention: 0.99

Diffuse bounce: 0 5

Cloud Options

Global cloud resolution:

O Automatic: [ |
| 1 1
Lowr Medium
(O Specify resolution:  Clouds per cell

[[] Allow clouds to represent fractional particles

Dense Fluid Forces
[CJ Enable virtual mass force

[_J Enable lift force

High
125

Help

cpfd
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Particles Species

Create a Silicon particle species with the following properties:
e 100% Silicon(S)
* Sizerange: 75 —425 micron-diameter
 WenYu-Ergun drag model

Particle Species Manager

Species-ID  Comment Materials Size Sphericity Emissivity Drag model  Agglomeration
001 Silicon Particles Si 75 to 425 micron-diameter 1 1 WenYu-Ergun Off

BARRACUDA VIRTUAL REACTOR cpfd

cpfd-software.com
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Screen Mesh: Fluid and Particle ICs

Fluid IC
* Pressure = 135800 Pa
* Fluid species = 100% H2

Particle IC
* I|nitialize mass in region
e Species = Silicon (S)
e Mass =10 kg
* Set region

* min, max for xandy
* z-min to min, z-max to 0.485

BARRACUDA VIRTUAL REACTOR

@] Particle IC Editor X

@ Initial conditions

Initialize mass in region w
Fluid IC Editor b
Species 001 - Silicon particles ~
— |I‘Ilth‘i|COI'Idl-tIOI"IS Mass 10 kg
Temperature: | 923.15 K
Temperature 923.15 K
Pressure: | 135800 Pa
| Include hydrostatic pressure Region
ieodey | | i U| s Set Point Region (m)
Fluid species: EDeﬁne Fluids .
Hanin MR My max
1 Initial Conditions from File
[ Yinin min Yo max
I 2
Zenin min  Zya 0.485
—Region
Set Cell Region (m) | Cloud resolution
. © Use species cloud resolution
Xrmin | mMin | Xmax max| |
Y | min | Vous max | ) Automatic: |
Zriin | min Zmax maxl Low Medium ngh
(O Specify resolution: Clouds per cell 125
—Comment
Initial H2 in the reactor Special settings
B Random cloud initialization  [_] No particle momentum
Comment

[®]Help | @cancel || #ok

cpfd-software.com

Silicon particles in the bed

Cancel Help

cpfd
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Nozzle: Fluid and Particle ICs 2

Fluid IC
* Pressure = 135800 Pa
* Fluid species = 100% H2

Particle IC
* I|nitialize mass in region
e Species = Silicon (S)
e Mass =10 kg
* Set region

* min, max forxandy
e z-min to-0.2, and z-max to 0.4

BARRACUDA VIRTUAL REACTOR

@ Initial conditions

Initialize mass in region w
Fluid IC Editor ® Species 001 - Silicon Particles e
| Initial Conditions I 10 kg
Temperature: | 923.15 K Temperature 923.15 K
Pressure: | 135800 Pa :
— Region
| Include hydrostatic pressure
Velocity: | ol 0| U| i Set Point Region (m)
Fluid species: | Define Fluids Kenin min - Xz max
1 Initial Conditions from File Yovan min - Y max
( l o i 0.2 Zyu 0.4
_R H -
Al Cloud resolution
Set Cell Region (m) | © Use species cloud resolution
Xrin | min | Xmax maxl O Automatic: ! 1 | | |
: | 1 1 1 1
Y] ekl max| Low Medium High
e ]| 1 max| O Specify resolution:  Clouds per cell 125
—Comment Special settings
Initial H2 in the reactor @ Random cloud initialization (] No particle momentum
Comment
Initial silicon particles in the nozzle (dimensions and bed mass
®/Help | @;ancel | ﬂ] taken from original work).
Cancel Help

cpfd
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Pressure BC

Add a pressure BC for the

reactor top with the

following region defined

In the fluid pane, select 100%

H2

In the flux plane tab, ensure
that Mass Fraction is selected

Define external pressure of
135000 Pa and temperature
of 923.15 K through a sff file:

