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IMTEK: 18 professor ships

approx. 300 employees

approx. 500 students, diploma, bachelor, master
9300 m? laboratories and bureaus

600 m? clean room
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Microreactors at Lonza, Visp
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Area 90 ha
Employees ~2700
Plants

- Naphtha cracker

- Single product, multi-product
and multipurpose facilities

- Fully integrated waste management

Products
- Active pharmaceutical ingredients and Blopharmaceutlcals)

- Vitamines (Vitamin B;)
- Peptides and ollgonucleotldes

Microreactors

- pioneering work of D. Roberge
- 3 modules for various reactions
- GMP production

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 4




q" Microfluidics and Micro Process Engineering
IMTEK®

LONZQA Main characteristics

Intro » small channels: d, from ca. 10 ym to 1 000 ym

Fluid properties

Fluid dynamics » cross sections: rectangular, trapezoidal, semi-circular
Heat transfer r

. wd
Mass transfer » often laminar flow: Re = h <1000
Chemical reactions 1%
Conclusions

W77 A
» Analysis of small volumes = UTAS (micro total analysis systems)

» Process design in microstructures = Lab-on-a-chip

» Production of chemicals in small amounts = uVT, MPE

LEHRBUCH

DER MIKROCHEMIE

WIESBADEN.
VERLAG VON ). F. BERGMANN.
W1,

o © MicroChemTec backbone
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LONZa Why micro process engineering?

Microfluidics and Micro Process Engineering

iR _ » Defined flow regimes and properties
Fluid properties . . ~
Fluid dynamics - ma!nly Iamlrlar ﬂOW_ o B
Heat transfer - defined residence time and distribution
Mass transfer - small hold—up
Chemical reactions
ColSizelE » Augmented transport processes
- rapid mixing

- high heat transfer
- flame suppression
- small inertia and capacities $
- integrated processes and sensors

Schliter et al. 2004

» Frequently questions to be answered
- Why has this device these dimensions and materials?
- Why do | operate under these conditions?
(temperature, pressure, concentrations, ...)
- Why do | need these solvents?
- Why do | need this reaction time and constellation?
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Length scales

» typical regimes in conventional and

microstructured devices

1.E-01
diffusion coeff. conventional / s
1.E-02 1e-10 equipment
103 T 1e? P /
1e-8 _ charlength & /A ¢ it ’
1.E-04 micro- 2,
T 1e-6 mixers / /;—’ 7
= 1E05 T 1°° ";1"":4':19
= X1
1@ 1.E-06 Tet time and length
2 gases
1.E-07 \\\
1.E-08  fast chemical liquids SIOW chemical
reachons / reactlons
1.E-09 / \
1.E-10
1E15  1E412 1E09 1E06 1E03 1E+0 1E+03 1E+0e Kockmann 2007
time [s]

» diffusion in liquids is slow
» fast convective mixing
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Fluid behavior

» Fluid properties and control volume

A
Variation due to
molecular fluctuations

Variation assaciated with
spatial distribution of density \

Measured density

‘Local’ value of
fluid density

» large thermal fluctuations for only
few molecules,

» classical properties at N > 108,

» fluctuations are also possible in
large systems.

Volume of fluid to which instruments responds

Batchelor. 2000 10" pico 1A _10° nano  10° micro__ 10°  macro 10° Lm]
107 Kn>'10 "
1 gas 1 free' molecular — [ /./nI <0.01
' . 2
[ Phase IImItS [ a] 185 : E motion / > continuum -
- number Of : H ““““‘:_,J__‘__ Iarnlnar vortex - urbulent |
! Uthermal motion | <1 b T &3 gas-liquid
] i diffusion | I
gas molecules T
' T rRE 9 (=X
- free surfaces iqud |8 igE —
. 1T 138
- i HE-TY- .
SyStem bou ndarles 2 £ Brownian mnllon . %
] I !
: s 1 x=d 2t B . liquid - solid
S A S /}“ oSEs
sohlons i H H L H :
Kockmann 2007 phonons: E: grain strur.iure h continuum - liquid E;.:OZZT:;HL
ol L= L i < H 1 ! L
$solid bg '—H continuum 1 electric
electrons+— + H - — T -
HE Q,: > continuum, magnetic dipole ! magnetic
photons! £ i : | optic
*7"‘1 1
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Properties of gases

