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Multiphase micro reactors SKIT
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Flow, mass transfer, and reaction AT

Complex non-linear
coupling between flow, N 12U 1
transport and reaction. R 2
Goal: Understand and — -
quantify phenomena by
detailed numerical

simulation. ’ R

S reaction i
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® Computational fluid dynamics in micro process engineering
W Status and developments
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Single-field Navier-Stokes egs. ST

® Two incompressible Newtonian fluids with constant viscosities

3\

V.-v=0

%—I—V'(IOV@V):—VP-FV' (VV+(VV)T)> x € Q= Q1)

Eqgs. are valid in
J  entire domain

+pg+(oxh +V .0)0;

® Density p(x,7) and viscosity are piecewise constant in each
phase but are discontinuous at the interface

® Surface tension term
® « = interface curvature
® o = Dirac delta function with support on the interface

® A method for describing the phase distribution is required!
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Coupling between interface
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evolution and momentum eaq.
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velocity field /
Interface evolution equation € Single-field momentum equation\
LTS TTETEETTE - LT T T T T ~ _
:!Zerc- interface thickness \*I ir/ Finite interface thickness \‘*‘ ?L::f;;f;i?n :;rrr:nal Jector and
I - Reconstruction VOF 1y - Color-function VOF : ] _ face cury:
- Level-set :: - Conservative level-set I/ nterface curvature _
- Front tracking :: - Phase field A - Smoothed delta function
:I Variable phys. properties in domain
Iy - Smoothed Heaviside function

W., Microfluid Nanofluid 12 (2012) 841-886
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Moving mesh method
+ Interface does not cut cells but separates phases
— Adaptive grid required; difficulty in handling break-
up and coalescence
Front-tracking method

+ Does not impose artificial coalescence as VOF and
LS method often do

—  Complexity in handling break-up/coalescence

Level-set method

+  Avoids interface reconstruction;
flexibility in handling topological changes

—  Special measures necessary to reduce mass
conservation errors
Volume-of-fluid method with interface reconstruction
+  Very good mass conservation
—  Complex interface reconstruction/advection
algorithms in 3D
Color-function VOF and conservative level-set meth.
+ Methods are rather easy to implement

—  Special measures necessary to keep the interface
thickness constant and uniform

Phase-field method

+ Allows for effective control of interface thickness;
can handle moving contact lines

—  For accurate results the diffuse interface region
must be adequately resolved

W., Microfluid Nanofluid 12 (2012) 841-886
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SPP 1506 Benchmark Taylor Flow ~JCIT

® SPP 1506 “Transport Processes at fluidic interfaces” BIFG iemensn
® Guiding measure Taylor flow —

® Goal: establish benchmarks for detailed S
quantitative validation of CFD method and codes
® Measurements by experimental groups
® d,= 2 mm capillary with circular / square cross section
W water-glyzerine solution / air; co-current upward flow
® Single Taylor bubble: Boden/Hampel HZDR
® Taylor flow: Meyer/Schluter TUHH
® TBSC = Taylor Bubble Square Channel (3D)
® contour of bubble shape (lateral and diagonal plane)

o HZDR TUHH

09.07.2013 Dr. Martin Wérner Institut fiir Katalyseforschung und -Technologie
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Case Taylor Bubble Square Channel AT

Bubble is not axi-symmetric!
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Comparison of numerical methods*# S‘(IT
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*Marschall, Boden, Lehrenfeld, Falconi, Hampel, Reusken, W., Bothe; Computers & Fluids (accepted)
#For 2D test case see Aland et al., Int. J. Num. Meth. Fluids (accepted, available online)
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Interface resolving simulations: AT
status and ongoing developments

® Hydrodynamics of two-phase flow including
bubble and drop formation v

® Coalescence phenomena <~
® Mass transfer (realistic Schmidt numbers) <~

® Interfacial transport of soluble and insoluble
surfactants <~

® Coupling of two-phase flow and transport with
chemical kinetics <~

New SPP 1740 Reactive Bubbly Flows (Prof. M. Schliiter, TUHH)
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® Taylor flow in square capillaries
® Numerical method and computational setup

