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Training Plan

e Chemistry training will be provided in three parts
e Lecture: Introduction to the Chemistry module
e Volume Average Chemistry
e Discrete Particle Chemistry
 Example 1: Set up of training problem using Volume Average Chemistry

 Example 2: Set up of training problem using Discrete Particle Chemistry
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Steam Gasification Tube Setup

The steam gasification system consists of

Two cases will be modeled in this system:

A model for Case #2 will be set up with discrete particle chemistry

A narrow square tube (1 cm x 1 cm x 40 cm)
Tube is filled with 200 um diameter coal particles.

Coal particle locations are fixed in space with a void fraction is 0.4 and
initial temperature of 975 K

Top of tube is pressurized to 10 atm.

Coal is assumed to be 90% carbon and 10% ash (SiO2)

Case #1: Pure steam enters bottom of tube at 1 cm/s and 800 K.

Case #2: Steam containing 10% by volume fine coal particles
(20 um) enters the bottom of tube a 1 cm/s and 800 K. Fine coal particles
pass through the interstitial spaces in the fixed coal bed.

Case #1

Case #2
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Steam Gasification Reaction

» Steam gasification is a reaction that converts solid carbon and water into carbon monoxide and

hydrogen.

* Reaction is reversible, meaning that full reaction consists of a forward reaction and a reverse

reaction.

Forward Reaction
C+H,O — CO +H,

[StO] (219 ) T exp (=251) pe [Hy0]

Reverse Reaction
CO + H2 — C+ HQO

dt

d[H,0] _ (15 7 m) T% exp (=222°%) pe [Hy] [CO]

* Note: If gas concentration units are mol/m3, the reaction rate units will become mol/m?3/s.

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Modifications to Project Setup

* Discrete chemistry example will be set up by modifying the volume average chemistry example

* The following modifications will be made:
* Save existing project as a new project file in a new directory
* Add a new particle species
* Adjust boundary conditions

* Replace volume average reactions with discrete particle reactions
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Saving a New Project File

* The existing project file will be used as the starting point for part Il of this example

* Use the Save Case As command to save a copy of the project file in the directory shown below:

* Linux:
/home/training/barracuda_training/4 Chemistry/steam_gasification_1D_tube/discrete_particle/my_setup

* Windows: C:\training\4_Chemistry\steam_gasification_1D_tube\discrete_ particle\my_setup

* Select the files shown in the Save Case As dialog box and click Save
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Adding a Particle Species

BARRA

LA

Small coal particles need to be
added as a new species for the
reactor feed

Copy particle species 001 to
create a new particle species
(002)

Edit species 002, changing the
Radius to “10 um” (1e-5 m,
le-5 m) and the Comment to
“Small coal particles”

Click OK

)
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f Barracuda Virtual Reactor with Chemistry - 17.3.0 - /C:\training'4_Chemistry\Example_2_Discrete_Particle\my_setup'discrete_particle_steam_gasification_1D_tube.prj - [m]
Graphics and Output  Post-processing  Help
Particle Species Manager
Species-ID  Comment Materials ~ Min radius Max radius ~ Sphericity Emissivity Drag model Agglomeration
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Corfnent: | Small coal pamcled 2
Name Link To Default Value ~
Materials: | Applied Materials |
co v| Linked
b Linked
pregenersos [ 7] @ Boer
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Pressure Boundary Conditions

* The small coal particles being added to the reactor will be allowed to leave at the reactor outlet

* Edit the Particle behavior at boundary from No particle exit to Particle out flow

* C(Click OK

r\ Pressure BC Editor ? *
rk Barracuda Virtual Reactor with Chemistry - 17.3.0 - /C\training\4_Chemistry\Example_2_Dis{
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Secondary Feeds =
Secondary Exits [ Subdivide by radius  Radius divisions 5 = O Particle feed (Slip and mass flow rate)
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| discrete_particle_steam_gasification_1D_tube.prj | C:/training/4_Chemistry/Example_2_Discrete_Particle/my_setup
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Flow Boundary Conditions

* Select Particle feed (Slip and volume fraction)

* Click on Edit particle feed

* Click on Add and select species 002- Small coal particles with a Particle mixture fraction of “1”

* Inthe Particle feed settings window, change the value for Particle/fluid slip ratio to “1”, and change

the Particle feed volume fraction to “0.1”

7 Flow BC Editor ? X

Flow boundary condition
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Flow Boundary Conditions

* Edit the velocity file changing the Particle Feed to “On”

* Remember to save the velocity file, before closing the file window

L4 CliCk OK r Flow Boundary Conditions Editor ? %

Time (s)  Velocity (m/s)  Temperature (K)  Pressure (Fa) Particle Feed Number Density Manual
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/
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Deleting Existing Reactions

* Different reaction equations will be used since this example uses discrete particle chemistry

* Delete the existing reactions by selecting each and clicking Delete

- | BARRACUDA

{7 Barracuda Virtual Reactor with Chemistry - 17.3.0 - /C:\training\4_Chemistry\Example_2_Discrete_Particle\my_setup\discrete_particle_steam_gasification_1D_tube.prj
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Deleting Existing Rate Coefficients

* Slightly different rate coefficients also will be used

* Delete the existing rate coefficients by selecting each and clicking Delete

(7" Barracuda Virtual Reactor with Chemistry - 17.3.0 - /CA\training'4_Chemistry\Example_2_Discrete_Particle\my_setup\discrete_particle_steam_gasification_1D_tube.pij — O X
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Injection BCs
Thermal Wall BCs
Passive Scalar BCs
~ %% BC Connections
Secondary Feeds
Secondary Exits
BC Connectors
v a Chemistry
I8 Rate Coefficients
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Adding Discrete Particle Chemistry

