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Background

* Next generation technologies must be developed that potentially change the
chemical plants and process engineering giving rise to safe, compact, flexible,
eco-friendly, energy efficient processes and plants.

e Traditional educational curriculum provide engineering students with a
spectrum of theoretical knowledge, but generally provide limited exposure to
more advanced technologies.

e Utilization of process simulators and design tools allow engineering students to
gain useful exposure to advanced technologies.

* Microprocess systems is one of the key emerging technologies with applications
ranging from discovery research through commercial processes.

e This technology was introduced as part of the NSF funded web-based learning
resource called Interlinked Curriculum Components (ICCs) to educate
undergraduate students®.

*P.L. Mills et al., Development Of A Web Based Self Teaching And Module For Chemical Engineering Microchemical Systems, American Society for Engineering
Education Conference Proceedings (2010).
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Microprocess Systems ICC

Objectives:

1. Introduce MEMS as applied to microreaction systems.

2. Broaden exposure to multi-scale type of analysis.

3. Strengthen understanding & insight into system behavior.
Focus Areas:

* MEMS & microreactors m==m) Components, materials, & fabrication processes
* Microfluidics === Fluid mechanics at the microscale
e Transport phenomena mmm) Coupled momentum & energy transport
* Transport-kinetic effects mmm) Coupled momentum, energy, & species transport
* Device & system design m==)> Microprocess component & system performance
Micro HeaE Exchangwer Microchannel Reactor Micro Flu1d Mixer
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Microreactors & Microprocess
Components Fabricated from Glass & Metal

Interdigitial Micromixer
for Two-phase Systems

Cross-flow Heat

Falling Film Gas-liquid Exchanger

Microreactor
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Microchannel vs Conventional Reactors

-Typical Ranges for Design Parameters-

Design Microchannel Conventional
Parameter Reactor Reactor
Internal volume 1-1000 pL 100 ml-30,000 L

Surface Area/Volume 10,000-50,000 m3/m3 100-1000 m2/m3

Film thickness ~25 uL ~250 pL
Mixing time < 1 sec > 1 sec
Power input 10 X less X

Angew. Chem. Int. Ed. 43,406,2004

==
J R

A4 UNIVERSITY
KINGSVILLE TEXAS ARM inesyiiie




Graphical User Interface (GUI)

- Readily allows users to modify key system
parameters and to obtain graphical results.

» Advantages of GUI's in COMSOL

— Reduces the complications with model development
— Simplifies assigning boundary conditions
— Allows visualization of various model parameters

— Improves understanding of model physics vs details
associated with the model development
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Steps Involved in GUI Creation

Input Layout
Parameters Creation

GUI creation using COMSOL with MATLAB

. -«m

Trouble
Shooting
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Example of Typical GUI Layout




Catalytic Wall Reactor

Objective

[llustrate the interactions between fluid transport and chemical
kinetics for a steady-state model of a simple wall-microreactor with
a first-order reaction

Channel Dimensions Ny
Length: 10 mm AtTolet, —— - Catalyst Film jf
) epmol fmt —»
Height : 1 mm 10 mm
Input Parameters Chemistry
® Fluid density & fluid viscosity A SB

® Inlet solute concentrations R ti Rat
eaction Rate

® Two choices for boundary conditions r =k C
TpA T A

- Specified inlet velocity & outlet pressure
- Specified inlet & outlet pressure
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Model Equations and Kinetics

Model Equations:
Momentum Transport Equations

x- direction:
I:@Ux:| aZUx 62Ux OUx OUx 8p
P —N| —5 +— |+ p| Ux—+Uy +—=F
ot OX oy OX oy

2 2
p{%}_’? O Ty e P, B P
ot ox~ oy OX oy oy
Convection - Diffusion Equation:
o°c 0% oc  oc oc
Dl —+— |- |UW—+tu, — [tviR=—
ox~ oy OX oy ot

Reaction Kinetics:
A ->B rate, r, =k C,
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Catalytic Wall Microreactor Results