® Insight by scale-resolving simulations
0

o

o
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Simulation method* ﬂ(“

® In-house computer code TURBIT-VOF
for details see Oztaskin et al. Phys. Fluids 21 (2009) 042108

® Volume-of-fluid method with piecewise linear interface reconstruction

B Finite volume discretization an a staggered 3D Cartesian grid
® Projection method for pressure-velocity coupling
B Explicit 39 order Runge-Kutta time integration scheme

09.07.2013 Dr. Martin Wérner Institut fiir Katalyseforschung und -Technologie



Computational set-up for Taylor flow ﬂ(“

: Top: periodic b.c.

B Set-up
® Co-current downward flow of
squalane (C5,Hg,) and nitrogen

® Square channel (hydraulic
diameter D,, = 0.5, 1, 2, 4 mm)

® Consideration of one unit cell

® Periodic boundary conditions
in vertical (axial) direction

® Prescribed parameters

® Gas content: g5 =0.20r0.4

® Unit cell length: Ly | D,=4o0r6
(grid up to 80 x 480 x 80 cells)

® Pressure drop across the unit ;Lgl

cell Euref = Apucl (pLUrefz)

1190

Bottom: periodic b.c..

15 09.07.2013 Dr. Martin Wérner Institut fiir Katalyseforschung und -Technologie



Evolution in time ﬂ(“

O.Ol,.lllllllI
J Uref =0.3 m/s, tref =0.333 s

1 L.=4mm, =04

t/t_ [-] (35000 time steps)
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Steady bubble shape for D,=1 mm SKIT
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I mmx1mm < ‘f
L =6mm
;=04
CCIB — /uLUB
o
ReB — pLDhUB
Hy
La=2PPh _ 9797
Hy
Cag = 0.045 0.12 0.17 0.26 0.49
Reg = 1.22 3.19 4.64 7.16 13.4
> Increase of Cag and Reg = La Cag >
Increase of &, Ly, k. (CUrvature of front meniscus)
Decrease of Dy, Ly, K., (CUrvature of rear meniscus)
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Channel size effects in Taylor flow ﬂ(“

a
D, = 0.5 mm
Cag =0.202
Rep =275
Eo =0.067

B Size 2 x2 mm
D, =2.0 mm
Cag =0.213
Rep = 11.6 (inertia)
Eo=1.068 (buoyancy)
® Combined influence of Re; and E¢ for fixed value of Cay
® Very small influence on &./D, (film thickness) and x;, ., D,

® Notable influence on «,,. D, (inertial effect, known in literature)
W., J. Chem. Eng. Japan 46 (2013) 335
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Influence of channel size

Non-dimensional bubble velocity Non-dim. specific interfacial area
2.5 Ll N

| Experimental data (upward flow) ++ | 2.3 S S
+  Thulasidas et al. (1995) + o+ 1
square ch. D, = 2 mm + Jﬁf—k [ {1 = 05mm
1--- Liuetal. (2005) #jﬁl + I ] ¢ 1mm [
1 circular and square ch. _:f_l 29 2 mm i
2.0 D,=09-3mm 4 $++Er - ] v 4mm " I
Z . + L 4 ..
by = ] o |
> A [
~ +—+' / 2.14 v i
oM - + /v Q J ¢ L
) +o4, ATy o v
1.54 _|_-t;_+ + . vv - v
+++ MECE A / i ] v
+++#+ -7 Present simulations | 204 u v
+ 4" = 0.5mm ] =
-7 e 1mm v
2 mm
1.0+ v 4 mm 1 |
——r —— 1.9 +———— 71—
0.01 0.1 Ca [_] 1 0.0 0.2 0.4 0.6 0.8
B Cag [-]

® For D, <2 mm the influence of inertia (Reg) and buoyancy (EO) is very
small — scaling with Cag

® For D, > 2 mm the influence of inertia and buoyancy become important

19
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Axial profiles of liquid pressure SKIT