» Free mean path

wkT kT
W 78°p ~27s?p
» Knudsen number Kn

A=

Kn=ﬁ
L

Knudsen number regimes

S.Nedea et al. 2006

Kn < 0.001
0.001 <Kn<01
0.1 <Kn <10

continuum (sometimes 0.01 as limit)

rarefied gases
transition regime

10 <Kn free molecular regime
15 ¢
» Molecule behavior at the wall el
1
Ti-f.. Tw 1.3 .I|::‘ j
» Slip length "N ) il I e
awlt) () Tu 1.1 |/ i i
oW — 13 . 1
W(X = 0) = g(axj w(x) 1t \“. .\,I.{.;__.'ﬁimm.m:ﬁﬁr_v>ll)l 1
x=0 . \_,-'_.““ o
=~ 2-p A e . %962 4 6 8 10 12 14 16 18 20
B x X/ A
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Behavior of liquids

» Number of molecules N > 10° gives cube with
100 molecules on corner length: approx. 10 — 30 nm
- continuum in the range of L > 1 ym

+ Stern Potential
/" + Nernst Potential

» Surfaces play major role
Stern layer
Generation of electrically
charged layer
- electro-kinetic pumps

potential
[T T TN NN T T T OO N T O O WO O

\.
e

PPPREPDE

» hydrophilic / hydrophobic
Wettability and surface tension
contact angle

L= —2 Laplace Lange
g (/OI oy )
1 4o ,
Co=— |———— Confinement number
d, Valp -p,) L. Cheng, D. Mewes, 2006

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 10




*
IMTEK®

LOoNnzaQ

Intro

Fluid properties
Fluid dynamics
Heat transfer

Mass transfer
Chemical reactions
Conclusions

Balance equations

» Overview of balance equations
Fluid dynarrllics models

Gad-el-Hak 2006

molecular continluum
I I I I I
deterministic statistical EuIer( Navier-Stokes BL/J'rnett
Molecullar Liouville Chapma}\ -'Enskog
Dynamics A

Direct Simulation Lattice Boltzmann___________.
Monte Carlo models

» Boltzmann transport equation BTE
of o of 1 o

E &"‘F I:&:‘]win_‘]loss

of  _of 1 _oF 0 e e o
WS Fﬁ:7ﬁ\/-e‘(f fi—ff,)dodw,,

» balance equations can be derived from BTE

» direct solution only possible for few special cases,
Cercignani (1988), Sone (2002)
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Conservation Equations

» continuity equation = ’ . ° “2n
D A n w(x,y) ! i)
AVAYY EEE =} h=2n L 1B o
—'f +pdivw =0 =z S " —

. 1in
» momentum equation
Navier-Stokes equations

Dw oA I _ : 2 -, _
—=p|—+wdiv W = -grad p +Div| | 2grad w — — ¢ divw
P Dt ’O(at )W p,g-graap {77( g 3 ﬂ

with grad w = %[grad W + (grad VV)T] Reynolds number

Re W d;,
» for long straight channels in z-direction v
ApA) _g_dlewA) pw, A, = pw, A
ot 0z
olpaw)__alpwAw) olpA), oA o
ot 0z 0z 0z

» Euler equations for =0, =0

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 12
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Energy equations

» First law of thermodynamics
de =dey, +de,, +du =dq+dw,

» energy equation

ngz + P, —pgY, = gwf TP =AY+ Wiy — @y
energy dissipation @1, =Py — Py = APy,

» kinetic ansatz for pressure loss in channels

ap = Z('dhl ng‘z

Euler number Eu= Apzzl {Aid—'+§i]
h,i

» laminar flow
J = Cf,i _ Cf,iV

and Ap= z

Micro Process Engineering,

&1 =

Prp -V _ P12 W

m p-L
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Pressure loss

» Influence on the flow resistance
- transition laminar-turbulent Ap=Y
- available flow cross section