BARRACUDA VIRTUAL REACTOR

Pressure BC Editor b

Pressure BC Editor x

Fluid Particles  Tracers

Name: FLUXBC_pressure_reactor_top

b |

Location | Flux Plane | Fluid  Particles Tracers Location | Flux Plane
—Region
| Set Cell Region (m) Fluid species behavior:
Xmin | minf Xmax | max Mass fraction
Ymin | min | Ymas | max || Bin by particle size | |
Zimin | max | Zmax | max [ Output raw particle data
Output tracer data
— Direction
' x-direction
(_ y-direction
(@ z-direction
—User-defined Expression
_ Select by expression

Comment: Top of reactor boundary condition |

|2 Help

Time (s) Pressure (Pa)  Temperature (K)

Comment: Top of reactor boundary condition |

@ cancel & ok [z Help

Pressure Boundary Conditions Editor X

Area Fraction Particle Feed K-Factor

10 135000 923.15

2

v Interpolate values between rows

\ < Add Row [

== Delete Row

1

| @ert o
| @ |

Il +” Check Data [ M Graph || €update simulation |

File: |pressure_BC_Spsig.sff

‘ kdsave | ldsave As | E3cClose Help

13
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i@ cancel Fok

Pressure BC Editor

Location = Flux Plane | Fluid | Particles Tracers

—Flow Conditions

_ Use BC Connector pressure
Include hydrostatic pressure
(® Transient file:
! pressure_BC_5psig.sff

(_! Specify values:

—Fluid Composition
Fluid inflow properties: | Interior cell values =

Applied fluids: | Define Fluids

Comment: Top of reactor boundary condition

ez Help i@ cancel ok

cpfd
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Flow BC

Flow BC will have a
variable flow rate that is
ramped up over 5
seconds

Gas flows in at 100 °C
(373.15 K)

Enter a flow BC with the
following conditions
using a transient file

BARRACUDA VIRTUAL REACTOR

Flow BC Editor *
Location | Flux Plane = Fluid Particles  Tracers
— Region
Set Cell Region (m)
enin Min | Xmax | max
Yiiin min| Yoz | max
Zimin min| Zimax | min
— Direction
_) Mormal to surface:
| x-direction
) y-direction
® z-direction
_) Direction vector
Variation angle:| 15 degrees

~User-defined Expression

| Select by expression

Flow BC Editor

Location | Flux Plane | Fluid  Particles

Tracers

Name: FLUXBC_flow_fluidizing_gas

Fluid species behavior:

| Mass time cumulative v |

Bin by particle size 100 | \

| Output raw particle data

Output tracer data

= Transient File

iﬂow_BC_ﬂuidizing_ga s_inlet_57.sff

l Edit I\g ‘

= Transient File

|flow_BC_fluidizing_gas_inlet_57.sff

|| Edit | [

Comment: |Fluidizing gas inlet containing silane and h2 mixtu

.®Qancel | oK l

|_ Erein |

| Elvelp |

Comment: Fluidizing gas inlet containing silane and h2 mixture

Flow Boundary Conditions Editor

Time (s)  Mass Flow Rate (kg/s)

Temperature (K)

Pressure (Pa)

10 0
125 9.56e-04
|3

=1

373.15

373.15

V' Interpolate values between rows

[ 4 Add Row

|| == Delete Row

|

135800

135800

«” Check Data

| l B Graph

& update Simulation

File: flow_BC_fuidizing_gas_inlet_57.sff

cpfd-software.com
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Flow BC

Use 0.57 mole fraction SiH4 and
0.43 mole fraction H2 under
Defined Fluids.