D, =lmm,L_/D, =4,¢, =04, Ca, =0.66, Re, =18.0

1200 - ' - | - |
1000 -
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- 800 + Flow
2 500 centerline (k) | <= 1=
- 40:40
<. ( ) top view
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. - -~ (1414
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0 T T | ' | '
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20
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Outline -k\‘(“

I
O
0O
® Taylor flow in square capillaries
O
0O
® Development of engineering models
® Pressure drop
® Residence time distribution
I
O
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Pressure drop models in literature k\‘(“

Kreutzer et al.* Warnier et al *
® Hydrodynamic pressure drop in a unit cell

{5 -Elln)  ELE
dZ uc dZ slug Lbubble +leug dZ uc dZ slug Lbubble +leug
® Frictional pressure drop in the liquid slug

—(d—Pj = 32—’ULJ;°tal l+a Dy La’” —(d—Pj = 32—’ULJ;°tal l+a D, La’>
dZ slug D h L dZ slug D h leug +D B / 3

slug

J

total

— _ 2
=Jo+Ju, La=op.Dy /i Models do not involve Cag or

Reg (only the ratio of both, La)

® Fitting coefficient
a=0.07 numerical a=0.1 experimental
a=0.17 experimental

*Kreutzer et al. AIChE J. 51 (2005) 2428 #Warnier et al. Microfluid Nanofluid 8 (2010) 33
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Pressure drop model Boran & W. XIT

® Goal: development of a “mechanistic” model for the
hydrodynamic pressure drop along one unit cell

® The model shall involve only “a priori” known quantities

® Physical properties P> ,0,8
® Channel hydraulic diameter D,
® Superficial velocities J,Jg - Joa=Js+J;

® The following non-dimensional numbers can be defined

ﬂ — JG : CCZJ — lLlLJtotal , La — Gplz)h
Jtotal o /uL
® The pressure drop along a unit cell consists of two parts

® Pressure drop in the liquid slug AP, _AR,, , AP

® Pressure drop in the liquid film 7 = 7 7
along the bubble u uc uce

23 Dr. Martin Wérner Institut flir Katalyseforschung und -Technologie



Pressure drop in the liquid slug

® Analogous to Kreutzer et al.:

® Round channel: C;= 64
® Square channel: C,=56.9

® The ratio L,,/L,. Is
modeled by fitting of
experimental and
numerical data

L

slug 1_

L

uc

24 Dr. Martin Worner
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slug
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dP leug _ Cf ,LlLJ total leug

dvy) L. 2 D L

slug uc uc

Experimental data Thulasidas et al. (1995)
(co-current upward flow)
m  Dh=2mm, silicone oil (1000 centistokes)
o Dh=2mm, silicone oil (50 centistokes)
® Dh=2mm, silicone oil (5 centistokes)
©  Dh=2mm, water

1.0 - Simulation data TURBIT-VOF
) (co-current downward flow)
v Dh=0.5mm, Luc/Dh=4
4 Dh=1mm, Luc/Dh=4, Eps=0.4
RN A Dh=1mm, Luc/Dh=4, Eps=0.2
0.8 NN 4 Dh=1mm, Luc/Dh=6
S . Dh=2mm, Luc/Dh=4
N Fit to experimental and numerical data
A ~ === 1 - ﬁ
0.6 - a4 - 1155114
AN RN
Aw W
u ~ N
0.4 - w AP
N D"T“ﬁo
o Ei
N
-
0.2 1 Y m_ MO
‘#‘D..%:\. °
SEEh Be
0.0 T T T T T T T 'be\ ]
0.0 0.2 0.4 0.6 0.8 1.0
ﬁ = JG/JtotaI [_]
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Pressure drop along liquid film ST

® Young-Laplace equation at the front and rear meniscus

p B, front ~ p L.front + GKfront > p B,rear p L,rear + GKrear

® The pressure in the bubble is about constant so that

A])ﬁlm — p L,rear o p L.front — O-(Krear o Kfront)

AP, o o
film __ . — —
L o (Krear Kfront ) T (DhKrear DhKfront ) D L
uc uc h~uc

— we need models for the non-dimensional bubble front
and rear curvatures D, x.... and D, k..

