Tutorial 13. CVD Synthesis of Carbon Nanotubes

Introduction

The purpose of this tutorial is to illustrate the use of the species transport model for
simulating the chemical vapor deposition (CVD) synthesis of carbon nanotubes.

This tutorial demonstrates how to do the following;:

e Define the material and set the mixture composition.
e Define volumetric reactions.

e Define surface reactions.

e Setup the solver and perform iterations.

e Check the convergence.

e Examine the results.

e Perform post-processing of surface reactions.

Prerequisites

This tutorial assumes that you have little experience with FLUENT but are familiar with
the interface.

Problem Description

Chemical vapor deposition is one of the most efficient methods of synthesizing carbon
nanotubes. This tutorial illustrates the application of CVD using a multi-step chemical
reaction to predict the yield of carbon nanotubes. These multiwalled carbon nanotubes
are produced from Xylene-based CVD reactors. In the present tutorial, two-step Xylene
decomposition in the gas phase and catalytic decomposition of hydrocarbons are modeled,
as reported by Kazunori [1].

A reactor for the production of nanotubes is shown in Figure 13.1.
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Figure 13.1: Problem Schematic

The process gases Xylene (CgHio), Hydrogen (Hj), and the carrier gas Argon (Ar) enter
the reactor at 300 K through the Inlet. These gases flow over the hot preheater, which is
maintained at 513 K. The preheater is used to avoid flow turbulence caused by buoyancy
effects. Laminar flow conditions are necessary to synthesize CVD products of better
quality. In practice, before nanotube synthesis, the Fe particles are produced on the
furnace wall through the thermal decomposition of Ferrocence. This catalyst preparation
step is not modeled here. The carrier gas scavenges oxygen and prevents the carbon from
reacting to form carbon dioxide. The reactor is operated at 250 Pa overpressure to prevent
oxygen influx.

The carbon solid (C.4~) deposition rate on is governed by the following reactions:

Volumetric Reactions
Cngo + H2 — C7H8 + CH4 (131)

C;Hg+ Hy — CsHg + CH, (13.2)
Wall Surface Reactions
CsHip — 8C<s> + HH (13.3)
C7Hs — TCs> + 4H> (13.4)
CeHg — 6C.s> + 3H, (13.5)
CHy — Coss +2H, ( )

As mentioned previously, the inlet gas is a mixture of Xylene (CsHio), Hydrogen (H3),
and Argon (Ar). In this mixture, the mass fractions of Xylene and Hydrogen are 0.03359
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and 0.1, respectively. The mixture velocity at the Inlet is 0.064517 m/s. The furnace
wall is maintained at 973 K, and an adiabatic condition is used at the other walls.

In this tutorial, the surface deposition rate of C_,~ along the furnace is simulated and

examined. The purpose of this tutorial is to demonstrate the surface reaction capabilities
of FLUENT .

Preparation
1. Copy the mesh file, CVD_synthesis.msh to your working folder.

2. Start the 2D double precision (2ddp) version of FLUENT .

Setup and Solution
Step 1: Grid

1. Read the mesh file, CVD_synthesis.msh.

| File|—| Read |— Case...

FLUENT will read the mesh file and report the progress in the console window. The
console window will display the warning ”The use of axis boundary conditions is
not appropriate for a 2D/3D flow problem. Please consider changing the zone type

to symmetry or wall, or the problem to axisymmetric”. In step 2.1, we will choose
the axisymmetric solver.

2. Check the grid.

—>Check...

This procedure checks the integrity of the mesh. Make sure that the reported mini-
mum volume is a positive number.

3. Check the scale of the grid.

—>Sca|e...

& Scale Grid

Scale Factors Unit Conversion

X1 Grid Was Created In |, -
Y Change Length Units

Domain Extents
Xmin [m] ,37 Xmax [m] ,157
Ymin [m] ,37 Ymax [m] W

Scale | Unscale| Close | Help |
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Check the domain extents to see if they correspond to the actual physical dimensions.
Else the grid needs to be scaled with proper units.

4. Display the grid.

Display | —Grid

& Grid Display X
Options Edge Type Surfaces HE|
I~ Nodes & AN axis.3
v Edges ® Fosiire default-interior
. furnace
I~ Faces " Qutline | [W
[ Partitions inlet
g outlet

preheater
wall.1

Shrink Factor
jo |

Surface Name Pattern Surface Types =] =|

axis -
M clip-surf =

exhaustfan
fan v

Outline | Interior

Display §'Colors...§| Close | Help |

(a) Click Colors....

& Grid Colors

!