Catalytic Wall Reactor { )\ \ T b TR Ses- O
Tnput Velodity | pressure | Concentration of Specie A | Concentration of Specie | a S
Parameter Value Units
e p aaal ik @0 4 @@
Catalytic Wall Reactor S
Diffusion Cofficent of A 167 ma2s
Input e — ety | Presame | Concaiatonofspmc A | CorcmatonctSpecs
Diffusion Coefficient of B 0.5e-7 m2fs
Parameter units B » o
Concentration of A 1 maljn~3 . . Surface: Velacity magnitude (mis)
Concentration of & o molfme3 Dfision Caffent of A ek ! ' ! . ! ' ! Ao
o o Input U | o
Dynamic Viscosity 1e3 kg/(m's) o : e 0.005 1
Concenmancn of o i3
Inlet Pressure 0.1 Pa
Densty 103 i oo s
Outiet Pressure 0 P R s -
Reactor Description et Fresse e L 0.003 4
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. Reactor Description 0002 1
Inlet: A Catalytic Wall Outlet: A, B
Results Pane : [ 1
Inlet: A e Outlet:A, B S
A—>B o ]
I:> A—>B |:> o
Model D ipti '
odel Description
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1.14
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) 0,004 g
L 0.99 0.004 4 0.9
0.004 0'96
0.93
0.9 L 4
0.003 0.88 0.003 o8 0.003 i
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0.82
0.79 0.002 1
0.002 - 078 0.002 E
0.73 0.7
0 0.001 08
L 0.67 0.001 .001 b ]
0.001 T ‘ T 065 ——
| 0.62 0.6
| ‘ 0.59 5
[} 3 0.56 L] r 1
0.53 0.6
0.3 05
0.47 ! N L 4
-0.001 [ 0.44 -0.001 - . 0.001
0.41
0.39 0.4 o4
0.36 - ' -0.002 |- 4 A
-0.002 033 0.002
0.3
0.27
-0.003 0.24 -0.003 - B 03 -0.003 - 4
0.21
0.18 0.2
0.18
-0.004 013 -0.004 02 0.004 1
0.1
0.07
0.04 r L 4
0005 . . , , . . , , . . 0.01 0005, . . . . . . . . . 0005, ' ' ' ' . L . . . L 0
] 0,001 0.002 0003 0004 0,005 0.006 0.007 0,008 0,009 0.0l ¥O0.0 o 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.008 0.01 ¥O.11 Q 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 ¥O



T-Micromixer

Objective

[llustrate the interactions between fluid transport and chemical kinetics for a steady-
state model of a simple T-microreactor with a second-order reaction

Channel Dimensions

Length : 10 mm Cyg = Cj,g mol/m?3
Width : 1 mm
Height : 1 mm

Circular Baffles Diameter 0.3 mm

Input Parameters

® Fluid density & fluid viscosity

® Inlet solute concentration

® Two choices for boundary conditions
- Specified inlet velocity & outlet pressure
- Specified inlet & outlet pressure
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Model Equations and Kinetics

Model Equations:

Momentum Transport Equations

B T [ A2 2 2, ]

x- direction: p OUx _n 0 lix_'_@ L;x_'_a L;x +p UX6UX+Uy6UX+Uz OUz +8_p:
ot ] | oX oy oy- | | oX oy oz | OX
B 7 [ A2 2 2, 1 B

y-direction: , My —7 0 liy+a liy+a liy +p uxauy+uyauy+uzauz +P
| ot | | oX oy oz® | " | oX oy oz | oy
B T [ A2 2 2

z-direction: p oUz _n 0 L;z_'_a L;z_'_a liz +p uXaUy+uyaUy+uZ OUy +@:
| ot | | oX oy oz OX oy oz oz

Convection - Diffusion Equation:

(8% o’c 8ch ( oc oc  oc
D + -l u u,—+uU, —
z

+ —+
ox>  oy* oz’ “ox Yoy ‘0
Parameter Estimation:
Mixing Effectiveness ,_ *v _ DL

*\A/ 2
Tp Uy W

where p is the fluid density, n is the fluid viscosity, p is the fluid pressure, D is diffusivity, c is concentration, u,,, is

e average velocity and L, W, H are duct dimensions
il g
@ TEXAS A&GM

UNIVERSITY

KINGSVILLE TEXAS A&M X (e sy itie




Regular T-Micromixer

T-Micromixer { It \ s es: B Home
nput Reset to default Velodty | Presaure | Concentration | I ab S =
Parameter value Units —
Density 1000 kgim~3 a QR Liklz Mo 4 a8 =
Viscosity 1e3 Pas T-Micromixer @
Diffusivity 1e4 m*2fs Input Reset to defait Velaoty Pressure. Concentration
~ Parameter Value units
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T-Micromixer with Circular Baffles