* The project file is now ready for the discrete particle chemistry

* Both the forward and reverse reactions will be added
e Rate coefficients

* Reaction rate expressions (species form)
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Steam Gasification Chemistry

* Recall that the chemical reaction being modeled is:

* In Barracuda, a reversible reaction is defined by splitting it into the forward and reverse reactions,
defining a reaction rate for both the forward and reverse directions

Forward Reaction Reverse Reaction
C+ H,O — CO + Hy CO+H2—>C+H20
[gtO] (219 m? )Texp( 22645K) 0o [HQO] d[I-;i ] _ (15 7 01K2 )T2 exp( 33190K) e [Hg] [CO]

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Converting the Forward Reaction Rate to Discrete
Particle Chemistry

* As shown previously, the reaction rate needs to be converted to the discrete form

-

) 7 exp (285) . 1,0

* Substituting the reaction rate and solid mass definition terms,

pc =mc /e =me/ (Ve /N,)

L =1, (Veen/N,) = ( )T‘9 exp (=#25) me [H0]

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.

: BARgA&[fb:q
~ “w%siaf VIRTUAL REACTOR 15

SIMULATE > UNDERSTAND > OPTIMIZE



Forward Reaction in Discrete Particle Form

e Discrete Particle Reaction Rate

) T8y exp (2228 m [H,O]
\ )

Rate Coefficient

d [%8)1 (

* Additional reactants and products

dH:0] _ ¢ diCls)]

dt dt
diCO] _ 1 d[C(s)]

dt dt
di] _ 1 dC(s)]

dt dt

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Rate Coefficient: Forward Reaction

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they
recommended for any application. Development, validation, and use of chemical kinetics is the User's responsibility, and
CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.

7 Chemistry Coefficient Editor ? X

{7 Barracuds Virtual Reactor with Chermistry - 17.3.0 - /Citraining\d_Chemistry\Example_2_Discrete_Particle\my_sstup\discrete_p| Coefficient Properties
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Co
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C‘ Time Controls o

v {4 Data Output
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<
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G

+++ Particle Attrition Comment
. Raw Data
° C | ic k 0 K we Population Data
& Solver Output Units P —
% Run v Add Edit Cancel

“« | & v | »
‘ discrete_particle_steam_gasification_1D_tube.prj | C:/trainin

(7 Solids Dependence ? ®
Species List Salid Project Species List
D Chemical Name State Type Exponent Chemical Name State Description
00 Ci1 s mass 1 all s Add all solids as a
e H

< ci S CCARBON. SOLDD)

<-- Import
<— Replace
Material coefficient type: | mass | &
Exponent on material: < >
Copy Delete Material Properties Library
0K Cancel
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Creating the Forward Reaction

* Now enter the chemical equation for the forward reaction

* Under Reactions click on Add = Discrete Particle rate equation to define the chemical reaction and
its reaction rate

r‘ Barracuda Virtual Reactor with Chemistry - 17.3.0 - /C\training'4_Chemistry\Example_2_Discrete_Particle\my_setup\discrete_particle_steam_gasification_1D_tube.prj - [m| X
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(" Barracuda Virtual Rea... ~
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' Base Materials
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v [+ Initial Conditions
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e Particle ICs
v [] Boundary Conditions
Pressure BCs
Flow BCs
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Thermal Wall BCs
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Secondary Feeds
Secondary Exits
BC Connectors
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4. Numerics
(- Time Controls
v & Data Output
7. Flux Planes
A1 GMV Output Options
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= Wall Erosion
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‘. Raw Data
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# Run ol [N Add -] | Edit | | Copy | | Delete | [ W
| “« ” + ” A ” » | ] Volume-Average: Stoichiometric rate equation
|discrete_particle_steam_gasiﬁcati0r1_1[ Volume-Average: Species rate equation _Particle/my_setup |
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Specifying the Forward Reaction Stoichiometry

* In the Chemistry Equation Editor window:

* Set the Reaction rate units to “mol/s”

* Set the Gas species units to “mol/m3” | (7 chemistry Equation Editor 7 X
. . .
Click on Select species E -
° Select C:1 and click Select Directions: Choose Equation Units for this reaction. Equation Units
Enter a rate equation in the blank provided. Reaction rate units:
Use Add Chemical and Add Coefficient to insert either into ] )
) . o . Gas species units:
the equation. Press the Check button to verify equation is valid.
Expected Power Law rate equation format: c0 (k + k - ...) [materiall]"power [material2]“power +cl ...
- . . . 2 Example of valid Power Law rate equation format: 1.2(1.5% k0 -3 * k1) [H20]~1.5
{' Chemistry Materials Selection d X Example of invalid Power Law rate equation format: (kO * k1 ) [H20]~1.5  Coefficients cannot be multiplied.
Example of LH expected format: (c0k[]+ctk[]+..)/(1+c2k[]+c3k[]+...)"power
Example of groups of rates: ( c0 kO [02] - c1 (0.5k1-k2) )™ 1.5 ( c1(k3) [CO]~0.5[02] )™~ -1
Solid Materials List Enter a rate equation for the reaction in either Power Law or Langmuir-Hinshelwood form:
. o =| |
Chemical Name State Description /—
ASH c cir7? n“,ﬁtw A @ | Check | |Add Discrete Coefﬁcien1| |Add Chemical Coefficients Manager|
C:1 S C CARBOM. 5[}|_]]j> Participating reactions
|
ID Type Rate Equation
Add Edit Copy Delete
[ shrinking Core Model
< > Diffusion Coefficient | 0.0001 m~2/s | | &)
Comment
Selet | | Cancel |
Material Properties Lihrar'f|
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Specifying the Forward Reaction Stoichiometry

* Enter “-1 kO [H20]” as the consumption [ Chemisto Eaquation Edto T
rate of carbon

Equation Editor

b Use the Add Discrete coeffiCient button Directions: Choose Equation Units for this reaction. Equation Units
tO add ko Enter a rate equation in the blank provided. Reaction rate units:

Use Add Chemical and Add Coefficient to insert either into . .
the equation. Press the Check button to verify equation is valid.