Options
" Color by Type 25
* Color by ID
Sample
pink |
v v
Reset Colors | T | Help

i. Enable Color by ID in the Options list.
ii. Close the Grid Colors panel.

(b) Click Display and close the Grid Display panel.

We can use the right mouse button to check which zone number corresponds to
each boundary. If you click the right mouse button on one of the boundaries in the
graphics window, its zone number, name, and type will be printed in the FLUENT
console window. This feature is especially useful when you have several zones of
the same type and you want to distinguish between them quickly.
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Grid

FLUERT 6.3 (2d, dp, phns, lam)

Step 2: Models

The problem 1is to be solved in the steady state with axisymmetric conditions.

Figure 13.2: Grid Display

1. Enable the axisymmetric solver settings.

| Define |—| Models |—Solver...

© Fluent Inc. January 17, 2007

X

X Solver

Solver Formulation
* Pressure Based ' Implicit
" Density Based -

Space Time
2D * Steady
* fxisymmetric " Unsteady
" Axisymmetric Swirl
~

Yelocity Formulation

* Absolute
" Relative

Gradient Option Porous Formulation
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(a) Enable Axisymmetric in the Space list.
(b) Click OK to close the Solver panel.

2. Enable heat transfer by activating the energy equation.

| Define |—| Models |—Energy...

& Energy

Energy
¥ Energy Equation

| Cancel| Help |

(a) Enable Energy Equation in the Energy group box.
(b) Click OK to close the Energy panel.

3. Enable Species transport and reactions.
| Define |—| Models |—| Species |— Transport & Reaction...

T Species Model @
Model Mixture Properties
" Off Mixture Material

' Species Transport |mixture—temp|ate j View...

~
o Number of Volumetric Species |3
~
~ Number of Solid Species |g
Reactions Number of Site Species |g

¥ Volumetric

¥ Wall Surface Turbulence-Chemistry Interaction

[~ Particle Surface * Laminar Finite-Rate
("
Wall Surface Reaction Options ol
v Heat of Surface Reactions g

¥ Mass Deposition Source
Options

¥ Inlet Diffusion

¥ Diffusion Energy Source

[~ Full Multicomponent Diffusion

[ Thermal Diffusion

[ Stiff Chemistry Solver
I KINetics from Reaction Design

Apply| Cancel| Help |

(a) Enable Species Transport in the Model list.
(b) Select Volumetric and Wall Surface in the Reactions group box.

(c) Select Heat of Surface Reactions in the Wall Surface Reaction Options group
box.
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The heat release due to a wall surface reaction is, by default, ignored by FLU-
ENT. You can, however, choose to include the heat release of a surface reaction
by activating the Heat of Surface Reactions option in the Species Model panel
and setting appropriate formation enthalpies in the Materials panel.

(d) Select Mass Deposition Source in the Wall Surface Reaction Options group box.

Mass Deposition Source is selected because there is a certain loss of mass due
to the surface deposition reaction, i.e., C.4 is being deposited out. If you
were to do an overall mass balance without taking this fact into account, you
would end up with a slight imbalance.

(e) Retain the selection of Inlet Diffusion and Diffusion Energy Source in the Options
list.

This includes the effect of enthalpy transport due to species diffusion in the
enerqy equation, which contributes to the energy balance, especially for the case
of Lewis numbers far from unity.

(f) Click OK to close the Species Model.

The console will list the properties that are required for the models that you
have enabled. You will see an Information dialog box, reminding you to confirm
the property values that have been extracted from the database.

(g) Click OK in the information dialog box.

Step 3: Materials

1. Change the material properties.

%Materials...
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13-8

Order Materials By

R Materials
Name Material Type
|mixture—template |mixture -

Chemical Formula

Fluent Mixture Materials

Properties

|mixture-temp|ate

ol

&

* Mame
" Chemical Formula

Fluent Database...

Mixture Species |names

Rleattioy |ﬁnite—rate

[ . |

Elechanion |reactiun—mechs

[ e |

Density [kg/m3) |incompressihle—ideal—gas

Change/Create | Delete |

Close |

User-Defined Database...

(a) Click Fluent Database... in the Materials panel.

R Fluent Database Materials

Fluent Fluid Materials | =

Material Type

tetramino-silane [si<nh2>4] ~
toluene-liquid [c7h8<1>]

toluene-vapor [c7h8
triamino-fluoro-silane [sif<nh2>3]
triamino-silane [(hsi<nh2>3] =
triamino-silane [si<nh2>3] v
£ | >

|fluid
Order Materials By

* Name
" Chemical Formula

[ e

[ e

[z

[ e

Cluse| Help |

i. Select fluid in the Material Type drop-down list.

ii. Select argon (ar), benzene-vapor (c6h6), carbon-solid (¢ < s >), hydrogen
(h2), methane (ch4), and toluene-vapor (c7h8) in the Fluent Fluid Materials

list.
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iii. Click Copy and close the Fluent Database Materials panel.