T-Micromixer with Circular Obstacles rEevees: B
—_ R iy | e | ammeen | | QDS =
Parameter Value Units o
Density 1e3 af~3 aaf Lkl e e a8
Viscosity 1e3 Pas T-Micromixer with Circular Obstades )
Diffusiity 1e7 m*2ls Tnput _Resstio defait | weooty | Pressure | Concentranen
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Conclusions

* COMSOL Multiphysics provides a powerful numerical platform
where various models for microchemical process technology
components can be readily created for both education and research.

® This modeling tool allows chemical engineering students to focus on
understanding the effects of various system design and operational
parameters instead of coding and numerical method debugging.

* The GUIs enable students to readily study the effect of various
design parameters.

®* These applications reduces the complexity of model setup and
computational time and emphasize understanding of multiphysics in
multi-dimensions.

® This approach helps students to understand complex chemical
systems using an interactive approach vs laborious manual
calculations or using other software tools.
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Flu id Mecha n ics Home | Pre-test | Topic Notes | Examples | Exercises | Post-Test

Main Template

. 0 i for an ICC Module

Pre-Test Topic Notes Examples Exercises Post-Test

Introduction

Provides topical overview

In this section, you will learn basic principles of flow regirmes, and the basic knowledage of simulating H b A 1-
models in microchemical systems., on a g'ven su Jec .
Learning objectives (bold words correspond to indicators in Bloom’s taxonomy)

1. ¥ou will be able to define the terms in the table below, ¢ Dir'eCTS Usef' 1.0 SUbSeCtions
flow rate viscosity - Pr'e TeS"'

Reynolds number kKnudsen number T . 1_
flow reqi Mavier-Stokes - op'C no eS
gime equation

newtonian fluid non-newtonian fluid - Examples
[ ]
houndary settings subdomain settings - E
2. You will be able to create 3 concept map that demonstrates the relationships among the Xef'ClseS
- Post assessment

terms defined in Objective (1),

3. You will be able to explain the difference between
o conventional flow and micro-scale flow
o Newtonian fluids and Mon-newtonian fluids o same forma.r for‘ a" ICC.S

and give examples of each.

4, Learn more about the effect of subdomain settings and boundary settings on the given

geomerial fgure. * Navigation bar with buttons
5, Become more confident to simulate various complicated models related to fluid mechanics. . .
provides links to web pages

Home | Pre-test | Topic Motes | Examples | Exercises | Post-Test

- Based on Dreamweaver and
The development of this page is sponsored by the Mational Science Foundation through an Engineering Cepartmental Lewvel Reform grant,
copyright 2008, Teras A%M-Kingsville Chemical Engineering Department, all rights rezarved F’ash 8 software too|s
L]
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COMSOL Multiphysics as the Numerical
Engine

Finite Element Method analysis modeling tool

Equation oriented: Physical systems are described in terms of
governing microscopic forms of transport laws

Predefined equations (“Application modes”) are available covering a
wide range of physics/multiphysics

User-defined equations can be added for post calculations
Modules: Optional application-specific add-ons

Complete Modeling Package provides:
— Integrated tools for import of 2D or 3D CAD drawings
— Automatic or user-controlled meshing of subdomains
— State-of-the-art solvers for resulting systems of equations
— Postprocessing / Data Import / Export Capabilities



Steps Involved in GUI Creation

Input Output Layout
Parameters Results Creation

Trouble
Shooting
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Example of Typical GUI Layout