L4 Use the Add Chemical button to add Hzo Expected Power Law rate equation format: 0 (k + k - ...) [material1]~power [material2]~power + cl ...

Example of valid Power Law rate equation format: 1.2(1.5*k0-3 * k1 ) [H20]"1.5

Bxample of invalid Power Law rate equation format: (k0 * k1 ) [H20]~1.5 Coefficients cannot be multiplied.
Example of LH expected format: (cOk[]+clk[]1+.)/(1+c2k[]+c3k[]+..) power
Example of groups of rates: (0 k0 [02] - c1 (0.5k1-kZ) )~ 1.5 ( c1(k3) [CO]~0.5[02] -1

Enter a rate equation for the reaction in either Power Law or Langmuir-Hinshelwood form:
d[C:1(5)]/dt| = ‘[-lkl][Hz[}]} |
0 AT O

Farticipating reactions /
‘]D Type Rate}qﬂﬁon \

{7 Chemistry Coefficient Selection ? * _
@ Chemi*y Materials Selection ? X
Chemistry Rate Coefficients Manager Edit
D Mame Reaction Type Coefficient Type Expression Gas Materials List
00 ko Discrete Arrhenius Chem Rate 219 T1 theta_f~1 Chemical Name State Description
co G CO CARBON MON
H2 G H2 HYDROGEN. RE
e~ H20 G H20 STEAM
/ N2 G N2 NITROGEMN. RE
< >
< >
Select | | Cancel |
Material Properties Librar‘_.r|

_  BARRACUDA
= VIRTUAL REACTOR

SIMULATE > UNDERSTAND > OPTIMIZE
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Specifying Participating Reactions

* Under Participating reactions click Add to [, .. comon cate T
enter the rate equation for the
consumption of H20

Equation Editor

Directions: Choose Equation Units for this reaction. Equation Units
Enter a rate equation in the blank provided. Reactinn rate wnite: | malfa -
d [H2 O] d [C (S )] Use Add Chemical and Add Coefficie 7 Chermictry Product Editor ? X
- <. — ]_ - 1., the equation. Press the Check button t
dt dt Expected Power Lawr rate equation forr] . . _ _ ) )
Example of valid Power Law rate equat Directions: Click on the buttons to select a chemical species and coefficient.
. . . Example of invalid Power Law rate equ Enter a constant in the text box if needed.
* In the Chemistry Product Editor window e —
. . i —( 1 c:1(s
Select a Chemlcal SpeC|eS (HZO) and a Enter a rate equation for the reaction i Q) |d[ (5) ]/dt
coefficient of “1” dIC:A(S)Vd] = | (-1k00H200)
0 Add
® Clle OK Participating reactions \
ID Type Rate Equation \ ‘
7 Chemistry Materials Selection ? *
| ,/ Add | | i Materials List
[ shrinking Core Model Chemical Name State Description
Diffusion Coefficient | 0.0001 ASH S Si02 QUARTZ. (H
C:1 5 C CARBON. SOLID,
Comment co G CO CARBON MON
H2 G H2 HYDROGEN. RE
L H20 G H20 STEAM
M2 G N2 MITROGEN. RE
< >

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are
they recommended for any application. Development, validation, and use of chemical kinetics is the User's ) Select | | Cancel |

responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Specifying Participating Reactions

* Next, click Add to enter the rate equation for
the production of CO

dCo] _ 4 dic(s)

dt dt

* In the Chemistry Product Editor window
select a chemical species (CO) and a
coefficient of “-1”

* Click OK

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are <
they recommended for any application. Development, validation, and use of chemical kinetics is the User's

r Chemistry Equation Editor

Equation Editor

Directions: Choose Equation Units for this reaction.

Enter a rate equation in the blank provided.

Use Add Chemical and Add Coefficient to insert either into
the equation. Press the Check button to verify equation is valid.

Equation Units

Reaction rate units:
Gas species units:

Expected Power Law rate equation formal (* Chemistry Product Editor
Example of valid Power Law rate equatior|
Example of invalid Power Law rate equati
Example of LH expected format:

Example of groups of rates:

Enter a rate equation for the reaction in g
q A~

Directions: Click on the buttons to select a chemical species and coefficient.

Enter a constant in the text box if needed.

? bes

= | C1korH20) @)

d[ cus ]/dt

0] | Check | |Add Disf

Participating reactions

D Type Rate Equation
00 Discrete d[H20(G))/dt = 1 d[C:1(5)]/dt

[ o Add | = (W Chemistry Materials Selection %

] shrinking Core Model Materials List
Diffusion Coefficient |0.0001 Chemical Name
ASH
Comment C:1
(8]
/Ez
H20

o

State Description 1)

Si02 QUARTZ. (H
C CARBON. SOLID|
CO CARBON MON

H2 HYDROGEN. RE :l
H20 STEAM

N2 NITROGEN. RE

[y v I v T ¥ T

| | Cancel |

responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose. Select

- _BARRACUDA
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Specifying Participating Reactions