BARRACUDA VIRTUAL REACTOR

Flow BC Editor

Location | Flux Plane Fluid Particles

Tracers

—Flow Conditions
® Use transient file
) Use BC Connector data

_ Specify values:

— Fluid Composition

v

Applied ﬂuidsI Define Fluids I

~—Transient File

|ﬂow_BC_quidizing_gas_iniet_ST.sff

| Edit

| |

Comment: |Fluidizing gas inlet containing silane and h2 mixture

|_ @Help. | _lﬁgance-l_l JQK I

—Available Components —

:Component |
Si_fines(G) i

Mixture X
—Mixture
Component ' Fraction
H2(G) 0.43
SiH4(G) 0.57

Specify mixture by: Mole fraction ~

| @lHelp || 7Reset |

Sum of fractions: 1

@ cancel \l Fok l

cpfd
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Chemistry

The following reactions will be input into Barracuda. We will

start by entering the appropriate reactions.

BARRACUDA VIRTUAL REACTOR

Reaction

Expression

Direct Deposition

SiH, — Si(s) + 2H,

Homogeneous
Decomposition

SlH4, — SifineS + 2H2

Scavenging
Reaction

Sifines - Si(S)

cpfd-software.com
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Kinetics

In the chemistry window under the Rate coefficients, we will enter the following

rate coefficients:

Rate Coefficient Rate Expression
. ~19540
kiirect 2.793 * 10° 67~ Ag; exp 7
—26040
khomogeneous 2 * 10136Xp <T>
kscavenging 0.0071 e]:1‘451'

BARRACUDA VIRTUAL REACTOR

cpfd-software.com
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Ag;: refers to the surface area

of Silicon particles divided by
2

the cell volume (%).

Or: fluid volume fraction
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Chemistry Coefficient Editor X

(~ Coefficient Properties
Name: kO

Type: Arrhenius Chem Rate v [

Coefficient is for reaction type: ‘@ Volume-Average ' ' Discrete

Equation: ¢, T p? ps 0% e T E0{type;}

Kinetics

—Values

Co = 2.793e+06

- P
=10 | Density unit:‘ "
Define all rate coefficients: e

Diameter unit: | v |

. ——

N otes [ ] 2 Particle o <
types = Bepéndance Mass unit: | }
e

* For particle dependent properties

Fluid weighting factor: | 0.50 2|

(Silicon surface area), use the Particle e TS

Comment
‘rHeterogenous direct deposition rate coefficient ‘]

Dependence button | o 1 =

* Create a new kinetic expression and
select Particle Dependence. e

* |Import area with exponent defined as 1

<-- Replace

Particle Dependence X

—Materials List — Project Materials List

* Define exponent ¢, as -1 for fluid L —

Exponent on material: ‘1 7] >

VO I u m e fra Ct I O n Copy | Delete 7\ j!“laterial Properties Libraryj
[ElHelp | ’j@gancel ‘

~ Chemistry Rate Coefficients Manager -

D Name Reaction Type Coefficient Type Expression Comment

00 kO Volume-Average Arrhenius Chem Rate 2.793e+06 theta f~-1 e”( -19540 /T ) A Si”1 Heterogenous direct deposition rate coefficient

01 k1 Volume-Average Arrhenius Chem Rate 2e+13 e”(-26040/T) Homogenous decomposition of silane rate coefficient

02 k2 Volume-Average Arrhenius Chem Rate 0.0071 theta_f~-1 A_Si*1 Scavenging reaction for the conversion of silicon fines to silicon C P f d
cpfd-software.com
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Chemistry

In the chemistry window under Reactions, select Add and enter the following

L] L] L L] Chemistry Stoichiometric Equation Editor X
olume-averaged stoichiometric reactions
e ~Stoichiometric Equation Editor
Directions: Choose Equation Units for this Stoichiometric Chemistry. —Equation Units
Enter a stoichiometric reaction and rate equation in the blanks provided. | Reaction rate units: mol/m3/s -

Use Add Material and Add Coefficient to insert either into the

Reaction Exp ression Rate equation. Press the Check button to verify equation is valid.