rear

25 Dr. Martin Wérner Institut flir Katalyseforschung und -Technologie



Data for front and rear curvature ﬂ(“

leading meniscus | |

Martinez & Udell (1989) A
-2 —=— Re=0
Giavedoni & Saita (1999)
SSSE Re = 0 .- . N
4 o o trailing meniscus \\
A Re=50
Square channel

e TURBIT-VOF

Circular channel ﬂ .\.5

D, (1R +1/R ) [-]

'8 T T T l ! ‘I
1E-3 0.01 0.1 1 10
Ca, [-]

B Martinez & Udell J Appl. Mech. 56 (1989) 211

Giavedoni & Saita Phys. Fluid 11 (1999) 786
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Modeling of front curvature

Karlsruher Institut fiir Technologie

® The non-dimensional front curvature depends on Cag only

D (1R +1/R) [-]

27

8 |
m  Martinez & Udell (1989)
e TURBIT-VOF
7 - . - —
- — - Fit by logistic curve u- -0
, rd
6 - » -
w
o o _ _ _ o _______
/
. i 7.07-2.121 !
17, I
B 14+2.961Ca’”' i
-/ ° e e e e e e e e e e e e e e e = = I
4 . o ® i
/
n®
3 .,/‘ B
=7 leading meniscus
-
2 ] T T R LR
1E-3 0.01 0.1 1 10
Ca, [

Dr. Martin Worner
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Modeling of rear curvature ST

® The non-dimensional rear curvature depends on Cag and Rey

: : : . Re=0 Re>0
® It is modeled as the sum of two contributions: x__ =« +x,..
8
=
6 rJ/
= -2 Ml leading meniscus | |
4 .‘?IJ hd
o T
[ 9 | Al Ll — \I{ . Re=0 Re>0
- TR e S -‘~A?;?’?hl‘\ D h Krear =D h Krear +D hKrear
x S e
o 0 . A L]
+_ Circular channel m
e Martinez & Udell (1989) A ﬂ »
S -2 —a— Re=0 - g
Q‘ Giavedoni & Saita (1999) f !p
S Re: 0 e . N
4 Ro =10 trailing meniscus b\\
A Re=50 \
6 Square channel >
e TURBIT-VOF
P S
1E-3 0.01 0.1 1 10
Cay [-]
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Rear curvature In limit Re; =0

SKIT
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27 = Y= G-FF ~ S —F Tom [ trailing meniscus
\WV\\
.~
Numerical data for limit Re=0 "N
o0 = Martinez & Udell (1989) R
— v Giavedoni & Saita (1999) ‘% N
QEN - — - Fitfor CaB< 0.15 v
T 2| Fit for Ca_> 0.15 S \
a2 R
l_.i_ \
Q 4 \\
e | 2-1.354Ca, for Ca,<0.15
D kT =
h " rear
1.75(1-Ca,) for Cay,>0.15
-6
! UL ! o ! ! LN ! UL tH
1E-4 1E-3 0.01 0.1 1 10
Ca, [-]
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Rear curvature for Re;z> 0 SKIT

| :- 3
.::j:.‘T‘./ SCiJS }*

leading meni
4
] ,./&J‘T'?J
0 - 2 PP TF

& s*»%"\

Circular channel
Martinez & Udell (1989)
—a— Re=0

Ng
/
d
D,(1R+1IR) []
E’,
=4

T . || ciavedoni & Saita (1999) \ >
& A X 4 e gz: 100 ! trailing meniscus ! k
o 14 N ] s Re=50 {
© N 6 Square channel >
o N ] e TURBIT-VOF
~ M 8 | T |
| ] ~ 1E-3 0.01 0.1 1 10
- ~ Ca, [
3] ~
9 ~
= . e o N TS T R0 o AT (119 !
2| | Giavedoni & Saita (1999)| "~ D "0 = (0.0013We, —0.1185) e,
Re =10 . - o ___l_-_% l
B ~ o
Re_ =50 T~ . 2
. B S~ We, = Re,Ca, = LaCay
- -~ Fit -~ a.
'3 T I T T T T T I 1
0 10 20 30 40
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Closure of the model A\‘(“