{7 Chemistry Equaticn Editor ? X

Equation Editor

* |In asimilar manner, enter the rate

Directions: Choose Equation Units for this reaction. Equation Units
equat|0n for the prOdUCt|On Of H2 Enter a rate equation in the blank provided. Beartonimbelanis:
Use Add Chemical and Add Coefficient to insert either into
i : N ] Gas species units:
the equation. Press the Check button to verify equation is valid.
d[H ] d[c (S)] Expected Power Law rate equation format: c0 (k + k - ...) [materiall]~power [material2] ~power + cl ...
2 _ 1 Example of valid Power Law rate equation format: 1.2 ( 1.5 ® k0 - 3 * ki1 ) [H20]~1.5
dt I dt Example of invalid Power Law rate equation format: ( k0 * k1 ) [H20]~1.5 Coefficients cannot be multiplied.
Example of LH expected format: (cOk[]+ctk[]+..)/(1+c@2k[]+c3k[]+..) power
Example of groups of rates: ( c0 kO [02] - 1 (0.5k1-k2) )~ 1.5 ( c1(k3) [CO]~0.5[02] ™ -1

Enter a rate equation for the reaction in either Power Law or Langmuir-Hinshelwvood form:

= ‘[—lkﬂ[HED]) ‘

| Check  |Add Discrete Coefficient |Add Chemical Coefficients Manager

*  When finished, click OK in the Chemistry
Equation Editor window @]

Participating reactions

D Type Rate Equation
00 Discrete  d[H20(G)]/dt = 1 d[C:1(S)]/dt
01 Discrete -1 d[C:1(S)]/dt
2 Discrete d[H2(G)]/dt = -1d[C:1(S

| Add | | Edit || Copy || Delete

[ shrinking Core Model

Diffusion Coefficient | 0.0001 m~2fs v ey

Comment

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Forward Reaction Rate

* The forward reaction rate equation is now complete

r Barracuda Virtual Reactor with Chemistry - 17.3.0 - /C\training\4_Chemistry\Example_2_Discrete_Particle\my_setup\discrete_particle_steam_gasification_1D_tube.prj = O *

File View Setup Run Graphics and Output Post-processing Help

mE 9o K€ 6Ga H

Pr\oject E2 5 = Chemistry Reactions Manager
(" Barracuda Virtual Rea... — ——
% Setup Grid D Reaction Type  Rate Equation

& Global Settings / ~ 00 Discrete d[C:1(S))/dt = (-1ko[Hz0])
' Base Materials 00 d[H20(G)]/dt = 1 d[C:1(S)]/dt
v sss Particles \ 01 d[co(G))/dt = -1 d[C:1(S)]/dt

=€) Drag Models 02 dH2{G)]/dt = -1 d[C:1(5)]/dt
) Volatiles

% Particle Species

v I Initial Conditions
£ Fluid ICs
wso Particle ICs

v [ Boundary Conditions
Pressure BCs
Flow BCs
Injection BCs
Thermal Wall BCs
Passive Scalar BCs

v @ BC Connections
Secondary Feeds
Secondary Exits
BC Connectors

¥ a Chemistry
il Rate Coefficients
/5 Reactions

#. Numerics
(" Time Controls

v . Data Output
7. Flux Planes
A7 GMV Output Options
Im Average Data
[ 20 Plot Data
/v Transient Data
1 Wall Erosion
+*» Particle Attrition
.*. Raw Data
wso Population Data
& Solver Output Units

& Run vif | ] Add | | Edit | | Copy | | Delete ||E Iﬂ
EIENEAEN

| discrete_particle_steam_gasification_1D_tube.prj | C:/training/4_Chemistry/Example_2_Discrete_Particle/my_setup |
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Converting the Reverse Reaction Rate to Discrete
Particle Chemistry

* The reverse reaction rate needs to be converted to the discrete form

d|C m®
r = % = (15.7 kgmolK2S) T? exp (—33190K) pc [Hsa] [CO]

* Substituting the reaction rate and solid mass definition terms

pc =mc /e =me/ (Ve /N,)

ACCI — g, (Ve /N,) = (15.7 kgmlnggs) T20; exp (ZE120K) . [Hy] [CO]

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Reverse Reaction in Discrete Particle Form

e Discrete Particle Reaction Rate

[d( )] _ (15 7 HSTKQS) TQQ exp (M) mc [HQ] [CO]

Y

Rate Coefficient

* Additional reactants and products

dH:0] _ ¢ diCls)]

dt dt
dico] _ _y dicta)
dt
aml _ 4 )
dt dt

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Rate Coefficient: Reverse Reaction

(7 Barracuda Virtual Reactor with Chemistry - 17.3.0 - /Ci\training\4 Chemistry\Example_2 Discrete_Particle\my_setup\discrete_particle_steam_gasification_1D_tube.prj - m] X
File View Setup Run Graphics and Output Post-processing Help

.. ORENE AT ok i 9 =
* |nasimilar manner, add the rate L:M b oL B

r‘ Chemistry Rate Coefficients Manager f Chemistry Coefficient Editor ? X
[ H Barracuda Virtual Rea... ~
coefficient for the reverse reaction ® Setmp Gl D tome Reton e Cosficer
@ Global Settings 00 ko Discrete Arrheniug P
¥ Base Materials Mame: ki
v eso Particles
<) Drag Models Type: Arrhenius Chem Rate v
4 Volatiles . . . e
& Farticle Species Coefficient is for reaction type: O Volume-Average @
. . . v I Initial Conditions = - 1 2 3 4 +ED,
* Under Rate Coefficients, click Add and £ Foa s S T‘flpc”t;iﬁef‘: (Np/Vol)=&™ " K type.}
. eso Particle ICs N ki =15.7T20{ e Mc1
enter the equation for k1 as follows: v 8 Boundary Conditons e
Flow BCs
. Injection BCs G = |15.7 |
SO| IdS ;:s;’::g:!rﬂszs G = |2 | Temperature unit: | K -
CO C]_ C4 E dependence v zs::o:::mr e =0 | Pressure unit: |Pa -

