Comsol Tutorial: Laminar Flow Reactor with Heat Transfer Effects Spring 2007

Objectives:

1) Describe to agraduate student the difference between the prediction of the outlet conversion
obtained from amodel assuming plug flow and alaminar flow reactor model that contains
both radial and axial diffusion and conduction.

2) Thistutorial will have you compare the results of a POLY MATH plug flow reactor model
with three models produced by COMSOL and solved using afinite element numerical
method. The three modelswill be:

a) Plug flow reactor in laminar flow
b) Laminar flow reactor with axial and radial diffusion and conduction

Adiabatic Reactor

This second model with radial effects adds a heat balance to the material balance in the previous
model. We assume the reactor is adiabatic, which means that its walls are insulated and do not
exchange heat with the surroundings. To generate this model you should start with your
previous comsol model or use the model linked to webct. In this new model that you will
generate you will add an additional application mode for energy balances to the mass balances
already included in the previous model.

Mole Balances
The governing equations for this problem can be derived from a shell balance on aring shaped
element in the cylindrical geometry. The resulting equation is
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For cylindrical coordinatesr, z the following flux equations for convective and diffusive fluxes
in the z and r directions are applicable:
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Equation 3 can be simplified by eliminating the velocity term in the radial direction. Next
substitute equations 2 and 3 into equation 1 to obtain
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At steady state and assuming constant velocity in the z direction yields the following equation
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Notice that if the diffusive flux in equation 5 is neglected then the familiar plug flow reactor
equation results
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The steady-state energy balance on the fluid within the reactor can be transformed to the
following equation (See Section 8.9 in Fogler 4™ edition)

0 oT 0 oT
O=—|-k—+CuT |——| —kr— |+ r,AH 7
82[ oz pzj rar[ arj AT ()
The reaction stoichiometry is given by
A+B< 2C (8)
The reaction rate is given by
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In COMSOL the equation iswritten as:
rA=—A*exp(— E/RT)* rhoCat * (cA* cB—cC"2/ Keq) (10)
For the isothermal reactor the T is set equal to TO.
The equilibrium constant is given by
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Using your previous polymath model, add an energy balance of a PFR to this model.
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Assume that the heat capacity of the reaction mixture is Cp = 4180 Jkg-K (e.g. AC,=0), the

thermal conductivity of the reaction mixtureisk = 0.559 Jm-sK, and for the reactor with
cooling the overall heat-transfer coefficient, Ua= 1300 Jm*sK. Your previous model hasa
reaction with an activation energy E is 95,238 Jmol, the pre-exponential is A=1.1x10® m%(mol
kg s), and the heat of reaction is AH, =—-83680J/mol . Thefluidisfed at an inlet temperature

is320K theinlet flowrate is 5x10* m%s. The reactant concentrations for A and B are equimolar
at 500 mol/m®. The density of the catalyst is 1500 kg/m®and the liquid phase density is 1000
kg/m®. Thereactor is1 min length with aradius of Ra=0.1 m. For the polymath model you will
need the heat capacity with units of molar heat capacity which can be found as

C ol
CP(MOLAR) = P(M/;:SS) — (13)
T

Submit all work in email with the subject title, “Comsol Adiabatic Reactor.” All
“printouts’ should be pasted into a word document and submitted by email. Answer any
guestions using text in the word document. Place figure captionson all figuresto explain
what you have plotted.

1) Submit your new POLYMATH model of this process (Paste the output into MS word
document).
a) Thisfirst model will be of an adiabatic reactor
b) The second model will include an overall heat transfer term (U = 1300 Jm?sK).

2) Plot the temperature and conversion of A as afunction of volume of reactor and length of
reactor. (remember constantsin POLYMATH are given using the ! function).