Catalytic Wall Microreactor Results

Catalytic Wall Reactor { )\ \ T b TR Ses- O
Tnput Velodity | pressure | Concentration of Specie A | Concentration of Specie | a S
Parameter Value Units
e p aaal ik @0 4 @@
Catalytic Wall Reactor S
Diffusion Cofficent of A 167 ma2s
Input e — ety | Presame | Concaiatonofspmc A | CorcmatonctSpecs
Diffusion Coefficient of B 0.5e-7 m2fs
Parameter units B » o
Concentration of A 1 maljn~3 . . Surface: Velacity magnitude (mis)
Concentration of & o molfme3 Dfision Caffent of A ek ! ' ! . ! ' ! Ao
o o Input U | o
Dynamic Viscosity 1e3 kg/(m's) o : e 0.005 1
Concenmancn of o i3
Inlet Pressure 0.1 Pa
Densty 103 i oo s
Outiet Pressure 0 P R s -
Reactor Description et Fresse e L 0.003 4
utet resmre o s 1
. Reactor Description 0002 1
Inlet: A Catalytic Wall Outlet: A, B
Results Pane : [ 1
Inlet: A e Outlet:A, B S
A—>B o ]
I:> A—>B |:> o
Model D ipti '
odel Description
0.4
-0.003 ]
0.004 0.2
0,005
2
o
st
) 3 surface: Concentration (molim?)
Contour: Pressure (Pa) Surface: Concentration (mol/m®)
T T T T T T T T T T ] A1.34
0.006 [ ' ' ' ' T " ' ' T ] All4 .006 T T T T T T T !  A102 0.006
1.14
111 1 0.005 |
0.005 - P o8 0.005 c . f R c o f P d
ressure vlos oncentration ot Reactant oncentration ot Product
) 0,004 g
L 0.99 0.004 4 0.9
0.004 0'96
0.93
0.9 L 4
0.003 0.88 0.003 o8 0.003 i
0.85 !
0.82
0.79 0.002 1
0.002 - 078 0.002 E
0.73 0.7
0 0.001 08
L 0.67 0.001 .001 b ]
0.001 T ‘ T 065 ——
| 0.62 0.6
| ‘ 0.59 5
[} 3 0.56 L] r 1
0.53 0.6
0.3 05
0.47 ! N L 4
-0.001 [ 0.44 -0.001 - . 0.001
0.41
0.39 0.4 o4
0.36 - ' -0.002 |- 4 A
-0.002 033 0.002
0.3
0.27
-0.003 0.24 -0.003 - B 03 -0.003 - 4
0.21
0.18 0.2
0.18
-0.004 013 -0.004 02 0.004 1
0.1
0.07
0.04 r L 4
0005 . . , , . . , , . . 0.01 0005, . . . . . . . . . 0005, ' ' ' ' . L . . . L 0
] 0,001 0.002 0003 0004 0,005 0.006 0.007 0,008 0,009 0.0l ¥O0.0 o 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.008 0.01 ¥O.11 Q 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 ¥O



Regular T-Micromixer

T-Micromixer

Tnput Reset to defoult

Units
kgjm~3

vy | el | e | \Tab S
Parameter
sty

sty s
Diffusivity m*2fs
Concentration 1 molm~3

Tnitial Velocity mjs
Model Description

Cpg = 0 mol/m?

i

) o Results Panel

pdel Description

Cpg = Cin mol/m? , L“

CoOMEOL
IULTIPHYSICS

o

T-Micromixer
Input
Parameter
Dersity

Viscosity

Difusiity
Conceniration '
it Vaoity

Model Description

Cag =0 mol/m3

Cag = Cj mol/im?

velaoty | presare

Concantaton

Surface: Velocty magnitude (m/s}

0.008

0.006

002

0.002

0.002

0.004

0.006

-.008

0008

20002 © 0002 0008 0006 0008 00I 0012 0014 0.016 vo

A 1425107
x10"

[+ ]

14

surface; Welocity magnitude (m/s)

Contour: Pressure (Pa)

Al.42 !
x1

0.008 VEIOCity 0.008 -

0.006 | 4 0.008

0.004 [ g 1|0-004F

0,002 0.002

Surface: Concentration (molim®)

Pressure

0.002 o fo0oz

-0.004 -

0.004 - 4

0.008 - 4 -0.006 |-

0.008 -0.008 -

0,01 0.0LF

I L I 0 L

0.01

-0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01 0.012 0014 0.018 ¥ o0 -0.004 -0.002 0 0.002