(b) Define new material, xylene (c8h10).

R Materials E
Name Material Type Order Materials By
[zylene |ﬂuid j * Name
~ .
Chemical Formula Fluent Fluid Materials Clivzmiiea] Fodwl
|t:8h1 g |“i"093“ [(n2) j Fluent Database...
Mixture User-Defined Database...
|nunc -
Properties
Molecular Weight [kg/kgmol] |constant j d
[106.168
Standard State Enthalpy (jlkgmol] |constant j
|1.9089+ﬂ?
Standard State Entropy [jlkgmol-k] |constant j
|353830
Reference Temperature (k] | J
constant -
|298.15
{ChangefCreate] Delete | Close | Help |

i. Select fluid from the Material Type drop-down list in the Materials panel.

11.

Select nitrogen[n2] from the Fluent Fluid Materials drop-down list.

iii. Select none from the Mixture drop-down list.

iv. Enter xylene in the Name list.

v. Enter c8h10 for Chemical Formula.

vi. Specify the following for each of the properties:
Parameter Value
Density 1.138
Cp 1282.901
Thermal Conductivity 0.0242
Viscosity 1.7894e-05
Molecular Weight 106.168
Standard State Enthalpy | 1.908e+07
Standard State Entropy 353830
Reference Temperature 298.15

Ignore the Density parameter as the density will be set to incompressible-ideal-

gas-law for mizture.

(c) Click Change/Create to create the new material.

(d) Click No in the Question panel when asked to overwrite.

© Fluent Inc. January 17, 2007
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(e) Set the mixture Composition.

1.

ii.

1il.

1v.

V1.

Vii.

Viil.

Select mixture in the Material Type drop-down list.
Click Edit... next to the Mixture Species in the Properties group box.

Here Selected Species, Selected Solid Species, and Selected Site Species
represent the gas phase species, the bulk (or solid) species, and the surface-
adsorbed (or site) species, respectively.

T Species §|

Mixture |mixture—temp1ate

Available Materials Selected Species
nitrogen [n2] cBh10 -~
oxygen [02] c7h8
water-~apor [h2o] cbhb
air ch4

h2 v
Selected Site Species Selected Solid Species

c{s>

[ s Trosrs T

oK | Cancel| Help |

Select xylene[c8h10] in the Available Materials list and click Add in the
Selected Species group box.

Select all the remaining species one by one and click Remove in the Selected
Species group box.

Select ¢7h8 in the Available Materials list and click Add in the Selected
Species group box.

Similarly add c6h6, ch4, h2 and ar to the Selected Species list.

Select ¢ < s > in the Available Materials list and click Add in the Selected
Solid Species group box.

Click OK to save the material composition.

Note: The species should appear in the same order as shown in the above
panel.

(f) Set the mixture reactions.

13-10
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& Reactions

Mixture |mixture—temp1ate

Reaction Name D Reaction Type

reaction-1 1 i‘ * Volumetric " Wall Surface
Number of Reactants |2 é‘ Number of Products |2 é‘

Total Number of Reactions |4 é‘

-

Stoich. Rate Stoich.

Rate

|h2 j 1 6.5 = |ch4 j K

Arrhenius Rate

Species Coefficient Exponent Species Coefficient Exponent
|cBh1I] j 1 1 |c?h3 j K C
|u

Pre-Exponential Factor |2_5129+|]s | |

Activation Energy [jfkgmol] [4 _s74e+08
Temperature Exponent [g

I Include Backward Reaction

[ Third-Body Efficiencies
I~ Pressure-Dependent Reaction

0K | cancel| Help |

-

i. Click Edit... next to the Reaction in the Properties group box.

ii. Enter 6 for the Total Number of Reactions, and define the following reac-

tions:

Volumetric Reactions
CsHy+ Hy — C;Hg+ CH,
CyHg + Hy — CsgHg + CHy
Wall Surface Reactions
CsHiyg — 8C_4~ + 5H,

C7H8 — 7C<s> + 4H2
C@Hg — 60<s> + 3H2
CHy — Coys + 2H,

The parameters for the equations are as follows:

© Fluent Inc. January 17, 2007
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Parameter Equation 13.1 Equation 13.2 Equation 13.3 | Equation 13.4 | Equation 13.5 | Equation 13.6