Since we arein laminar flow the parabolic velocity profile for a pipe flow is given as
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r
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With the average velocity or superficial velocity given by
-4 3
0, = 5X1?;R,§m /s (15)

1. Open Comsol Multiphysics and load your previous model. If thisis not available load the
file: 1-Isothermal_Reactor.fl from webCT.
2. Select Multiphysics, Model Navigator

3. Choose Chemical Engineering Module, Energy balance, Convection and Conduction.

Model Navigator Select Convection & Condiiction. Steadv-state analvsis
Space dimension: fial symmetry (200 " Multipheysics
_4 Application Modes . I JAdd l [ Remove ]
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Dependent variables: T2 Ruling application A
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[ (04 H Cancel ][ Help ]

4. Select OK

5. Remember that the geometry of the tube arectangle. The center of the pipeisat aradial
position of 0 and the wall of the pipeis at adimension of 0.1m. The length of pipe will be
set at 1m.



6. Enter thefollowing Constantsin Options Constants menu— Note some of these have

already been added
Constants X]
Marme Expression Yalue Descripkion
CifF le-9 le-9 s
E 95238 95233 7l
it 1.1e3 1.1e8
R 3.314 .31
O 320 320
v 0.000% Se-4
cal sa0 S00
cBO sa0 S00
Ra 0.1 0.1
rhioCak 1500 1500
dHrx -33e80 -33630
keql 1000 1000
ke 0.559 0,559 y
rhio 1000 1000
_p 4180 4180 b
= E [ Ik ] [ Cancel ] [ Apply ] [ Help ]

7. Enter inthe Options Expressions, Scalar Expressionsmenu. YOU MUST CHANGE
YOUR TEMPERATURE VARIABLE IN THE REACTION RATE EXPRESSION.

Scalar Expressions

X

Mame Expression Descripkion
] v/ (pi*Ra™2) Y
Uz ZHO0H1-(rRaI™2] B
ol (cAl-cAlfcal
B CBO-cAD*xn,
cC 2¥cA0*un
i -A*expl-E (R T ¥ rhoCat*{cA*cB-cC fKeq)
kKeq Keql*exp(dHrR*(11303-1)TN
] (-rar*{-dHr:)
w
= E [ Ik H Cancel H Apply ][ Help ]

8. Select the Physics menu and select Subdomain Settings to open the corresponding dialog
box. Select subdomain 1 in the Subdomain selection list. This dialog box also displays the
equation that forms the basis for the Conduction and Convection application mode, and the
edit fields show the input data used in the energy balance. Noteif you don’t have a Time
scaling coefficient that is ok.



Subdomain Settings - Convection and Conduction (EnergyBalance)

Eqquation

Ve[ -KVT + EihiH 1=0- pCpu-‘E’T, T=temperature

D

Subdomain selection | Physics | it

|

Thermal propetties and heat sourcesizinks

Library matetial: | V| [ Load... ]
Quantity ValueExpression Description
8, I | Time-scaling coefficient

(&) k (izctropic) ke

| Thetmal conductivity

O k (anisotropic) | | Thermal conductivty
P |rh|:| | Density
Co Icp | Heat capacity
2 |Q | Heat source
U |III | r-welocity
L W |uz | z-welocity
[]Select by group hi"l:l,i |Speu:ies diffuzion inactive w

sctive i this domain Aificial Diffusion... |

[ 024 H Cancel ][ Apply ]

0. Here you are entering the variables that were given by equation 7. Intheinit tab for
initial condition put TO.

Subdomain Settings - Convection and Conduction (EnergyBalance)

Eqjuation
Ve(-kVT + EihiND i) =0 - pCpu-VT, T=tempersture

|:| Select by group

Active in this dormain

Subdatmain selection Physics| it |

q Iritizl value
Variable Initial value Description
Tit,) [0 | Tempersture

Ok H Cancel ” Apply




10. Enter boundary conditions, axial symmetry for 1 and insulation for 4, Temperature, TO
for the inlet boundary 2 and convective flux for the reactor outlet 3. Notice when you click
on the number the figure of the reactor highlightsin red the boundary condition. Notice how
the boundary is marked with ared line when you click in the Boundary Selection box.
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Solve  Posktproc Iultiphysics  Help

Mesh
11. To visualize the mesh click the i z
Mesh Mode button. Note that the | 0 | B o] Mode | a5 |E QD P
scales on the r- and z-axes are not
egual, which results in adistorted view. If desired, you can select equal scale settings by
going to the Options menu and checking the Axis equal box in the Axis/Grid Settings menu
item. In order to return to the original unequal scale settings, once again go to the Axes/Grid
Settings menu and clear the Axis equal check box. Enter -0.1 in ther min edit field, 0.2 in
ther max edit field and -0.1 and 1.1 in the z min and z max edit fields, respectively.