Density unit: | kg/m~3 -

Secondary Exits G = |U
BC Connectors _
v . Chemistry o =1

|
|
I Rate Coefficients Cs = |U | 0
|
|

* k,=15.7 T2 ©/exp (-33190/T)m, ==

A E = [33120
(- Time Controls
v 4& Data Output E0 = o
71 Flux Planes
&' GMV Output Options Diameter unit: 'm -
ZIm Average Data Solids
20 Plot Data types = Bt Mass unit: |kg -

* Check that Discrete is selected and that - e ?/ rea unt: [m~2 -
ature Weighting

++« Particle Afttrition

units are select.ed for temperature, e e 5
preSSU re, denSIty, maSS, etC. Et.;liunwer e ™ Par‘ticleweightingfactor:

b Add
* # b4 » Comment
|d\screre_par‘tic\e_sream_gasiﬁcahnn_lD_tube.prj |C:;'traming{ﬂt_ChemistrnyxarT | |

* Remember to click on Solids Dependence
and select C:1 Cancel

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Creating the Reverse Reaction

{7 Chemistry Equation Editor ? *

Equation Editor

¢ N eXt S nte r t he Che m ica | eq u ation fo r Directions: Choose Equation Units for this reaction. Equation Units
the reverse reaction Enter a rate equation in the blank provided. Reaction rate uni

Use Add Chemical and Add Coefficient to insert either into

Gas species u
the equation. Press the Check button to verify equation is valid. E

(7 Barracuda Virtual Reactor with Chemis{ Expected Power Law rate equation format: c0 (k + k- ...) [materiall]~power [material2] “power + cl ...

* Under Reactions click on Add =
- - - ) ) ] Example of valid Power Law rate equation format: 1.2 ( 1.5 * k0 - 3 * k1 ) [H20]"1.5
Dlscrete Pa rt|CIe rate equatlon to File View Setup Run Graphicsa  Example of invalid Power Law rate equation format: (k0 * ki ) [H20]~1.5  Coefficients cannot be multiplied.

. . . . L Fal Gk | Example of LH expected format: (cOk[]+clk[]+.)/(1+c2k[]+c3k[]+..) power
raise the Chemlcal Equatlon Edltor © =4 ®o | Bxample of groups of rates: ( c0 ko [02] - c1 (0.5k1-k2) )~ 1.5 ( ci(k3) [CO]~0.5[02] )*-1 |
. ?_?J:: Tresi'd Virtual Rea 8 x Enter a rate equation ction in either Power Law or Langmuir-Hinshelwood form:
rracuda Virtua N
window & s s acasya € camarcoy D
Global Settings
o . o ga-‘:te ':;te’iab (] Check | |Add Discrete Coefficient |Add Chemical Coefficients Manager
Y ~ ess Particl
Set the ReaCtlon rate unlts to =4} Drag Models Participating reactions

“mol/s” and the Gas species units to & Parice peces D Type Rate Equation
“ ” ~ - Initial Conditions
mol/m3 e
weo Particle ICs
; N EF;";';;";:;!SO“""““ Add Edit Copy Delete |
* Enter the rate equation for the Fiow B
Injection BCs [ shrinking Core Model

production of C:1 as Thermal wal acs

Passive Scalar BCs Diffusion Coefficient | 0.0001 m~2/s | | &y

“k1 [H2] [CO]” using the Add Discrete |*#2ccme

Secondary Feeds

Coefficient and the Add Chemical ot conmerore.

¥ » Chemistry
b U ttO n S J Rate Coefficients
/5" Reactions
#. Numerics
(- Time Controls
v 4L Data Output
7. Flux Planes
A" GMV Qutput Options
Im Average Data
2D Plot Data
7w Transient Data
=1 Wall Erosion
+++ Particle Attrition
. Raw Data \
wes Population Data \
@ Solver Qutput Units
2 Run v ‘
e|[a ][ %] »

| discrete_particle_steam_gasification_1D_tube.prj | C:/training/4_Chemistry/Example_2_Discrete_Farticle/my_setup |

Comment

oK Cancel

Add hs Edit Copy Delete é &
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Specifying Participating Reactions

* Under Participating reactions click Add to enter the rate equation for the production of H20

* C(Click OK

AM:0] _ ¢ diC(s)
dt dt

F Chemistry Equation Editor

Equation Editor

Directions: Choose Equation Units for this reaction. Equation Units

Enter a rate equation in the blank provided.
Use Add Chemical and Add Coefficient to insert either into
the equation. Press the Check button to verify equation is valid.

Reaction rat

Gas specie

Expected Power Law rate equation format: c0 (k + k - ...} [materiall]~power [
Example of valid Power Law rate equation format: 1.2 (1.5 * k0 - 3 * k1 ) [H20]~1.5
Example of invalid Power Law rate equation format: ( k0 * ki1 ) [H20]~1.5 Coefficient
Example of LH expected format: (cOk[1+clk[1+..)/(1+c2
Example of groups of rates: ( c0 ko [02] - 1 (0.5k1-k2) )™~ 1.5

Enter a rate equation for the reaction in either Power Law or Langmuir-Hinshelwood form)

d[c:1(s))fdt = |[k1[H2][C0])

F Chernistry Product Editor

Directions: Click on the buttons to select a chemical species and coefficient.

Enter a constant in the text box if needed.