Enter a stoichiometric reaction:

Fluid species units:  mol/m3 -

SiH4 == Si{S) + 2 H2
Check Add Materiai

D I re Ct . L . Expected Power Law rate equation format: c0 {k + k - ...) [materiall]” power [material2]~ power + cl ...
l 4_ a l S + 2 0 l, 4 Example of valid Power Law rate equation format: 1.2(15*k0-3*kl)[H20]"1.5

D 't 1 Example of invalid Power Law rate equation format: ( k0 * k1 ) [H20]1"1.5 Coefficients cannot be multiplied.

epOSI |On Example of LH expected format: (cOkIl+clkll+.)/(1+c2kl]+c3kl]+..)"power
Example of groups of rates: (€0 k0 [02] - c1 (0.5k1-k2} }~1.5 ( c1(k3) [CO]~0.5[02] )~-1
Enter a rate equation for the stoichiometric reaction in either Power Law or Langmuir-Hinshelwood form:
RO0 = (kO[SiH4]}

H O l I I Oge n eo u S Check | |Add Volume-Average Coefficient | Add Material | | Coefficients Manager

SlH4_ - Sifines + 2H2 k1 [SlH4] —Comment

Direct deposition through heterogeneous reaction ‘

@Help @Qance] 0QK

Decomposition

Scavenging . : .
Sif; - Si(s | |
Reaction fines = SL(S) kol Sifines] | memmaomne

= 00 VA: Stoichiometric Equation: SiH4 => Si{S) + 2 H2

» ROO = (ko[SiHal) Direct deposition through heterogeneous reaction
= 01 VA: Stoichiometric Equation: SiH4 == Si_fines + 2 H2
RO1 = (k1[SiH41) Homogeneous decomposition of silane
= 02 VA: Stoichiometric Equation: Si_fines => SilS)
RO2 = {k2[5i_fines]) Secavenging reaction fer conversion of Silican fines to Silicon particles
BARRACUDA VIRTUAL REACTOR cpfd
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Time Controls

Time Controls

This section allows configuration of the time step size to take during a
. . period of time for the calculation. Only the first row is required.
Set TI me Step a nd E nd tl me Subsequent rows can be entered to have different time steps for
different time periods. For example, starting the calculation at a smaller
time step is recommended, and then increasing the time step for rows
2-5 over simulation time.

Time step and duration settings

Time step End time
1. 1e-03 s 150 5
2. 5 5
3 s 5
4. 5 5
3. s 5

Advanced time step settings

Restart file intervals

Restart interval (IC_###) 100 simulation seconds
Backtrack interval (IC_}) 120 realtime minutes
Help
BARRACUDA VIRTUAL REACTOR cpfd
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Visualization Data Output [

v Tecplot (*.plt files) GMV (Gmw.* files)

—Output file interval
@ Constant: | 1 | s End time: 150s Number of output files: 151

() Time-varying: | =dit | | [

—Cell Data

Set Output file interval and select :
the options shown for Visualization Sl —— S

dp/dx CFL

dp/dy Chemical Reaction Rates
Data Output.

Fluid compaosition mass concentration |*| Fluid composition mass fraction
Fluid composition mole concentration e Fluid composition mole fraction
Fluid mass flux | Fluid density
P1 incident radiation flux == Fluid temperature
P1 radiation flux Fluid velocity
| P1 radiation flux from walls i) Particle volume fraction
P1 radiation to fluids Pressure
P1 radiation to particles
| Particle mass flux
Particle temperature iz
Particla walncit e |
— Particle Data
\Available Data | Selected Data |
Chemical Reaction Rates
Drag Cloud ID
Liquid fraction total Cloud mass
Liquid mass total Particle density
P1 radiation flux Particle mass
Particle material Particle size

Particle velocity
Particles per cloud
Residence time
Species

Particle speed
Particle temperature
Particle volume fraction

hdthd

BARRACUDA VIRTUAL REACTOR cpfd
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Average Data Output

Average Data Output

Averaging start time: a0 s

Select the following outputs under the  cao

Available Data

Average Data window e

Convective wall heat transfer
dp/dx

dp/dy

dp/dz

Fluid composition mole concentration
Fluid mass flux

Fluid velocity fluctuations
Particle mass flux

Particle specific heat

Farticle temperature

Farticle thermal conductivity
Particle velocity

Pressure

Voidage

Selected Data

Chemical Reaction Rates

Fluid composition mass concentration
Fluid composition mass fraction

Fluid composition mole fraction

Fluid temperature

Fluid velocity

Particle volume fraction

Volume fraction by species

BARRACUDA VIRTUAL REACTOR
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Run