77Cf

S

» influence on pressure loss - Moody diagram

typical regime
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Reynolds Number Based Upon Constricted Flow, Re,,

J.B. Taylor et al., 2005
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Kockmann, 2006,
Chap. 10, 11,12
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isotropic wet-etching of stainless steel

Surface structure and texture

» Fabrication processes, overview from Quinn et al. 2006

TRENCH Structures: Height (h) vs. Width (w)

Conventional Machinin

1000y =mmmms H I 1 § h“g T gg 7T_LIGA KOH Etch (110) Si
gz '3z 38 1 SB R
HE T EE | £8
[ | ,EE' 1 x5
100 +------ e 3587 - L
i R ' 3
' N " e
| I [ 1 MMIC =
10 . -k L=\ g
: : . ! micro replica g
- I i 1 1 molding E
. I 5 1
§l N S — e :
= ' I l ' micro molding
! 1 F . . in capillaries | ‘
I [ I | |
v ) e—ee i
/ = b : |
0.01 %4 7 7”!”7[7””' 77777777 S B s 3
‘ /////// . i (I i |
7 // 2 ' 1 1 H ] | |
. //% P P ! |
- 2 e L |
0.001 0.01 0.1 1 10 100 1000

mechanical fabrication of stainless steel

Reactiv ion etching of silicon, DRIE, ASE
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Surface roughness or texture

» Fabrication technologies
- silicon etching
- isotropic etching
- mechanical fabrication

» feasible surface roughness

A

mm - — . . N
Conventional Machining T B k- 500pm-»
10° v b by 72.9m
o t —A___A___A__
10°m — Microdrilling / MicroEDM ()
4 I W ' A
Hm — 4 T EJIIPm-DI
Optical Lithography b by T2%m 260
v ! o 1 V VE #e
10°m — 4 N A N
X-Ray Lithography T
(b)
108m  — Diamond Machining
L 4 Dcf =d, — 2¢& or
»~
nmm - —
Deposition Processes
A — \ 4 Dcf_dh_€1_82
v

J.B. Taylor et al., 2005
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L 2 . .
e. Transition regime - |
A |MTEK" Streak lines in tubular flow in

transition regime laminar-turbulent

LONZa » turbulent flow regime
transition depends on
- surface roughness
- inlet conditions

» critical Reynolds number

Re,, = Mt 2300

» in microchannels
- high flow velocities
- high pressure loss
- dissipative heating

» flow in bends and curves - e i
- first vortices at Re = 10 ey T
- secondary vortices at higher Re numbers W. Albring, 1988
- transient fluctuations at Re = 200 - 400

do i 1BURK Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 17

. .
Analytical solutions
" IMTEKe® 0.05
. . — numerical (CFDRC)
LONZa » Hagen- Poiseuille, 000 —=—cnad
s capillary flow T
Fluid properties . >
Fluid dynamics & = @V So02
Heat transfer AL 7[(:];11 g
Mass transfer 2 2 0.017
Chemical reactions W(r ) — &D_ L — 1 0.00
Conclusions AL 477 D 4 ' . . T T T T
0.00 0.02 0.04 0.06 0.08 0.1
» flow in rectangular channel channet width fmml
Fourier series or Prandtl's membrane analogy
w(X,y)= Z 16b°h* sin| ™ x |sin n”y
L& mnz®(n?h2+m?h?)" | b h
> entrance fIOW reibungsfreie Strﬁmung
=X ( wy [r,x) Grenzschicht
L, Wn |
- =0.056 Re or 7] 65 i E]_;
h = — L . % .
c, C = 2
L C, ! 2 L Xe | hydrodynamisch
—M=——+——+C,Re tube: 1.2 0.224 Einlauflange ausgebildete Stromung

channel: 0.89 0.164 Baehr/Stephan, Warme- und Stoffiibertragung, 2004

sdloll \ ’?' Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 18
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Laminar flow in straight channels