S

EaD= O

d[ e ]/dt

(@] | check | |add Discrete Coefficient| |Add Chemical

Participating reactions

ID Type Rate Equation

Cancel

A add || Edit || Copy I

Delete |

[ shrinking Core Model

Diffusion Coefficient | 0.0001

Comment

m~2(s L)

cancel

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Specifying Participating Reactions

{7 Chemistry Equation Editor ? *

* Inasimilar manner, enter the rate equation for
the consumption of CO and H2

Equation Editor

Directions: Choose Equation Units for this reaction. Equation Units

Enter a rate equation in the blank provided. Reachon rate units:
d[CO] d[c (S)] Use Add Chemical and Add Coefficient to insert either into
R . ) . ) Gas species units:

_— = — —_— the equation. Press the Check button to verify equation is valid.

dt dt Expected Power Law rate equation format: c0 (k + k - ...) [materiall]~power [material2] ~power + 1 ...

Example of valid Power Law rate equation format: 1.2 ( 1.5 * k0 - 3 * k1 ) [H20]~1.5

- E Example of invalid Power Law rate equation format: ( k0 * k1 ) [H20]~1.5 Coefficients cannot be multiplied.

d H2 1 d[C(S)] Example of LH expected format: (cOk[J+ctk[]+..)/(1+c2k[]+c3k[]+..) power

Example of groups of rates: (0 kD [02] - €1 (0.5k1-k2) )~ 1.5 ( c1(k3) [CO]~0.5[02] )~ -1

dt Enter a rate equation for the reaction in either Power Law or Langmuir-Hinshelwood form:
dcis)yd] = ‘(kl[Hzltcol) ‘

. . . . o | Check | |Add Discrete Coefﬁcient| |Add Chemical
* When finished, click OK in the Chemistry @mwg enctions

Equation Editor window D Rre

< 00 Discrete  d[H20(G)]/dt = 1 d[C:1(S)]/dt

01 Discrete  d[CO(G)]/dt = -1 d[C:1(S)]/dt

02 Discrete d[H2(G)]/dt = -1 d[C:1(5)]/dt
SN
o — L —

| Add N Edit | | Copy | Delete

[[] Shrinking Core Model

Diffusion Coefficient |0.0001 m"2fs | | k¥

Comment

The chemical kinetics shown are for demonstration or education purpose only and have not been validated, nor are they recommended for any application. Development,
validation, and use of chemical kinetics is the User's responsibility, and CPFD Software, LLC, does not warrant or endorse these chemical kinetics for any purpose.
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Reverse Reaction Rate

* The reverse reaction rate equation is now complete

f Barracuda Virtual Reactor with Chemistry - 17.3.0 - /C\raining\d_Chemistry\Exarmple_2_Discrete_Particle\ry_setup'\discrete_particle_steam_gasification_10_tube.prj - O *

File Wiew Setup Run Graphics and Output Post-processing Help

HEd 9o KC GEH

FIEEED % X | Chemistry Reactions Manager
(" Barracuda Virtual Rea... ~
k-] Setup Grid D Reaction Type  Rate Equation Comment
3 Global Settings v 00 Discrete d[C:1(S)]/dt = (-1ko[H20])
" Base Materials 00 d[H20(G))/dt = 1 d[C:1(S)]/dt
v ves Particles 01 = -1d[C:(s)]/dt
*¢} Drag Models d[H2(G))/dt = -1d[C:
) Volatiles / bk Discrete d[C:1(S)]/dt = (k1[H2][CO])
&% Particle Species 0o d[H20(G)]/dt = 1 d[C:1(5)]/dt
~ ' Initial Conditions ( 01 d[co(G)]/dt = -1 d[C:1(S)]/dt
£ Fluid ICs N 02 d[H2(G)]/dt = -1 d[C:1(S)]/dt

eso Particle ICs
v [ Boundary Conditions
Pressure BCs
Flow BCs
Injection BCs
Thermal Wall BCs
Passive Scalar BCs
v i BC Connections
Secondary Feeds
Secondary Exits
BC Connectars
v s Chemistry
i Rate Coefficients
J§ Reactions
#. Numerics
(& Time Controls
~ 4. Data Output
T Flux Planes
A7 GMV Output Options
Zm Average Data
[ 2D Plot Data
Jv- Transient Data
1 Wall Erosion
++» Particle Attrition
.. Raw Data
»eu Population Data
& Solver Output Units

2 Run vl Add -] | Edit | | Copy | | Delete & ¥
EKIRESNEANS
| discrete_particle_steam_gasification_1D_tube.prj | C:/training/4_Chemistry/Example_2_Discrete_Particle/my_setup |

BARRACUDA
: VIRTUAL REACTOR

SIMULATE > UNDERSTAND > OPTIMIZE

COMPUTATIONAL
RTICLE

cpfdi.. 31




GMV Output Options

* Under GMV Output Options select Particle species in addition to the variables already selected

* All other parameters (Time Controls, 2D Plot Data, Transient Data, etc.) remain unchanged

* VIRTUAL REACTOR

, e
L . BARRACUDA

r\ Barracuda Virtual Reactor with Chemistry - 17.3.0 - /Cihtraining\4_Chemistry\Example_2_Discrete_Particle\my_setup\discrete_particle_steam_gasification_10_tube.prj —

File View Setup Run Graphics and Output Post-processing Help

B 8 9o 23 k€ 6 i

Froject Tree g X
(7 Barracuda Virtual Rea... ~
% Setup Grid

3 Global Settings
- Base Materials
+ eso Particles
«4} Drag Models
1) Volatiles
e Particle Species
v [» Initial Conditions
£ Fluid ICs
eso Particle ICs
~ [ Boundary Conditions
Pressure BCs
Flow BCs
Injection BCs
Thermal Wall BCs
Passive Scalar BCs
~ & BC Connections
Secondary Feeds
Secondary Exits
BC Connectors
¥ a Chemistry
il Rate Coefficients
J7 Reactions
/. Numerics
(» Time Controls
v {4 Data Output
7. Flux Flanes
A GMV Output Options
Im Average Data
2D Plot Data
Jv- Transient Data
= Wall Erosion
+++ Particle Attrition
. Raw Data
wsu Population Data
@ Solver Output Units
2 Run v

¢ | & v | »

General Mesh View Data Output Options
Please select Eulerian and Lagrangian data for export to the General Mesh Viewer (GMV). Only data selected here can be viewed during

post-processing. Values inside parenthesis are the field names of the variables within GMW.