B At this stage, the model is not closed since the front and rear
curvatures depend on Cag which involves the unknown bubble velocity

U
CaleuL B
O

® As aremedy we relate Uj to the total superficial velocity J,
UB UB luLJtotal
J

otal

W = — Ca, = =y Ca,
total

J o

total

® The ratio i is obtained by fitting experimental and numerical data

y =y (Cay)

Dr. Martin Wérner Institut flir Katalyseforschung und -Technologie



Relation between  and Ca; SKIT

3.0 '] Experimental data
- +  Thulasidas et al. (1995)
1 Empirical correlations
2 5 ---- Aussilious & Quere (2000)
. Kreutzer et al. (2005) Sy
1 Numerical data TURBIT-VOF +A T e — = :
1 = Dh=0.5mm At | (1+3.33p7°Ca” )
— 204 e Dh=tmm #+ A Y e ) !
- - Dh=2mm é LA S _

- ﬁ@?'

Both relations are implicit

1.5 with respect to v
1.0 1
1E-4 1E-3 0.01 0.1 1 10

Ca, [

W., Int. Conf. Multiphase Flow, Tampa, USA, 2010
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Summary of pressure drop model ST

\
Input: p,,u,,0,g2,D,,L.,J.,J; — p,La, Ca,
1+3.33p23Ca?? )
— Y= 1+ 2(//2/3Ca2/3

g ! _J
m)del: \

AP, Cr 1 o 2 Re=0 Re>0 D, o

i = 2N 1-1.568(1-0) - +( D, x +D K — D, K —

Luc 2 D}f I: ﬂ ( ﬁ ) ﬂ :| ( h "™ rear h "™ rear h "™ front ) Luc D }f

Re=0 __

h " rear

2-1.354yCa, for wCa, <0.15
1.75(1-wCa,) for wCa,>0.15
D, k% =(0.0013y°LaCa; —0.1185)w*LaCa; for w?LaCa; <40
7.07-2.121

QKfront =7.07—- 1+ 2.9611//0.916Ca;).916 /
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Comparison of pressure drop models AT
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3x10° 1

+20% -
Present model
® Dh=0.5mm
® Dh=1mm
Dh=2mm
Lockhard-Martinelli-Chisholm model
v CChishoIm = 5
Kreutzer et al. model
— a=0.07
— a=0.17
Warnier et al. model

2x10° -

(Apdyn/Luc)model [Pa/m]

1x10°

(Apdyn/Luc)exact [Pa/m]

® The new model is in good agreement with DNS data (not surprising)
— compare model with experimental pressure drop data

Dr. Martin Wérner Institut flir Katalyseforschung und -Technologie



Residence time distribution -\\K“

® Liquid flows in micro-channels are usually laminar and
species diffusivities are usually low (high Schmidt number)

® The RTD is therefore significantly affected by the non-
uniform velocity distribution — the RTD is rather broad

® Conventional RTD models (PFR, CSTR, axial-dispersed plug
flow model) are often not appropriate

® Influence of channel shape on diffusion-free RTD (analytical)
W., CES 65 (2010) 3499, Erdogan & W., CEJ 227 (2013) 158

B Segmented flow (Taylor flow) narrows the RTD (A. Gunther)

35 Dr. Martin Wérner Institut flir Katalyseforschung und -Technologie



RTD in Taylor flow SIT

® Evaluation of the diffusion-free RTD from simulation results by
tracking a set of virtual particles and recording the time the particle
needs to travel a certain axial distance

1 i 1 i 1 i 1
2_0_- Case C Numerical RTD |
' —— PD model
1 —-—-- PDD model =1
1.5 ﬂr“m PDD model =0.97
L W S LHP . ﬂﬂq
B 101 “ w T
u 0.5- R
o O 7 I B 0 N | t/tl f'[-] """ 30
! 0.0 - T T T T T Nk
0 2 4 6 8 10
, mref [-]
Erdogan, W., Soyhan, 200-202 CEJ (2012) 380
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RTD in Taylor flow XIT

® RTD of one unit cell be modeled as PFR-CSTR in series

® Determining the RTD of multiple unit cells by convoluting
the single unit-cell RTD fails