» pressure loss

L, C,
Ap=p1—p2=Z ﬂid—h'i'gwf '~ Re
’ c, =64 O
=56.92 []
» channel cross section e
=96 ___
Cross section, char. length C, =14Re Wonax /W
circle, D 64 2.000
square, /i 56.92 2.0962
rectangular, f; b 96 [l —1.355300 4 1.94670rf — -
aspect ratio oty = h/b B 1'70120{‘2? I 0.95640{3} 70‘25370{2}
slab, ot — 0 96 1.500
hexagon 60 -
60° trapezoid h/b = 4.00[55.66 2.181
2.00 |55.22 2.162
1.00 [56.60 2.119
0.50 |62.77 1.969
0.25 |72.20 1.766
KOH trapezoid h/b =1.00  |56.15 2.137
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Numerical solvers

» Finite Difference FD

iz T =méz
-t ‘( D (mbna) 5 P
-1, m, o -+, o y ¢ = ndy
=) T = 8f ., H(Zms1) = f{Tpmo)
(m—.l.n) o (m,.n) (m-ﬁ.n) a-r 2A-r
az_f ~ f(xm:.vnﬂ) - zf(xm:yn) + f(xmlyn—l)
@etael) (Bl mat aeD) ay? ™~ (Ay)?
8 ¥
g Y 1 i
vif= az? t gyl

» FEM; z.B: COMSOL ~

Polynomial function in the
element as solution function

~ f(-”m:.‘fn+1:] + f(xm:.vn—l) + f($m+1|yn) + f(xm—hy'a) - 4."(51»:.'/“)

» Multiphysics Simulation

(Az)?

flow and residence time
in a reactor with baffles

Capillary filling
of a microchannel

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 20
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Numerical solvers

D3Q19: 3 dimensions, 19 points

g

» Lattice Boltzmann methods LBM
Cellular Automata

& =F10.1]

R o5

e g

[1.1.0]
B,->.

approximation of the continuous
Boltzmann equation on grid points

of _ of 1
AW Foo =T (F/—Ff,)dodw,, 7 =% daihy
81: ax m J’N ‘ ) x,1 o 2y [1.0.-1]
» formulation of collision term www.latticeboltzmann.com/
& D3Q27: 3 dimensions, 27 points
} . filf+ Aéhi +7) = filtf) = Y 04ifiF 1),
Iy --_‘-‘.- ‘r ’.
% [ summation over ®
T A in- and outlet flows

IMTEK®

Lab for Simulation

» Multiphysics simulation
- turbulent flow and mixing
- heat transfer
- diffusion and chemical reactions

Chen, Doolen, 1998

www.imtek.de/simulation

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 21
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Numerical solvers

» Finite Volume VOF: CFD-ACE+, Fluent, CFX, a.o.

Einteilung des Rechengebietes in einzelne, nicht
Ubarappends Kontrollvolumina (Zsllen)

= Integration der Transportgleichungen lber KV:

TN T Pty
(J%"d\')@div(pﬁ@= i||r'di|||f(I'gmd¢).1\.r ( i[s (dV

sportgl. In Vekiarschrel 8)

.
——

a @ Form dei

Instationérer (zeltabh.) Term = 2.B. Approx. 1.

Hpd) (pW )1 (p§¥)n
‘J; a VT At

Konveldiver Term:
(Gauischer Saiz)

Queltem: z.B.

d- Ve - Vi - -y
[avipvexv {"’""’f Z(pveR)

JS4dV = V- Sazslimite
v

www-ifkm.mach.uni-karlsruhe.de

» Pro‘s and Con‘s of numerical solutions:
»FD, “exact” approximation, rectangular lattice,
»VOF, “exact” approximation, various elements,
»LBM, rapid method with arbitrary geometries,
»FEM, multiphysics, solution depends on applied polynom.
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Channel structures, bends

» laminar flow in curves and bends
Dean flow
generation of vortex pairs
FIowx | i 5000 -
direction il
I 4500

|
Side view I.lll [l
| Ul

— \

4000

3500

3000

|
——e

25004 | — pressure at centre line
-—-=inner pressure

20004 outer pressure

Pressure [Pa]

1500 T T ‘ T T
Re = 99 200 400 600 800 1000 1200

Channel length [um]