12. The model we solve in this exercise is nonlinear. To verify the solver settings, click the
Solver Parameters button and make certain that the Stationary nonlinear solver is selected.

@ =2
|S|:|I'u'ar Parameters |

|Now Solve by pressing the "equal" sign |

13. The manual explaining a portion of today’ s tutorial islocated on the following pages and also
on webct.rowan.edu page under the heading 3 Additional Materials, 3.1 FEMLAB ECRE
Manual and ison CD with Book. Thiswill open a pdf file titted FEMLAB3 ECRE version.
Y ou will be entering this model in the REAL version of COMSOL and must turnin al
assignments using the COMSOL model. Y ou are of course welcome to compare your
answers with the prepackaged models on your CD FEMLAB3 ECRE-VERSION that came
with the book.

14. You will now refer to the instructions in the ECRE manual which are given on the next page.
Thisiswritten in the form of look at what isin the ECRE model. (This section was taken
from page 39 step 1 of the manua whichis 43 of 88 in the ECRE pdf file.)

GO tothenext page


Hesketh
Text Box
Now Solve by pressing the "equal" sign


I Click the Postprocessing Mode button. The default plot shows the concentration of
species A in the reactor.
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2 Click the Plot Parameters button.

£ﬂ=m§|

Plak Parameters

3 Click the Surface tab.
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40 |

4 On the Surface page, go to the Predefined quantities drop-down list and select

Temperature.
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5 Click Apply.
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6 To plot the conversion of A, enter XA in the Expression

CHAPTER 2: RADIAL EFFECTS IN TUBULAR REACTORS

edit field in the Surface page.



7 Click Apply.
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8 To visualize the relation between temperature and conversion, first click the Contour
tab.

9 Sclect Temperature (EnergyBalance) in the Predefined quantities drop-down
list.
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10 Click the Contour plot check box and click OK.
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I To visualize the local conversion in selected cross sections along the length of the

reactor, go to the Postprocessing menu and select Cross-Section Plot Parameters.
12 Click the Line/Extrusion tab.
13 Enter xA in the Expression edit field.
14 Enter 0 in the r0 edit field and 0.1 in the rl edit field.
IS Enter 0 in both the z0 and zl edit fields.

16 Check the Multi parallel lines box and click the Vector with distances option.

42 | CHAPTER 2: RADIAL EFFECTS IN TUBULAR REACTORS



17 Enter 0 0.5 1 in the Vector with distances edit field to generate three cross-section
plots at the inlet, in the middle of the reactor, and at the outlet, respectively.
Cross-Section Plot Parameters EI

Generall Line/Extrusion | Point

@ Line/Extrusion plot

Plat type

(%) Line plot () Extrusion plot
y-axis data
Predefined quantities:
Expression
¥-axis data Cross-gection line data
@ |srctengn | 1O n: o1
O z0: ID—[ o

zl:
Line resolution:

Muttiple parallel lines

MNumber of lines Wector with distances
O | | © lposa
[ Ok ] [ Cancel ] [ Apply ]

18 Click the Line Settings button. In the dialog box that opens, select the Cycle option
in the Line color drop-down list; sclect Dotted line in the Line style drop-down list;
and select Cycle in the Line marker drop-down list.

Line Settings

Ling calar:

Line style: Dotted line %
L mrker
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19 To generate the following plot, click OK twice: first in the Line Settings dialog box,

then again in the Cross-Section Plot Parameters dialog box.

Radial Corwersion Profiles

See page 15 of 19 for more details on
making this graph. ! ! ! ! !

i 0.0 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.4
Radius ]

Figure 2-3: Radial conversion profiles at the inlet, outlet and halfiway through an
adinbatic reactor.