Reaction reaction-1 reaction-2 reaction-3 reaction-4 reaction-5 reaction-6

Name

Reaction 1 2 3 4 5 6

ID

Reaction Volumetric Volumetric Wall Surface | Wall Surface | Wall Surface | Wall Surface

Type

Number of | 2 2 1 1 1 1

Reactants

Species c8h10, h2 c7h8, h2 c8h10 c7h8 c6h6 ch4

Stoich. c8h10 =1 c’h8 =1 c8hl0 =1 c’h8 =1 c6ht =1 ch4 =1

Coefficient h2 =1 h2 =1

Rate c8h10 =1 c’h8 =1 c8hl0 =1 c7h8 =1 c6ho =1 ch4 =1

Exponent h2 = 0.5 h2 =0.5

Arrhenius PEF=2.512e+08 | PEF=1.259e+11 | PEF=0.00034 | PEF=0.00034 | PEF=0.00034 | PEF=0.008

Rate AE=1.674e+08 | AE=2.2243e+08 | AE=0 AE=0 AE=0 AE=0
TE=0 TE=0 TE=0 TE=0 TE=0 TE=0

Number of | 2 2 2 2 2 2

Products

Species c7h8, ch4 cbh6, ch4 c<s>, h2 c<s>, h2 c<s>, h2 c<s>, h2

Stoich. c7’h8 =1 c6h6 =1 c<s> =8 c<s> =17 c<s> =6 c<s> =1

Coefficient ch4 =1 ch4 =1 h2 =5 h2 =4 h2 =3 h2 =2

Rate c7h8 =0 c6h6 =0 c<s> =0 c<s> =0 c<s> =0 c<s> =10

Exponent chd =0 chd =0 h2 =0 h2 =0 h2 =0 h2 =0

(g) Set the reaction mechanisms for the mixture.

13-12

Here, PEF = Pre-FExponential Factor, AE = Activation Energy, and TE
= Temperature Exponent.

i. Click Edit... next to the Mechanism in the Properties list.

T Reaction Mechanisms

Number of Mechanisms |2 j‘ Mechanism ID |4 j‘ Mame [pechanism-1

Reaction Type

™ Yolumetric

Reactions HE|

reaction-1
reaction-2

" YWall Surface © All

Help |

ii. Enter 2 for the Number of Mechanisms.

iii. Retain mechanism-1 for Name.
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1v.

V1.
vil.
viii.

1X.

Enable Volumetric in the Reaction
Select reaction-1 and reaction-2 in

Set, the Mechanism ID to 2.

Type group box.

the Reactions list.

Enable Wall Surface in the Reaction Type group box.

Select reaction-3, reaction-4, reaction-5, and reaction-6 in the Reactions list.

Click OK to save the mechanism definitions.

(h) Retain the default settings for Density, Cp, Thermal Conductivity, Viscosity and
Mass Diffusivity in the Materials panel.

(i) Click Change/Create and close the Materials panel.

Step 4: Operating Conditions
—>Operating Conditions...

R Operating Conditions
Pressure

Operating Pressure [pascal]
[101575

Reference Pressure Location
X [m] g
Y (m] (g

| Cancel |

3
Gravity
[ Gravity

Help |

1. Enter 101575 pascal for Operating pressure.

2. Click OK to close the Operating Conditions panel.

Step 5: Boundary Conditions

1. Set the boundary conditions.

—> Boundary Conditions...

(a) Select fluid.8 in the Zone list and click Set....

© Fluent Inc. January 17, 2007

13-13



CVD Synthesis of Carbon Nanotubes

R Fluid

X

Zone Name
|F1uid.8

™ Porous Zone
[~ Source Terms
I Fixed Values
v Reaction

Motion lF'omus Zone] Reaction | Source Terms] Fixed ‘Jalues]

=

Motion Type |Stationar\.ur j

[~

oK | Cancel| Help |

i. Retain the default boundary conditions for fluid.8.
ii. Click OK to close the Fluid panel.

(b) Select furnace in the Zone list and click Set....
& Wall (x)

Zone Name

|Furnace

Adjacent Cell Zone
|fluid.8

Momentum Thermal] Radiation Species lDPM ] Multiphase] uDs ]

¥ Reaction

Reaction Mechanisms |mechanism—2 j

oK | Cancel| Help |

1. Retain the default conditions under Momentum tab.
ii. Click the Thermal tab.

iii. Select Temperature in the Thermal Conditions list and enter 973 K for the
Temperature.

iv. Click the Species tab.
v. Enable the Reaction toggle button.
vi. Select the mechanism-2 from the Reaction Mechanisms drop-down list.

vii. Click OK to close the Wall panel.