» pressure loss

35000 - |
sharp bend radius different radii s 30000 :;‘;T;T::
ix:— | ﬁ:— ‘ EE::— | = 25000 e
1 " | | i e — — only friction at wall
t I 1 t i W 20000 + !
! ! g IDPa E | =
@ 15000 | ] —
L, p % 00 | L2
_ _ i 2 n 10000 - —
Ap =p;— P, —z A=+ |- TW; ¢ = P
i d i 2 2 5000 ¢ e | IS
| h,i /,’d__‘_,-fr
_ o Pyn o = - -
= Ap =m EW1 =mRe"; n=1.2-1.8 0 100 200 300 400 500
Re [1]

. ALBERT-LUDWIGS
UNIVERSITAT FREIBLIR(
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Heat Transfer — Laminar Flow

¢ Simulation of the heat transfer in a micro channel:
» Constant wall heat flux, 50 W/cm?2,
» Single phase flow, water,
» Definition of the Nusselt number:

_ hg dh ___Qd, _

NUp == Ko —Tr)

F.

: . heated area
» Laminar developed flow: 9= 50 Wiom™_.

g=const. — Nu=const. =4.3

=
flow direction

» Entrance flow and -
bend flow lead to vortices: 300K

— Nu number increases.

T,, = 300K, water, Re;, = 26

d, = 100um, water h, = 25.8 kW/m2K

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 24
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Heat Transfer — Curved Flow

¢ Heat transfer in a T-joint micro channel
with constant heat flux:

Streamlines and temperature
fields, Re,, = 155, Re,,, = 109,

Heat transfer enhancement
due to vortices. 2 —+— Nunumerical
3 — Nu analytical
=
Analytical calculation for g /ﬂ/f’
developing flow consitions: 5 " pEiri
§ r-”""/"?
d 2
Nu, =0.664Pr'’® [Re=h = St
L L1
1
1 10 100 1000
NUq ~ 20 = hq ~ 120 kW/m2K Reynolds number Re / -

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 25
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Heat Transfer — Curved Flow

¢ Microchannels with bends and joints:

» Entrance flow at each bend
leads to vortices:
— Nu number is increased. 1

» Dimensionless length X*

L L L .
d,Pe d,RePr & N
» Mean Nu number for the channel
35 | -
Ny — Nu,, » Pe——
me — tanh(z 432Pr1/6 X+1/6) ‘:.-'25 | —=—analytical: Re = 201
) f —&—5000Pa, Re =68.3
.E?ﬂ | ——analytical: Re = 68.3
E 15 1-
» Good agreement between %
simulation and analytical 2"
results. 2
0 :
0 500 1000 1500 2000 2500

Channel length / pm

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 26
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Channel networks

¢ Layout acc. to Bejan's ,constructal“ design method:
- element of Oth. order

<>

-SyStemS Setup 1 bi-direktional

uni-direktional -«
¢ design of complex structures \4
—_—
~ ¢
—
— qssowew 267K >
. | .
B detail N

flow drection™~~

» but: high pressure loss \ >

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 27
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Cross sections in channel systems

¢ Biological structures follow a certain pattern
¢ Murray‘s Law (also W.R. Hess, 1914)

¢ Example: Fork-shaped structure
1. Level z-Level

dr?,o = Zi dr?,i

dyy=dpo 273, dy, =dpg 2723

Lungenfligel, www.uni-ulm.de/
klinik/chirurgie2/ images/SPL-009.jpg

» Constant wall shear stresses 7,
» Biggest resistance at the smallest parts

» Stabilized flow and homogeneous flow distribution

Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 28
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Channel networks: Pressure loss

700 ~

600 = F-12-90 Fork-shaped device
— = F-12-WR
850 ~+F16-90 +No influence of
Eso0 e 15N single branches
@ ~o— SC-4x3
3300
v
& 200 -
=X

100 - . ! ! ! . .