You can now calculate the mixing cup outlet concentration (see the previous
example for its definition). Start by calculating the integral of the outlet flux over

the outlet boundary.
2 Go to the Postprocessing menu and select Boundary Integration.
2l Select boundary 3 in the Boundary selection list.
2 Enter 2*pi*r*cA*uz in the Expression cdit ficld.
B Click Apply.

The value of the integral appears in the status bar at the bottom of the user interface

and reads 0.088836. You can now calculate the integral of u,.

24 Enter 2*pi*r*uz in the Expression cdit field and click Apply.

The value of this integral is 5e-4, which gives an average concentration of
0.088836/5¢ -4, which is approximately 178 mole m™3.
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Hesketh
Text Box
See page 15 of 19 for more details on making this graph.


You have now completed a review of the model and are ready to run it with varying

input parameters.

Questions and Exercises

To answer the following questions and perform the exercises, you can either use the

results in the model just presented, or you can solve it again with new input data.

I How do you explain the difference in outlet conversion between the isothermal and

non-isothermal adiabatic reactor? (For a clue, examine the temperature plot.)

2 This section deals with the model of an adiabatic reactor. What is special about the
solution’s surface plot of the temperature? Explain the resulting radial temperature
distribution.

3 Increase the thermal conductivity, ke, by a factor of 10 and explain how this affects
the temperature profiles. At what radial position do you find the highest conversion?
You can change the thermal conductivity by going to the Options menu and then the
Constants item. Click the Solve button to solve the problem with the new thermal

conductivity.

24=24
el
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15. In Step 19 of page 44 in the ECRE manual (and on page 13 of 19 in this pdf file) it asked you
to make a Cross-Section plot. | prefer to use as the x-axis data either the z or ther
coordinate. Alsointhe line Settings box | always request alegend.

16. Also atitle to the graph as well as axis labels can be specified. Select the General tap and the

Title/Axis button.

17. This plot can now be pasted into a word document by selecting the MS windows copy icon.

TitlefAxis Settings

3

Title: () Bidt

® |Cross Section Plat of the |zathermal Laminar Flow r{

Axiz zettings for line and point plots
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[ Ok l [ Cancel
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18. To obtain atable of data shown on the cross -
section plot then you must click on the ASCI|I Lock

| (L2 Comsol

v| @)

?)x]

@ K oy B Tooks -

button and then save thisfile.
19. Thefile will be atext file that can be opened by St
excdl for further analysis. Open the txt file by @
L

&

having excel ook for text files.
20. Then start the conversion of the datausing a
delimited file\

Text Import Wizard - Step 1 of 3

My Metwork
Places

TMame

E] cross-sectiondata isothermal laminar , Ext

Filesof Type:
txt

F

Size | Type | Date Modif
A4KE Tex.. 4iSI2006 1

File name: ||

The Text Wizard has dekermined that your data is Delimited.

Files of £7Pet [ Text Files (*.prm; *.tut; *.csv)

v | Cancel

IF this is correct, choose Mext, or choose the data type that best describes your data.
Original data tvpe
ile twpe that best describes wour data:

Text Import Wizard - Step 2 of 3

- Characters such as commas or tabs separate each field. This screen lets you set the delimiters your data contains, You can see
idth - Fields are aligned in colurmns with spaces between each field. hiow your text is affected in the preview below,
i B e ile origin: i i - imii : -
Start impark at row File arigin: 437 + QEM United States Delimiters Treat consecutive delmiters as one
[1ab [ semicalon [ comma
i e 3
Preview of file C\Documents and SettingsiH. .. \cross-sectiondata isothermal laminar xt. [ other: Text qualifier:
|L# Coordinates 5
200 o.o [raka preview
|35 0Z51Z56E-4 —-1.1368684E-16
[4 0. 0010050251 a.a
L 0. 0015075378 o.o
i b e Coordinates e’
< > n.o n.o
|5.0251Z56E-4 [1.1368684E-16
- 0.0010050251 p.0
ext > [ Einsh b.o015075378 Poo 2
< ¥
Cancel ] [ < Back ] [ Mext = ] [ Finish




21. The datais placed in two columns (X,y). The first cross-section at z=Om is listed, followed
by the second cross-section z=0.5m, followed by the third cross-section at z=1.0m. To find
these | always use the Edit, Search feature and find the ending r data point.