If NVIDIA GPU card is
available, select GPU Parallel

Run Solver Setup and View
Setup

Once you have checked the
setup, Run Solver to start the
simulation

BARRACUDA VIRTUAL REACTOR

Run Configuration
(] CPU Parallel (Parallel license required)

Thread count: 8 =

IH GPU Parallel (Parallel license required) I

© Prompt at Solver startup
(O Automatic selection: Available memory ~ GPUcount: 1 =

(O Use specified GPUs: all
List GPUs  Advanced GPU Options

Run Options .0\bin\cpfd.x.exe" -gpu nozzle_simulation_57percSiH4.prj

Check Setup

ﬂj\ Run Solver Setup | ﬂ View Setup
|

Run Simulation

w Run Solver @ Restart Solver g Interact E] Monitor Run

Help

cpfd
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Post-Processing: Silicon Deposition Rate

To calculate the silicon deposition rate, we
will use a linear fit to particle mass data. In

the post-run window, select Launch Tecplot:

Select File / Load Barracuda Data. Select

Load Data File and choose the history.log file.

Select Mapping Style and then change the

output to output particle mass

BARRACUDA VIRTUAL REACTOR
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Read XY Data Files File

Leok in: | B3l /dataatannerstelmachy...screen_mesh_20percsivg = | & 0 @ [y iz

M comp Mame - Size
E e |_| FLUKXBC_pressure_reactor_top 55.98 M

|| FLUXBC pressure_reactor_top_fluidSpecies 20.59 M
E Deskt [ FLUXBC pressure_reactor_top fluidSpecies.plt 578 M
= B |J gFu.iug 6.14 k

] grid.grd 10.02 &

[ grid.i 611 byt

| grid.lag 57.30k

istony. 689
] 0

S

] IC_1.000e+02 204..M

] 1C_1.000e+02a 222

] 1c_2.000e+02 205..M

[ ] 1c_2.000e+02a 223..M
| [Z1 e 3 none+n? X
L] k [
File name:  |historylog E=open
Files of type: | XY Data Files () -~ | | i@ cancel

Mapping Style x

| Definitions ‘ Lines = Curves Symbols ErrorBars  Bar Charts  Indices

~AXIS
Variable
17: particle mass {... |1: histor

Selection criteria: ‘ ' Select 1 Clear
| [2lHelp Create Map... Copy Map | Delete Map ToTop || ToBottom || 3 Close

cpfd
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Post-Processing: Silicon Deposition Rate

The behavior of the plot is
approximately linear. The deposition (Tme () = (Tme s}2600

rate will be defined as the slope of

t h . I . Data SetInfo... v Ignore divide by zero errors  Save Equations. . | | Load Equations...
I s I n e Default Equation Modifiers
Zones to Alter Index Ranges

We need to plot particle mass (kg) o
with Time in hours, as our empirical o .
data is reported in kg/hr. e T
Create a new Time (hr) variable using i | X
Data / Alter / Specify Equations.
Enter the following expression. Select
Compute
BARRACUDA VIRTUAL REACTOR cpfd
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Post-Processing: Silicon Deposition Rate

Now, select Mapping Style and scroll to
selected variable. Right click on the X-Axis
Variable and change the variable to Time

(hr).