< Conventional device
0 T T T T 1
" N o 3 4 5 « Half of the pressure
mass flow rate [kg/h] loss

700
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Channel networks: Heat transfer

absorbed heat by fluid [W]

absorbed heat by fluid [W]
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6‘ Experimental results: Comparison
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Chemical reactions 2 )
ConenNems 5 25 TRtins *18% higher heat transfer rate at
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® 20 T
0.0E+00 2.0E-04 4.0E-04 6.0E-04 s.oe-04 *26% higher heat transfer rate at
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intro & Mixing in microfluidics by
SR RARL S o2 advection, convection,
Fluid dynamics . '

Heat transfer and diffusion

Mass transfer Mixing Principles
Chemical reactions

Conclusions distributive I\ Tl

= |
Interdigital SAR split & meander laminar impinging  turbulent
recombine channel / \ jet X e
Focus mixer  y o 2N, herrlngbone / convective
chaot|c laminar |njept|on
/ advection \ mixer

iz =
g geometry& geometry &
L flow repetltlon , flow momentum
=/ - lamellae -
- - - engineering ~ .
- - lamellar width (Dt )1/2

acc. Nguyen, Wu, 2005 . .
guy ! diffusive

¢ Main goal: reduction of diffusion length Re,, =0._0.1
¢ Control of striation thickness

Tl
]
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Mixing in sharp 90° bend

¢ Simulation: streamlines and concentration fields

» 90° sharp bend (100x100 uym2)
» Re=99, w=0,85m/s
» Re>10 - vortex generation

T

%)
1Y
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channel length —

8|
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Channel structures, T-mixer

» transient flow in T-shaped micromixers
generation of vortex pairs and vortex shedding, wake flow

» symmetrical mixing 1:1

» asymmetrical flow for Re > 140

» periodic vortex pulsation for 240 < Re <400
» quasi-periodic pulsation for 400 < Re < 500
» chaotic pulsations for 500 < Re < 1000 (min.)

. Engulfment S-vortex quasi-periodic aperiodic,
stra_lght Dean S-vortex  periodic vortex chaotic turbulent
laminar vortex steady  pulsation pulsation vortex generation urouien
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e-l’ Transient flow regimes

MTEKe
LONzZa » transient flow regimes in T-mixers, rectangular cross section
Hif typical frequencies  ~ 500 Hz for T600x300x300, d,, = 400um
Fltid properties 800 ~ 4500 Hz for T200x100x100, d, = 133um
Fluid dynamics 7007
Heat transfer 600 4 /‘%
AV
Mass transfer 500 L
Chemical reactions g 400 J f/
Conclusions 200 | /
200 Y Re =300, channel depth 300 um
mixing channel width 600 ym
100 - f=440 Hz
0 fluorescence color Uranin
200 250 300 350 400 | i
Re 04 :[:MHLI]
f.d, A | e | L
Strouhal - Zahl Sr = ~0.2 e |
W . '\ A
.. 205y Tt
» Influence on mixing 205 | ‘/\/\\
Mixing quality 5 o \ f- \"“““ —
a=1-\c%lc2,, N \ i T
oam CllogIRS 10 100 00 300 400 RDED:I“:I-U:GrFUC 800 900 1000
Y i‘ ;_:’\"_" \ FRI ’,?' :‘: Micro Process Engineering, Dr.-Ing. Norbert Kockmann, Slide 35
Mixing regimes: Influence on the mixing quality
" IMTEKe

LONZa . . :
¢ Mixing quality (after 2 mm) depending on Re:
B — straight laminar und vortex flow:
uid properties . . L
Fluid dynamics residence time is important
Heat transfer . . . . .
TEI — Engulfment and periodic pulsation: lamellae generation
GHERRE [Sactions — chaotic flow: separation interface with bursts
Conclusions
T =

—— a.min
—&— o.max

1 100 200 400 600 800 1000
Re (log) Re
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Results from chemical reactions

Conclusions
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¢ Mixing in T-shaped device
¢ unsteady flow behavior in micromixers
¢ mixing in convective mixers
# particle precipitation BaSO, Re = 300
" . T600x300x300
¢ parallel-competitive reaction
T-3-6x10
O T-Tree Mixer
G Asymmetric T-Mixer
—i&— Double T-Mixer
- —w— Tangential Mixer
[ Re—200 = 0.014 —u— TE00x300x300
- Re =300 > —4— T400x200x200
—— Re=400 > —h—T200x100x100
|- Re=500, 2
E
& 1E-3-
o
[=2]
3
i 02 0.5 [ T o 200 400 600 800 1000
Particle diameter L; () good mixing Reynolds Number Re [-]