(c) Select preheater in the Zone list and click Set....
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= Wall

Zone Name

|preheater

Adjacent Cell Zone
|fluid.8

Thermal Conditions

3

Momentum Thermal | Radiation Species]DPM ]Multiphase]UDS ]

 Heat Flux Temperature (k] |513

* Temperature
" Convection

|constant

Wall Thickness [m) |g

" Radiation

Heat Generation Rate [w/m3) |[1
" Mixed

Material Name

aluminum

|constant

-]

Help |

ii. Click the Thermal tab.
iii.

Temperature.
iv. Click OK to close the Wall panel.

(d) Select inlet in the Zone list and click Set....

Retain the default conditions under Momentum tab.

& Velocity Inlet

Zone Name

inlet

Species Mass Fractions

Momentum] Thermal] Radiation Species lDPM ] Multiphase] uDs ]

r -l

c7h8 [g |constant
c6h6 g |constant j
chd g |constant j
h2[g.1 |constant - -
....... 6K Cancel| Help |

Click the Momentum tab.
ii.
iii.
iv. Click the Species tab.

Enter 0.03359 for c8h10 and 0.1 for h2.

vi. Click OK to close the Velocity Inlet panel.

© Fluent Inc. January 17, 2007

Enter 0.064517 m/s for Velocity Magnitude.
Click the Thermal tab and enter 300 K for the Temperature.

Select Temperature in the Thermal Conditions list and enter 513 K for the
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(e) Select outlet in the Zone list and click Set....

& Pressure Outlet

Zone Name
outlet

Momentum | Thermal | Radiation | Species | DPM | Multiphase | UDS |

Gauge Pressure [pascal) ||3 |cunstant j

Backflow Direction Specification Method |Nurma| to Boundary j

I~ Target Mass Flow Rate

0K | cancel| Help |

i. Retain the default boundary conditions.

ii. Click OK to close the Pressure Outlet panel.

(f) Close the Boundary Conditions panel.

Step 6: Solution

1. Set the solution parameters.

| Solve |—| Controls |—Solution...

5

& Solution Controls

=| =| Under-Relaxation Factors
c6hb |1— ﬂ
ch4 ’1—
h2 |1—
Energy ’W

Discretization

SIMPLE - Pressure |Standard

Momentum |First Order Upwind

Equations

Pressure-Yelocity Coupling

cBh10 |First Order Upwind

Ledleflelle]

L

c7hg |First Order Upwind

oK | Default| Cancel| Help |

(a) Enter 0.5 and 0.9 for Momentum and Energy in the Under-Relaxation Factors
group box.

(b) Retain the default values for other parameters.

(c) Click OK to close the Solution Controls panel.
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2. Initialize the flow field.

| Solve |—| Initialize |—Initialize...

R Solution Initialization

Compute From Reference Frame
inlet j * Relative to Cell Zone
" Absolute

Initial ¥alues

Gauge Pressure [pascal) ,[17 -
Axial Velocity (m{s) ,W
Radial Yelocity (m/s] ’07
c8h10 ,W .

¢ Init Reset| Apply| Close| Help|

(a) Select inlet from the Compute From drop-down list.

(b) Click Init and close the Solution Initialization panel.

3. Enable the plotting of residuals.

| Solve |—| Monitors |—Residual...

@& Residual Monitors

Options Storage Plotting
+ Print Iterations (1@@8 o Window g o
W Plot Z‘ Z‘
Normalization lterations (1900 Z‘
" Normalize ¥ Scale Axes... | Curves...

Convergence Criterion

|ahso|ute j

Check Absolute -
Residual Monitor Convergence Criteria

continuity ® @ [o.oe1
hvelosity ® @ [ooe1
energy  ® @ [less
I A (X

Plot | Flenorm| Cancel| Help |

<l

(a) Select Plot in the Options list.
(b) Click OK to close the Residual Monitors panel.

Note: By default, all variables will be monitored and checked for determining the
convergence of the solution.
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4. Save the case file, CVD_synthesis.cas.gz.

| File |—| Write | —Case...
Retain the default Write Binary Files on so that a binary file will be written.

Select File
Look in: |_) cvd j & ER-
L‘:ig CYD_syrthesis.cas.oz
My Recent

Documents

Desktop

My Documents

My Computer
<
My Metwark Caze File |EVD_synthesis.cas. gz j

Flaces
Files of type: |Ease Filez ﬂ

¥ ‘Write Binary Files

(a) Enter CVD_synthesis.cas.gz for Case File.
(b) Click OK to close the Select File panel.