Output file interval

Eulerian (Cell) Output Data
Particle volume fraction (p-volFra)
Fluid velocity (U, V, W)

[ Particle velocity (P_[xyz]Vel)
Pressure (Pressure)

[ Dynamic pressure (DynPres)
Fluid density (f-dens)

[ cell indices (i, j, k)

Lagrangian (Particle) Output Data
Particle volume fraction (VolFrac)
Particle speed (Speed)

Particle radius in microns (rad)
[ constant color (Particle)

[ Drag (drag)

Cloud mass (cldMass)

Gas Species

O Mass fraction (<species>.mf)

MNumber of files produced using current end time of 100s: 201

[ Particle bulk density (p-dens)
[ Turbulent viscosity (ViscTurb)
[ crL (cFL)

[ Particle species (Species)
Fluid temperature (f-Temp)
Particle temperature (p-Temp)
[ cell volume {cellvol)

Particle material (Material)

Unique particle ID (pid)
[ Liquid fraction total (liqFrac)
Particles per cloud (npCloud)

O Mole fraction (<species>.nf)

® Mass concentration (<species>.mc) O Mole concentration (<species=.nc)

[ dp/dx (dp/dx)

U dpsdy (dp/dy)

[ dp/dz (dp/dz)

[ Particle mass flux (P_[xyz]Mass)
[ Fluid mass flux (F_[xyz]Mass)
[J wall heat transfer (wallHeat)

[ velocity (vel[xyz])
[J Residence time (ResTime)

Temperature (Temperat)
[ Liquid mass total (ligMass)
[ Particle mass (mass)
Options
[] compress graphics output (not common)

[] Generate predefined GMV attribute files

[] Residence time by species (ResTime##)

| discrete_particle_steam_gasification_1D_tube.prj | C:/training/4_Chemistry/Example_2_Discrete_Farticle/my_setup
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Start the Barracuda Solver

* Remove CPU Parallel
* Save the project file and Run Solver Setup (1 time step) to verify setup is correct

* Run Solver

f‘ Barracuda Virtual Reactor with Chemistry - 17.3.0 - /Chtrainingd_Chermistry\Example 2 Discrete_Particle\my_setuphdiscrete_particle_steam_gasification_1D_tube.prj - m} X

File View Setup Run Graphicsand Output Post-processing Help

HE we D KE & i

Project Tree

= Verify Setup Run Calculation
(" Barracuda Virt... ~
% Setup Grid Solver Launch Options
@ Global Settin. Note: Run Solver Setup will cause some output
Is files to be modified. If you have important output Note: These options apply to both Run Solver and Restart Solver unless otherwise specified.
7+ Base Materia . ;
v eee Partides files, preserve them by using the File menu, [ cpu parallel (Farallel license required)
e Fa Save Case As feature, and then Run Solver
=@ Drag Models |\ setup in the new case directory. Thread Count: |7 %
& Volatiles
. e _P_amcle Sp:e.‘. [ ePu Parallel (Parallel license and NVIDIA GPU required)
v | Initial Condit... %1 Run Solver Setup (1 time step)
£ Fluid ICs NVIDIA CUDA device to run on: prompt -
weo Particle ICs Check Setup -
v [ Boundary C... Fallback to CPU behavior if CUDA error: |aufo =
Pressure BCs Note: Testing solver GPU memory requirements will cause some output files to be modified.
Flow BCs If you have important output files, preserve them by using the File menu, Save Case As
Injection BCs feature, and then test the GPU memaory requirements in that new case directory.

‘d View Initial Particles, Volume Fraction
Thermal Wall BCs

Passive Scalar ...
~ & BC Connecti...
Secondary Feeds
Secondary Exits ‘d View Initial Particles, Species ‘ If temperature limits reached:
BC Connectors
v a» Chemistry
¥ Rate Coeffic... If minimum disk limit reached:
5" Reactions
# Numerics ‘ﬂi View Boundary Conditions ‘ Minimum disk space percent:
(- Time Controls
v i Data Output
11 Flux Planes
AT GMV Output...

Test solver GPU memory requirements with current settings (option: -dryrun)

Universal Options

[ Quit on prompt

I chemistry mass imbalance: [ Quit on lost license

[ Quit on FE_INVALID

Advanced command line flags: | |

Command line to run equivalent solver based on input above (copyable to terminal):

S Average Data ‘di View Flux Planes ‘ cpfd.x.17.exe discrete_particle_steam_gasification_1D_tube.prj
=1 20 Plot Data
/v Transient D... Project tag
Tt Wall Erosion ‘ |
+++ Particle Attr..
Raw Data ‘ﬂi View Transient Data Points ‘ Store project path and filename as project tag
=so Population ...
& Solver Outp... E -
2 Run v ;$ Run Salver ‘ ‘u Restart Solver ‘ ‘é’} Interact

EIEIEAES

| discrete_particle_steam_gasification_1D_tube.prj | C:/ftraining/4_Chemistry/Example_2_Discrete_Particle/my_setup |

f_ BARRACUDA
=4 VIRTUAL REACTOR

SIMULATE > UNDERSTAND > OPTIMIZE
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Post Processing

* Analyze the particle temperature and steam concentration in GMV
* Use the Particle Temperature button