Right click on the data line and select
Curve Type. Choose Linear Fit

In the same window, select Curve Details
/ Show on Plot. The reported slope of the
linear fit is the average deposition rate of
silicon

This can optionally be repeated for all of
the silicon fines results

BARRACUDA VIRTUAL REACTOR
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particle mass (kg)

cpfd-software.com

10.12

10.1

10.08

10.06

10.04

10.02

10

— I.THEAR FIT DATA:

| ZONE = history.log (/datad/tannerstelmach/silane simulation
¥-Axis Variable = Time (hr) (Variakle 28)

- Y-Axis Variable = particle mass (kg) (Variable 1

L Goodness of Fit:
R’ = 0.999999
R® = 0.999999 (residual degrees of freedem adjusted)

Y = 9.998 H 2.811*X%

III|I1IIllIIIlIIIIIIIIIIIIIIII1II|II\Ill
0 0005 001 0015 0.02 0025 003 0.035 0.04

Time (hr)
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Post-Processing: Reaction Rate Output

Create a slice colored by Reaction rate

Reaction 0: Time-averaged rale (molmafs)
o004

0
003
il
Lz
fryees)
L=
ey
GaEs

Reaction L: Time-averaged rate (molim3/s)
004

o
[E ke
.0
Latie
v
TS
o
AT

* Create a slice colored by time-averaged
reaction rate to see the spatial variation in
reaction rate for the system of interest

A video is included on how to make slices o
here:
https://cpfd-software.com/tecplot-for-
barracuda-calculating-spatial-averages-on-
slices/

BARRACUDA VIRTUAL REACTOR’ cpfd
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Post-Processing: Direct Deposition Reaction Selectivity

Reaction selectivity is a useful output to look at
the favorability of certain reactions and is
defined as the ratio of the rate of one reaction
over another. %

In this system, silicon fines are an undesired
byproduct. We would like the direct deposition
reaction to be favored over the production of
silicon fines (an undesired byproduct).

For our system, we would like the reaction N
selectivity of direct deposition to be high

BARRACUDA VIRTUAL REACTOR cpfd

cpfd-software.com
28


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

Reaction selectivity output variable

The direct deposition reaction selectivity
is defined as the ratio of the time-
averaged rate of direct deposition and
the time-averaged rate of the production
of silicon fines. We will create a variable
in Tecplot to visualize this

To do so, select Data / Alter / Specify
equation and enter the following
expression. Press Compute

BARRACUDA VIRTUAL REACTOR

Specify Equations :

Equation(s)

{Direct Deposition Selectivity} = {Time-averaged rate of volume-average stoichiometric
reaction 00}/{Time-averaged rate of volume-average stoichiometric reaction 01}

Default Equation Modifiers

Zones to Alter

1: Cells
2: Particles

3: 2010-07-08 silane _reactor cone_inlef

4: Flow BC (000)
5: Pressure BC (000)

K

Al | Active || None

C

| [@lHelp |

Index Ranges

Start End Skip
IFIndex |1 \ ‘&x |[x |
J-Index |1 limx |1 ‘
K-Index |1 |(Mx |1 |
New var data type: | Auto v |
New var location: | Auto v

I Compute \Aéxiglosi _\

cpfd-software.com
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Create a slice and select the appropriate data

Ditec

Double click the contour bar and select the
drop-down menu. Select the variable that
we just created (Direct Deposition
Selectivity).

Adjust the color bar to the desired view.
Here we use Modified Rainbow (less
green)

Create a new frame, load Barracuda data
from the nozzle simulation, and repeat the
same steps to output reaction selectivity
for the nozzle

BARRACUDA VIRTUAL REACTOR
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I

3.5

L)

2.5
2
1.5
1
0.5

t Deposition Selectivity

Case 1: Screen Mesh

150.00 s

Direc

4.5
4
3.5
3
2.5
2
18
1
0.5

t Deposition Selectivity

Case 2: Nozzle

15000 s
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Direct Deposition Rate Selectivity Conclusions

Direct Deposition Selectivity 150.00 s Direct Deposition Selectivity 150.00 s
4.5 4.5
4
35
3
2.5
2
15
1
0.5

s

Results indicate that the screen mesh
geometry has a higher average direct
deposition reaction selectivity, which is
preferred for silane deposition

3.5
3
2.5
2
15

[

0.5

Case 1: Screen Mesh Case 2: Nozzle
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Post-Processing: Silicon Fines Exit Mass Fraction

We would like to create a plot of the time-averaged mass fraction of silicon
fines at the reactor exit.