To monitor the convergence of the solution, we enable the plotting of Hy mass
fraction at the outlet (outlet). Iterate until this mass fraction has converged in order
to ensure that the overall solution has converged. For the first few iterations of the
calculation, when the solution is fluctuating, the values of this Hy mass fraction
will behave erratically. This can cause the scale of the y axis for the plot to be set
too wide, and this will make variations in the value of the coefficients less evident.
To avoid this problem, you will perform a small number of iterations and then set
up the monitors.

Since, the Hy mass fraction is a global variable indicating certain overall conditions;
it may converge while conditions at specific points are still varying from one iteration
to the next. To monitor this, you will create a point monitor at a point where there is
likely to be significant variation, such as just downstream the furnace, and monitor
the value of the C'Hy mass fraction.

After setting up the monitors, you will continue the calculation.

5. Start the calculation by requesting 20 iterations.

—>Iterate...
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R [terate rz|

Iteration

Number of lterations |2 j
Reporting Interval |4 j
UDF Profile Update Interval |4 j

:Iterate: Apply| Close| Help|

Ak 4]k

LA

(a) Enter 20 for the Number of Iterations.
(b) Click Iterate.

(c) Close the Iterate panel after completion of iterations.

This will be sufficient to achieve reduced convergence coefficient fluctuations.

6. Create a point surface to monitor the ch4 mass fraction.

Surface | Point...

& Point Surface

Options Coordinates

[~ PointTool || %0 [m] [1_2514
Gesel ¥0 [m) [0, 0166

—

Select Point with Mouse |

New Surface Name
ch4-mon

: Create | Manage... | Close | Help |

(a) Enter 1.2516 m for x0 and 0.0166 m for y0 in the Coordinates group box.
(b) Enter ch4-mon for the New Surface Name.
(c) Click Create and close the Point Surface panel.

7. Define the surface monitors.

| Solve |—| Monitors |—Surface...

& Surface Monitors

Surface Monitors ,2— ﬁ‘

Name Plot Print Write Ew’.r),ur When
hZ2-m-flow MoT v :Hlteratmn - EDl’-ﬁ“l’----j

,ml— r W l_:HW‘ Define...
rr r ,_ZH—4|
rr r I_EH—A| .

| Cancel| Help |

0

-~
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(a) Set the Surface Monitors to 2.
(b) Enable Plot and Write for the first monitor.

(c) Enter h2-m-flow for the first monitor and ch4-m-frac for the second monitor
as the Name.

When the Write option is enabled, the mass-averaged h2 mass fraction his-
tory is written to a file. If you do not select the Write option, the history
information will be lost when you exit FLUENT .

(d) Select Iteration from the When drop-down lists for both monitors.
(e) Click Define... to define the first monitor.

& Define Surface Monitor

Name Report of
h2-m-flow |Species... -
Report Type Mass fraction of h2 -
|Mass-Weighted Average v ==
Surfaces ﬂ;
» Axis default-interior 5
Iteration - furnace
inlet
Plot Window outlet ]
1 = preheater
wall.1 v
File Name
|h2—m—F10w.out
"""""" 0K| Curves...| Axes... | Cancel | Help |

i. Select Mass-Weighted Average from the Report Type drop-down list.
ii. Select Iteration from the X Axis drop-down list.

iii. Select Species... and Mass fraction of h2 from the Report of drop-down
lists.

iv. Select Outlet in the Surfaces list.
v. Enter h2-m-flow.out for the File Name.
vi. Click OK to close the Define Surface Monitor panel.

(f) Click Define... to define the second monitor.
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& Define Surface Monitor

Name Report of
chi4-m-frac |Species... j
Report Type |Mass fraction of ch4 j
|Venex Average | surfaces ﬂi
X fuxis axis.3 e’
lteration - chdmon |
default-interior
Plot Window furnace
2 = inlet
j outlet b
File Name
|ch!|—m—Frac .out
"""""" 0K| Curves... | Axes... | Cancel | Help |

i. Select Vertex Average from the Report Type drop-down list.
ii. Select Iteration from the X Axis drop-down list.

iii. Select Species... and Mass fraction of ch4 from the Report of drop-down
lists.

iv. Select only ch4-mon in the Surfaces list.
v. Enter ch4-m-frac.out for the File Name.

vi. Click OK to close the Define Surface Monitor panel.
(g) Click OK to close the Surface Monitors panel.

8. Start the calculation by requesting 1000 iterations.

—>Iterate...