® Reason: the liquid in a unit cell consists of two regions:
by-pass flow and recirculation flow (Thulasidas et al. 1995)

region with

bypass flow recirculation flow complete bypass flow

dividing streamline

® In absence of diffusion there is no exchange across the dividing
streamline — neighboring units cells are not independent

® The size of both regions depends on w= Uy /J,
for rectangular channels see Kececi, W., Onea, Soyhan; Catalysis Today 147S (2009) S125

® A reliable RTD model should account for this <2~

[ =
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Outline I
Karlsruher Institut fiir Technologie

® Short survey on further ongoing projects in the group
0
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Gas-liquid mass transfer SKIT

Karlsruher Institut fur Technologie

® Transient simulations (“qualitative™) Sc,=v,/D;=0.8, H=0.03
Onea et al. Chem. Eng. Sci. 64 (2009) 1416 —143

A A
C C| .
liquid liquid
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Cglt - [l cint ~ g G
0.030 == =6
' Cint CIG cint /—
L [~ L [~
_/ gas _/ gas
0.025 X X
C {1 — — 41.0
- 0.03 1
Cref 1 . gL 40.8
0.020 | amam= Y-
0.02 M 106
c : g S0 o
c - oooooo"ﬂt Profiles of ¢ _ (H=0.03) —:."Oooooo 0.4 N
0015 ref . t| | = Film and bubble: diagonal | } ! 1+
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B e Liquid slug: diagonal
o Liquid slug: central 10.2
2.0 1 Profiles of f (film and bubble)
0010 1 diagonal; - - - central
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Mass transfer and chemical reaction ﬂ(“

® Without chemical reaction ® Fast heterog. reaction (1sto.)

Short bubbles are more efficient Long bubbles are more efficient
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Scale separation in mass transfer -\\J(“

® Ratio of the smallest scales in the concentration and velocity
field and the thickness of the boundary layers

ﬁOC(VDz/g)lMOC\/B_ 1 5COCL/\/Pe: 1
A (Ve v JSe 5, L/JRe +/Sc

® Liquids: Sc = 0O(1000) — the grid required to resolve all scales
in the concentration field is 30 times finer than for the
velocity field (in 3D this corresponds to 303 = 27 000)

® This makes numerical methods that use the same grid for
the velocity and concentration field very inefficient
= use of a hierarchical grid, i.e. a finer grid for the
concentration field than for the velocity field (PhD C. Falconi)
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Helmholtz Alliance ,,Energy efficient ﬂ(“
chemical multiphase processes”

® Scale resolving simulations of / HUEQH

catalytic multi-phase flows in
structured reactors

® Oxidation of isobutane
® Hydrogenation of nitrobenzene
® Single channel of a monolith reactor
® Coupling TURBIT-VOF / DETCHEM
® Portion of a solid sponge
® Phase field simulations (OpenFOAM)
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DNS of bubble swarm flows SKIT

EEEEEEEE

® BMBF Project “Multiscale Modelling of Multiphase Reactors” @;laa

® Development of scale-up strategies that will allow a model e
based design of industrial scale multiphase reactors
EVONIK

® Contributions of KIT (PhD project of S. Erdogan) = = — Tewene

® Investigate pseudo-turbulence
in bubble swarm flows by DNS
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Conclusions A\‘(“

High potential of Taylor flow for intensification of heterogeneously
catalyzed gas-liquid processes in microreactors

Complicate interaction between two-phase flow hydrodynamics,
transport of mass and heat, and chemical reaction

Understanding and quantification of this non-linear interaction
(which involves various length and time scales) is a key issue toward
the design and optimization of multi-phase micro reactors

Detailed numerical investigations provide a promising tool for
understanding the phenomena and for developing engineering models
Current status of interface resolving numerical simulation methods

® Hydrodynamics of two-phase flow including bubble and drop formation v
Coalescence phenomena <~
Mass transfer (realistic Schmidt numbers Sc = 1000) <~
Interfacial transport of soluble and insoluble surfactants <~
Coupling of two-phase flow and transport with detailed chem. kinetics <~
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