First, select Launch Tecplot, then File / Load Barracuda Data/ Load Data File/

FLUXBC pressure_reactor _top_fluidSpecies. This will open the Flux file at the
reactor top

BARRACUDA VIRTUAL REACTOR cpfd
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Post-Processing: Silicon Fines Exit Mass Fraction

Screen Mesh Nozzle

A T

Select mass fraction
of Silicon Fines from ] A,
the variable selection y

menu to generate the
following plot for the
nozzle and screen
mesh geometry

(G)

0.6

o

o

55
|

(G)

0.5

o

)

G
|

0.4

0.3

0.2

o

o

)
|

0.1

0 50 100 150 0 50 BTN

Fluid domain mass fraction Si_fines
o
®
|

Fluid domain mass fraction Si_fines

IIIIIIIIIlIIIIIIIIIIIIII[IIIIIIIII

150

o
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Other cases (optional)

Experimental results are available at different silane feed fractions (20%, 50%,
and 80% mole fraction SiH,). These can be explored by modifying the Flow BC
sff file to account for the correct flowrate. These are listed here. Ensure that

the appropriate mole fraction is applied in Applied Fluids

-Available Components — ~Mixture
Component m raction
o Si_fines(G) H2(G) 0.8
Mole Fraction Flowrate (kg/s) SiHA(G) 02
SiH4 (mol%)
Flow Boundary Conditions Editor
Time (s)  Mass Flow Rate (kg/s)  Temperature (K}
20% 4.0e-04 10 0 373.15 135800
25 373.15 135800
3
50% 8 . 5 e'04 Specify mixture by: Mole fractk;n = Sum of fractions: 1
E] Héip ? Reset i' gancél l @ ok I
80% 1.3e-03
| 4 Add Row = Delete Row «” Check Data M Graph € update Simulation
File: §ﬁow_sc_ﬂuMMnggaanhtsﬁ kd save Uﬁ'save As || Close Help |
BARRACUDA VIRTUAL REACTOR cpfd
cpfd-software.com
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Test other feed fractions of SiH4 using Save Case As

Please Select Target Directory

From the original project files, select e e s sonanzse pui < EISIAIEIGIE]
File / Save Case As and select 0 oo e
appropriate directory (screen_mesh .-
or nozzle) Lookin: | | B3 pocu

M con
Save file names with the mole o
fraction included in the file name. = o
Do this for a mole fraction of 20, 50, Bicd
and 80% SiH4 - |

Directory:  |screen_mesh_BOperc_SiH4 || oS
Notes: In the pre-setup folder, the i S
additional cases can be run by e M—
substituting the sff files contained i Tr— e
(under sff files directory) in order to
run with different silane feed i, EeEET— T
fractions. Fles oftype: ®cance
BARRACUDA VIRTUAL REACTOR . cpid
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Post-Processing: Silicon Deposition Rate (optional)

Follow steps for all four cases with analysis of the silicon deposition rate, and
silicon fines production. Simulation results can be compared with the empirical

data from James Parker 2011 shown here:

Experimental Results (Parker 2011)
Silane Feed Mole Deposition Rate Si_fines Mass Fraction
Fraction (kg/hr) at Reactor Exit
20% 1 3.9
50% 2.4 --
57% 3 9.4
80% 3.5 11.4

BARRACUDA VIRTUAL REACTOR

cpfd-software.com
36

cpfd


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

Su m ma ry System Pressure: 1.358 bar

This model showed an example of a CFD
simulation based on a real industrial
application.

Post-processing was done to compare the rate
of direct deposition and silicon fines
production

Particles:
10 kg Silicon particles
Fluid:

100% H, at 650 °C

Comparison of deposition rate, silicon fines
production, and reaction selectivity of direct
deposition showed advantage of screen mesh
co nfigu ration | Flowrate: 3 mol/min J
50 mol% Silane
T_ 50 mgl% H2 mixture T =

100 °C
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