Note: After about 595 iterations, the residual criteria are satisfied and FLUENT
stops iterating. Save the case and data file as CVD_synthesis first order.cas.gz
and CVD_synthesis first_order.dat.gz The CHy mass fraction, and Hs
mass fraction monitors indicates that the parameters are close to converge
(Figure 15.3 and Figure 13.4). However, you have to run the solution for
few more iterations to make sure that the Hy and CHy mass fractions are
converged.

The solution will generally converge faster for larger under-relaxation factors,
unless the integration scheme becomes unstable. Since, you have performed
some wnitial iteration, and the solution is stable, you may try increasing the
under-relazation factors to speed up the convergence. If the residuals start
increasing without bound, or a floating point exception error occurs, you will
need to decrease the under-relazation factors, read in the previous data file,
and try again.

Note: The number of iterations required for convergence varies according to the
platform used. Also, since the residual values are different for different com-
puters, the plot that appears on your screen may not be exactly the same as
the one shown here.
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Figure 13.3: ch4 Convergence History for the Initial Calculation
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Figure 13.4: h2 Convergence History for the Initial Calculation
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9. Start the calculations.

(a) Plot the residuals.

| Solve |—| Monitors |—Residual...

& Residual Monitors

¥ Print
v Plot

Options Storage

lterations ,W ﬁ‘ Window ,[1_ ﬁ‘

Mormalization

" Normalize v Scale Axes... | Curves...

Convergence Criterion

Plotting

lterations ,W ﬁ‘

|ahso|ute j
energy v ™ 1e-86 J
c8h18 v r 8.861
c7h8 v r 8.861
chhé v r 8.861
cha v r 8.861
h2 v r 8.861 j

Plot | Renorm| Cancel| Help |

i. Disable the Check Convergence for all the equations.

ii. Click OK to close the Residual Monitors panel.

(b) Set the solution parameters.

‘ Solve ‘—>‘ Controls ‘—>So|ution...

Solution Controls

Equations

=| =| Under-Relaxation Factors

Pressure-Velocity Coupling

Discretization

c6hb ’1— J
ch4 ’1—
h2 ’1—
Energy[1

-

SIMPLE

j Pressure |Standard

Momentum |0UICK

c8h10 |QU|CK

c7h8 |0UICK

Default| Cancel| Help |

Lellellellel

L

i. Enter 0.7 forMomentum and 1 for Energy in the Under-Relaxation Factors
group box.

ii. Select QUICK for all the equations except Pressure in the Descretization
group box.
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iii. Click OK to close the Solution Controls panel.

(c¢) Continue the calculation by requesting 250 iterations.

—>Iterate...

Residuals
—continuity
—-velocity Jee
y-velocity
—energy
cBh10 tem
—c7ha 3
cEhB 1e-02 i
—chd TN
h2 1e-03 o
1e-04 5
18-05
1e-08
1e-07 3
1e-08 o
1e-09 o
1e-10

T T T T T T T T 1
1} 100 200 300 400 =00 B00 700 s00 ano

Iterations

Scaled Residuals
FLUENT 6.3 (axi, dp, phns, spe, lam)

Figure 13.5: Residual Plots
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Figure 13.6: ch4 Convergence History
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Figure 13.7: h2 Convergence History
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Step 7: Post processing

13-26

1. Display filled contours

Display |—Contours...

of Temperature (Figure 13.8).

R Contours

Options Contours of
M Filled |Temperature... j
V¥ Node Values -
¥ Global Range |Statlc Temperature j
¥ Auto Range
e |
[~ Draw Profiles
[ Draw Grid Surfaces ==
ol & axis.3 -~
evels etup ch4-mon
28 é‘ 1 j‘ default-interior
furnace
Surface Name Pattern |jplet 2
Surface Types HE
axis -
Match clip-surf
exhaustfan
fan v
Compute | Close | Help |

(a) Select Temperature... and Static Temperature from the Contours of drop-down

lists.

(b) Select Filled in the Options list.

(c) Click Display.

9.73e+02
l 9.40e+02
9.06e+0z2
8.72e+02
8.30e+02
8.05e+02
T T et0Z
7.38et0z
7.0de+0Z
6.70e+02
6.3Te+02
6.03e+02
5.69e+02
5.36e+02
5.0Ze+02
4G5 e+02
4.35e+02
4.01e+02
3.6Te+02
3.3de+02
3.00e+02

Cantours of Static Temperature (K

FLUENT 6.3 {axi, dp, pbns, spe, lam)

Figure 13.8: Predicted Static Temperature Distribution.
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2. Display filled contours of ¢8h10 mass fraction (Figure 13.9).