* To view the mass concentration of steam throughout the tube, use the Cell Volume Fraction button and
color cells by Cell Field: H20.mc

—
—— == 3
GMY V452 bt 20150519 ==

File Display Calculate Ctl-1 Ctl-2 Ctl-3 Reflections View File Display Caleulate Ctl-l Ctl-2 Ctl-F  Reflections Miew
ya Al . . .
Eur.‘r‘snt il Rsteanbgans il abi ol TR e Lecriet el ety r Current file: Astean_gasification 11 tubesdiscrete_particle/my_setup/Gny,o!
L o | % T i e
| Elew, [ [ Elew, [ 6
l fzim, [T T [T fzin, [ T R0
Hag Hag.
1.0000000e+02 - 1.0000000e+02
Particles Temperat Cells H20.me
970 e 275
2.675
00 —26
—2.525
—245
2.375
2.3
2225
215
2.075
2

SIMULATE > UNDERSTAND > OPTIMIZE
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PO St ProceSSi n g GMV V4.6.2 built 2015-05-19 [=[=2] = |

File Display Calculate Ctl-1 Ctl-2 Ctl-3 Reflections VYiew

4 Current file: Jfsteam_gasification_10_tubes/dizcrete_particle
¥ Twist [T [ 0,0
e =PV o — ]
L O T ] =T

1.0000000e+02

* Analyze the mass fraction of carbon in GMV Has.
* Hint: Display particles for mf-C:1

*  Why do the moving particles have a higher mass
fraction of carbon? Particles mf-C:1

* How do the temperature and steam
concentration help explain the mass fraction of
carbon throughout the tube at 100 seconds?

—0.8999755

—0.8999673

0.8999591

0.8999509

0.8999428

0.8999346

0.8999264

0.8999183

SIMULATE > UNDERSTAND > OPTIMIZE
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Plotting Transient Data

* Make a plot of the mass concentration G0: X ¥ = [75:5323, 472132] |

. . . Draw
of all gas species versus time in Plot Gas Composition in 1D Steam Gasification
Manager (z] Gas Mass Concentration
4“ T T T T T H
* Hint: refer to the Kuipers post | | |
processing exercise in plotting S .
= — H20
+ Datais in the trans.data00 file e L=
* The plot shows the gas concentrations :%
in the cell containing the transient data || [ auo =
(z~0.2m) = é )
= g
S
. . g
* Why is there a peakin CO 5p:1 “
concentration? =
* N, concentration goes to zero as H,O is i o

fed into the system and H, and CO are
produced. All N, initially in tube is
pushed out.

Time (s)

newt, , Untitled _:5
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Plotting Transient Data

Tweons L O e

* Next, make a plot of the mass of coal particles

. . File Edit Data Plot View Window Help
versus time in Plot Manager 60: %, Y = [107.667, 0.0406309] |
. .. . . Draw
* Hint: Data is in the history.log file Mass of Particles
(z] Coal Particles in 11 Tube
* Was 100 seconds long enough to reach 004p
“steady state” behavior in the reactor?
Al 0.039
(+) GO
* The solids mass in the system increases even
though carbon is consumed in the reaction B oos
. . . [ Autoo | P
because fine coal particles are fed into the =
3 5 0.037
reactor =
g
= 0.036
SD:1
Cw:o
oo 0.035
'_F'rt_
00348 I 7|0 I 4|0 ' 6|0 ' 3‘0 ' 100
- Time (s)
newt, , Untitled

N
Faeiete®

L
SN et

CUDA

SIMULATE > UNDERSTAND > OPTIMIZE
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Plotting 2D Data

& ace Unsited o) [
* Make a plot of the molar concentration of H,O || cx=fooeets e |
versus vertical distance in Plot Manager ; . :
ersus vertical distance ° anage Molar Concentration of H20 in 1D Tube -‘
* Hint: Dataisin the »oom i
H20_zxMoleConc_00100.000.dat file i ' ' ' 1
Al
(+) Go r I
* The concentration of H,0 is highest at the
AutoT Q180 — I
bottom of the tube. £
e & T i
a8 ol i
z
g
1.00 E
| Rt | 8
E
. ! | ! \ | ! o
1005 0.1 0.2 0.3 0-.I4
Vertical Distance (m)
newt, , Untitled

o g% o
Fdotete®
b
S 2e000*

CUDA

SIMULATE > UNDERSTAND > OPTIMIZE
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1D Tube Comparisons

Case #1 Case #2

. N I | . f . | d . GMV V4.6.2 built 2015-05-19 [=[E] = ] GMV V4.6.2 built mw
Ote C ose co u p I ng O pa rt I C e yn a m ICS' File Display Calculate Ctl-1 Ctl-2 Ctl-3 Reflections Yiew | File Dizplay Calculate Ctl-1 Ctl-2 Ctl-3 Reflections View |
rea Ct | o n C h e m | St ry’ a n d t h e r m a I d y n a m |CS | n 2 g::zm file: crg/sceam,gas1hcanun,in,tube/vulume;;erag Z ?::;int file: /sceam,gasﬁ1cac1un,in,tube/ms:rete,;agml
- T s e e W ol B[
reactor fetn, [ [ e, [ =]
= S 1.0000000+02 = © 1.0000000€+02
* Adding a feed of small coal particles dramatically =
changed the reactor dynamics :
Particles mf-C:1 Particles mf-C:1
0.8999308 09
0.8999255 0.8999918
iy e
—0.8999201 E —0.8999836
—0.8999148 —0.8999755 —
—0.8999094 § —0.8999573
0.899904 0.8999591 - "
0.8998987 0.8999509
0.8998933 0.8999428 -.
0.899888 0.89993486
0.8998826 0.8999264 z ‘
0.8998773 0.8999183
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