Microsoft Excel - cross-sectiondata isothermal laming

Microsoft Excel - cross-sectiondata isothermal la

@_1 File Edit Wiew Inserk  Format  Tools  Data  Windo @_1 File Edit Miew Insert Formatk  Tools Daka W
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201 0.1 0 End of data for z=0m 201 0.1 0 End of data for z=0rm
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203 5.03E-04 0269051 203( 5.03E-04 0269031
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401 0.1 0.960809 End of data for z=0.4 2099( 0.093995 0954472
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To be Submitted:

Submit all work in email with the subject
title, “ Comsol Adiabatic Reactor.” All
“printouts’ should be pasted into aword

Subdomain Settings - Convection and Diffusion (MassBalance) @

Egquation
Ve(-D¥cA+cAu) = R, cA = concentration

Subdomain selection c& | nit

document and submitted by email. Answer NN ~ || soecies

any questions using text in the word Library materat v

document. Place figure captionson all Quantity Valuefxpression Descripion

figuresto explain what you have plotted. @Dit;mpic 10 ;Z'gﬁffmm

(O D anisatrapic Ditfusion coefficient

1) POLYMATH model and requested plots . — N

2) Answer Questions 1-3 on page 14 of 19in 3 u 0 rvelosty
thistutorial (page 45 of the ECRE [ select by aroup v uo z-velocty
manual ) Active in this domain

3) Reset your model to the base case
conditions given in the above tutorial
(Diff=1x10°m?s and ke = 0.559 Jm-sK.)
a) Runthefollowing cases. (Remember to change a parameter in either the mass balance or

energy balance you must select it using the Multiphysics

[ Ok ][ Cancel H Apply

Case Diffusivity (m%/s) | Thermal Conductivity | Velocity Profile
(J(msK)
Base Case 1x107 0.559 2
r
u, =2*u,| 1- [—]
R,
Casel 0 0.559 u, =U,
Case?2 0 0 u, =Uu,

b) Compare the base case with Case 1 and Case 2. Do this using surface plots and cross-
section plots of conversion and temperature.

¢) Compare Case 1 and Case 2 with your POLYMATH model results. Make plotsof T and
Xa Vs L that show predictions of cases 1 & 2 and your POLYMATH results from aplug
flow reactor.

d) Compare the average outlet conversion and temperature from the COM SOL laminar flow
adiabatic reactor model (base case) with the outlet conversions and temperatures obtained
from the POLYMATH PFR. Write a statement on the comparison of the conversion of
these two data sets.
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Cross-Section Plot Parameters
| General |Line.l'E>druSion Paint
Plot type
() Line/Extrusion plot () Point plot

Solutions to use

o[
w
|

3

Solution at angle (phase):

Cross-Section Plot Parameters

Generall Line/Extrusion | Proirit

@ Ling/Extrusion plot

Flot type
@ Lire plot O E:xtrusion plot
y-axis data
Fredefined gquantities: | A |
Expression: |x.l\\ |
w-axis data Cross-zection ling data
O] |z vl v [0 [r: o |
@ z0: |EI | i |1 |
Line resolution:

|:| Mutltiple parallel lines

Plat in: Keep current plot
Dizplay crozs-section in main axes .
TitledAxis...

’ Ok ” Cancel H Apply ]

In the Table for anisotropic the Diffusivities
are:

Line Settings... ]

()

Ok

” Cancel ]I Apply

Dr (radia)

Dz (axial)

Subdomain Settings - Convection and Diffusion (MassBalance)

Eqjuation

Subdomain zelection

(N ~

[] =elect by group

Active in this domain

Ve -DVcA+cAU) = R, c& = concentration

e [ it
Species

Library material: |

VH Load.. ]

Quantity

Value/Expression Description

%s 1

| Time-scaling coefficient

O Disatropic |

| Diffuzion coefficient

@. D anisotropic m Diffuzion coefficient

R ra |

nj 0

. o

] Diff

W |uIII

Z-velocity

Artificial Diffusion... |

[ Ok H Cancel H Ay
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