® comparable behavior in precipitation and chemical reaction
®»advanced devices necessary
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Channel structures, mixer

» Cyclone

Leaving over
adjustable diving pipe

antrance -
—

T

ExitA JExitB

Entrance

A
Leaving of the compenent
with the higher density

www.ltf-gmbh.de

» Vortex mixer

inled 1indet 2 inlet 2

outiet

Supply por

Control ports
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Channel structures, axial dispersion

» mean residence time, plug flow

» axial dispersion by diffusion and laminar convection
oc  oc oc o%c
Jo=-DyuA— —=-w—+D,—
0z ot 0z 0z
2
d — i
Dy =Dy + —— g w0
ax m C D T laminar flow . (—$‘>Dm
g @ —>z c(x.z) L
Cp ~192-210
» Bodenstein number
L 25 —100
W - — ——50
Bo=—— & 2 —20
Dax % —10
% 15
oc.  oc o’c’ §
e =— o +Bo > 5 °
* o
t z az 0.5
. . .
.' reSIdence tlme 0 0.5 1 15 2 25 3 3.5 4
distribution Dimensionless time t*
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Chemical reactions in continuous flow

» reaction rate _

i %'ﬁf.o oL ﬁ'+¢"'|.-": AV flis

with r, =+k. [ [c™ : ,
J JH ! 0 r4 Z+Az L

|
» chemical reaction with diffusion and convection

ac oc |
ES oz 62 + zJ:V'l
» typical time scales ¢ s
- reaction time t, =——~1/k
v T
. . Le

- residence time tp ==

diffusive mixing time ¢ _(b/2f b
- diffusive mixing time o 2D, 8D,

1/2
~turbulent” micro mixing te =17.3(Kj
&

» time scale ratio is expressed by Damkohler numbers
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Characteristic times of reaction and transport

» reactions and mass transfer t, v, rL Dal
- residence time ty - CW -
2
- diffusive mixing time I = ﬂ = Dall
tR Ci Dm

» design criteria
Dal > 1 complete reaction

Dall < 1 fast mixing, ,pre-mixed” reaction

» reaction heat AH, and heat transfer

- heat capacity of fluids PmAH TL Dalll
pC, AT, W
2
- convective heat transfer £m AR rdy _ DalV
ATy,

» design criteria
Dalll ~ 1 isothermal reaction

DalV < 1 mitigation of hot spots
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Summary

» Why micro process engineering?

» Scaling and fluid behavior

» Channel elements

» Microfluidic devices with
chemical reactions
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Intro ——t—t—t 1
Fluid properties 1A nm Thm fmm im

Fluid dynamics ) electronicsiructures: \ chips : :computers:

Heat transfer
Mass transfer

- microstructured

tubes tube stirred
| B | —

rocess equipment reactors vessels

ate&fin heat

Chemical reactions _micro, meso macro pores . exchangers
Conclusions pores pores in adsorption ' ' e .
media liquids gases diffusion length
) — — in one second
X-ray . ultra- visible infrared . _Mmicrowave  wave
violet  light length
cigarette air raindrops
| ———— —_ —
smoke I
small organic protein dye biol. linsects mammals
—a P S B b b i
moleculesi pigment c&lells ]
) . @ n
nano technology ' micro technology ! macro world

Kockmann 2006
» micro structures enlarge the process space

» on small length scales, the behavior of single atoms or
molecules becomes important

» fluid properties may change!
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Typical dimensions, where pulsations do occur?

¢ periodic fluctuations at 240 < Re <400
¢ typical frequencies of 500 Hz, Sr = 0,2

¢ typical channel dimensions 100 < d, < 1000 pm
for water at 20 °C

4 X ;
\ \ ,' 10 100
35 - 140 20 | Re number
\ ' ' K 240 300
3 \ & high frequencies EE bt 500
SR \ - ; | 1000
NN =2
e | \ . turbulence  [.....q0 ...
E o . : S 1 frequency [Hz]
z [ \/
1.5
1+
05
0 .
0.0001 0.001 0.01 0.1
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