Concentration

Al

0.004 0.006 0.008 0.01 0012 0.014 0.016 ¥ 1.3x10°

-0.004

-0.002 0

0002 0004 0006 0008 001 0012 0.014 0016

yYo




T-Micromixer with Circular Baffles

T-Micromixer with Circular Obstacles { \ reveics @
nput s | v ] | Q'S =
o
Parameter Value Units e
Density 123 kgim"3 QA Lk Mo 4 @
Viscosity 1e3 Pas T-Micromixer with Circular Obstacles o
Diffusivity 107 ma2fs I Input _Resstiodefait | ooty | Preasee | Conceriration
" Parameter Vaiue Units
Inlet 1 Concentration 1 maljm~3 n p ut o - [ Surface: Velocity magnitude {més) ]
Irlet 2 Concentration o molin~3 . - e R
Inlet Velodity 1e-3 mis Diffusivity 7 x10?
Inéet 1 Concentrabon 1 maljm*3 .01 |
Modd Ocrptin Results Panel
Vet 2 Concaivaton o a3 25
Cao =0 mol/m3 et ety " sooa
l Mode! Description o008l
Cpo =0 mol/m? A
7Mode| Description ‘
p o0z |
15
L °f
O O O |w —
IW '
0.008 | ]
0.006 |
0.008 o3
L om |
Chap = Cjp mol/m?
Cpo = Cjp mol/m3 A0 i 0008 G004 G002 0 0002 0004 0003 0008 GOl 0012 0014 .06 G018 ¥O
ot
Surface: Velocity magnitude (m/s) [} Contour: Pressure (Pa) (] Surface: Concentration (mol/m®)
T T A 272x10° T T T 4037 T T T T T T T T T T T ) Al
x107 X107t
3.71 1
0.01 1 361 |-
. 352 .
25 P 3.42 c t t
oos - Velocity ressure | B | oncentration
3.14
3.05
.006 —- — 4 295 |b 0.8
2.86
5 ] 2.76
2.67
Ib.004 3 1 257 | 1 0.7
i 2.48
L 2.38
.002 - 1 229 |
BT 0.6
21
ol 15 | 3
o1 |f
1.81 0.5
1.72
,002 - 1 162 ||
— 1.53
1.43 0.4
1 1.34
o004 |- 1 r — 7 1.25 r 7
115
Toe 0.3
b.00s - - B 1 095 ||
0.87
0.77 0.2
0.5 0.68
.008 1 0ss |-
0.49
0.39 01
0.01 J 0.3 L
0.2
0.11
L L L L L L L L L L L L L L L L 0.01 L L I L L L I L L L " L L 0
0.006 0.004 0002 0 0002 0004 0006 0.008 0.0l 0012 0014 0016 0018W0 .006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 ¥14x10® }.006 0.004 0002 0 0002 0.004 0.006 0008 0.0l 0012 0014 0.016 0.018 W0




T-Micromixer with Rectangular Baffles

) GUI_MCS

Ligquid Solvent Fluid Propertie
Parameter Description  Value Units Range of Operation

T Wiscosity |_'N.s.-‘m“2 (Se-B< 1) <Se-d)
P Density | 1000 |[kg/m™3] (300< P <1200 Diefault Yalues

Ligquid Solute Fluid Propertie
Parametier Description Value Units  Range of Operation

D Diffussivity [m"2fs] (Se-ll D <5e5)
T Inlet Comentrationlil [molim™d (Fe-2s C,, <50)
— Boundary Conditions Velocity P... v
Welocity v

Parameier Description Value Units Range of Operation
Vi Initial Velocity [ws]  (e3< v <5
Vﬁnal Final Velocity 1e-2 [mfs]  (le-3< Vo <5)

n Mo, of points [--] 3< n =15

Surface: Welocity Profile, U [m/fs] Surface: Concentration, © [mol.-’m3]
0.01f 0.04 0.01f 1
' Surface Velocity Profiles ' Surface Concentration
0.008 0.035 0.008 09
0.006 0.006 08
0.03
0.004 0.004 07y
0.002 0.025 0.002 0G
or 0.02 or 0.5
-0.002 + -0.002 + 0.4
0.01s
0004 - 0004 - 0.3
-0.006 - oo -0.006 - 02
0008 + 0.005 0008 + 0.1
_DD1 I 1 1 1 1 1 D _DD1 I 1 1 1 1 1 D
5 0 & 10 15 5 0 & 10 15

w10 w0