& Contours
Options Contours of
¥ Filled |Species... j
¥ Node Values -
¥ Global Range |Mass fraction of c8h10 j
M Auto Range
- |
I~ Draw Profiles
[~ Draw Grid Surfaces =
L s S axis.3 ~
evels etup chd-mon
20 é‘ 1 j‘ default-interior
furnace
Surface Name Pattern |jnlet 2

Surface Types =

20

axis
Match clip-surf
exhaustfan
fan v

Compute| Close | Help |

(a) Select Species... and Mass fraction of c8h10 from the Contours of drop-down
lists.

(b) Click Display and close the Contours panel.

3.36e-02
l 3.26e-02
3.16e-02

3.06e-02
2.06e-02
2.86e-02
2.7Te02
2.6Te-02
2.57e-02
2.47e.02
2.3Te-02
- 2.2Te-02
2. 1Te-02
2.07e-02

1.97e-02
1.87e-02
1.78e-02
1.68e-02
1.58e-02
1.43e-02
1.38e-02

Contours of Mass fraction of c8h10

FLUENT 6.3 (axi, dp, phns, spe, lam)

Figure 13.9: Predicted c¢8h10 Mass Fraction Distribution.

3. Plot the surface deposition rate of ¢ < s > distribution (Figure 13.10).

[Plot|—XY Plot...
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& Solution XY Plot

Options Plot Direction Y Axis Function

¥ Mode Yalues ® ,1— |Species... j

IV Position on X Axis

r Y |a |Surface Deposition Rate of c{s> j
[ WWrite to File ,— X Axis Function
r |Directiun Yector j
File Data == Surfaces gl =
axis.3 -~
ch4-mon

default-interior

inlet

Load File... | |outlet

| preheater v

. | Curves...| Close | Help |

(a) Select Species... and Surface Deposition Rate of ¢ < s > from the Y Axis
Function drop-down lists.

(b) Select furnace from the Surfaces list.

(c) Click Plot and close the Solution XY Plot panel.

[ fumace 1]
180208

1.70e-06

1.60e-06 —
1.50e-06

Surface  140s06
Deposition ]
Rate  130e08 -

of )

efs=ny
(kg/m2-s)

1.20e-06 —

1.10e-06 —

1.00e-06 T T T T T T 1
06 o7 0.g o4 1 1.1 12 13

Fosition (m)

Surface Deposition Rate of c=g=

FLUENT 6.3 {axi, dp, pbns, spe, lam)

Figure 13.10: Predicted Surface Deposition Rate of ¢ < s > along the furnace.

4. Plot the arrhenius rate of reaction-3 distribution (Figure 13.11).
Plot|—XY Plot...
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& Solution XY Plot

Options Plot Direction Y Axis Function

¥ Node Values b4 ,1— |Reactions... j
[

IV Position on X Axis

r Y |a |Arrhenius Rate of Reaction-3
[ WWrite to File ,— X Axis Function
r |Directiun Yector j
File Data == Surfaces gl =
axis.3 -~
ch4-mon

default-interior

inlet

Load File... | |outlet

| preheater v

. | Curves...| Close | Help |

(a) Select Reactions... and Arrhenius Rate of Reaction-3 from the Y Axis Function
drop-down lists.

(b) Select furnace from the Surfaces list.
(c) Click Plot and close the Solution XY Plot panel.

[(® fumare ]
2.00e-08 7]
1.80e-08 -l
1.60e-08 —
1.40e-08 —
1.20e-08 —
Arrhenius g
Fate 1.00e0s
Of »
Reaction-3  5.00e09
{kgmol/m2-s) 1
G.00e-09 —
4.00e-09 — .
200809 . . i . . . ,
05 or og 09 1 1.1 12 13

Fosition (m)

Arrhenius Rate of Reaction-3

FLUENT 6.3 {axi, dp, pbns, spe, lam)

Figure 13.11: Predicted Arrhenius Rate of Reaction-3 Distribution.
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Summary
In this tutorial, surface and volumetric reaction capabilities of FLUENT are illustrated
for CVD synthesis of carbon nanotubes.

References
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http://www.fluentusers.com/fluent6326 /doc/ori/html/ug/main_pre.htm

Exercises/ Discussions

1. What will be the effect on surface deposition rate if thermo-physical properties of
each species are temperature dependant?

2. What will be the effect on surface deposition rate if the catalyst preparation step,
i.e. production of Fe particles on the furnace wall, is considered?
Links for Further Reading

e http://en.wikipedia.org/wiki/Carbon nanotube

e http://www.pa.msu.edu/cmp/csc/nanotube.html
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