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N| Chemical reactor engineering

Catalytic reactor design:

v Important in chemical industry
(~90% of industrial chemical
processes are catalytic)

v" Need for an accurate design to
provide high yields (€)

v" Need for a deep understanding
for advanced design

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




ST, POLITECNICO
&=~ DI MILANO
e

N| Chemical reactor engineering

Catalytic reactor design:

v Important in chemical industry
(~90% of industrial chemical
processes are catalytic)

v" Need for an accurate design to
provide high yields (€)

v Need for a deep understanding
for advanced design

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM



S5 POLITECNICO
S y DI MILANO

\J| Chemical reactor design
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\J| Chemical reactor design
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A multiscale phenomenon

Result of the interplay among phenomena at different scales

| oh |
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A multiscale phenomenon

|
Length
[m] (- )
100 . .
Reactor engineering
and transport
\_ phenomena Y
10°3 )
Interplay among the
106 chemical events
Microkinetic analysis of complex
10-9 : ; chemical processes at surfaces, M.
Makmg aljld breakmg Intrinsic Maestri — in “New strategy for chemical
of chemical bonds functionality synthesis and catalysis” Wiley, 2011

1015 106 100 Time [s]

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




S, POLITECNICO
[@EX~\ DI MILANO

N| Catalysts at work (1)

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




S, POLITECNICO
[@EX~\ DI MILANO

\J| Catalysts at work (I1)

Boundary

layer Film diffusion
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Catalysts at work (l1)

Boundary

layer Film diffusion
/1{\
Porous Pore
catalyst |2 diffusion
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\J| Catalysts at work (1V)
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N| Catalysts at work (V)
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A first-principles approach to CRE
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Need of new numerical tools
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Need of new numerical tools
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Governing equations

o )
Catalytic wall / Catalytic walls
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Boundary conditions

Non-catalytic walls

vmﬁ‘meﬂ =0
T|.'nen‘ = f(t’T)
VT, =g(tT)

Catalytic walls

PLkmn (Ve )‘Gam,ﬂm = 0o Q" k=1...NG

NF

A(?T)|Gafa.'yffc — " %eat Z '- ferfiner
J=1
o %6 _ Q" j=1..NS
ot

Adsorbed (surface) species

Detailed microkinetic models
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CH,* + OH* - CH,* + O*
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Numerical challenges ()

UT,p,p x

Dimensions of the system m
Proportional to the number of species '

Proportional to the number of cells
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Numerical challenges ()

Dimensions of the system
- 100
Proportional to the number of species 100 4 F 10
Proportional to the number of cells
103 |
. - 1103
Stiffness 106 =} E
Different temporal scales involved E g
(7, ]
Different spatial scales involved 10° 4 4 106
1012+ |
1015 |- 1 [0

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




T, POLITECNICO
\ DI MILANO

Numerical challenges ()
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Numerical challenges (Il)

Dimensions of the system
Proportional to the number of species

Proportional to the number of cells

Stiffness =
Different temporal scales involved

Different spatial scales involved

Non-linearity =—
Source term non linear in concentrations
and temperature

Coverage dependence of activation energy

—
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Numerical solution

||
Fully segregated algorithms
© easy to implement and computationally efficient C |
Detailed Kkinetic ® unfeasible when large, stiff kinetic mechanisms omplex
schemes are used geometries

Dﬂ

~ 100 species L
~ 1000 reactions

Strong non linearity of reaction terms
High stiffness

Fully coupled algorithms Operator-splitting methods
© all the processes and their interactions are © usually avoid many costly matrix operations
considered simultaneously © allow the best numerical method to be used
© natural way to treat problems with multiple stiff for each type of term or process
processes ® the resulting algorithms can be very complex
® the resulting system of equations can be and usually differ from term to term
extremely large and the computational cost
prohibitive
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Operator-splitting algorithm

|
Stiff reaction

5 terms

a(pmk) = -V. (pmk\f) -V (pmkvk) k=1.. NG gas-phase species
w | ~ aT - NG .
E < ,{JCP E = —pCPV‘FT + V- (,&?T) — pZCP.HmHVH gas-phase energy

k=1
co .
O ozt E I=1...,NS adsorbed (surface) species

Finite volume After spatial discretization, the original PDE
discretization systems is transformed into an ODE system

-

ol0)
Kk _ _
ot - MH @ k=1...NG S = terms associated to the stiff processes
oT (homogeneous and heterogeneous reactions)
T
M = terms involving transport processes

% _ i=1. NS (convection and diffusion), non stiff and weakly
ot - non linear

ODE
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Operator-splitting: an example (I)

5 Diffusion,

Chemistry < :
convection...
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|
Chemistry < > lefu5|on3
convection...
:7
Operator-splitting scheme
Chemical step
T

00 _ ¢ _|do|b|ds Tl 924
ot o | R s P PG S

Transport step
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\I| Operator-splitting: an example (l11)

|
Chemistry < > lefu5|on3
convection...
:7
Operator-splitting scheme
Chemical step m
T

09 _ o _|db|db|db Tttt 2_ 4,
ot ol R s P PG S

Transport step
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5 Diffusion,
convection...
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5 Diffusion,

Chemistry <

convection...

Chemistry TN

o9 = PN P P

OEOEOE _:S ——)ah——)»l——» —1>
B T T PN Py
Transport
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Each computational cell

behaves as a chemical
- reactor in the splitting-
=" operator algorithm
\\ (chemical step)
\
\
N Each reactor is described
by a set of stiff ODE, which
R, must be integrated on the
om | .
Qo time step At
_/,
Semi-batch Batch
reactor reactor
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Operator-splitting in catalyticFOAM (Il) | @)

NF = number of catalytic faces

NG = number of gas-phase species
NS = number of adsorbed (surface) species

Homogeneous
reactions

aoe] anAere)d

Equations: N =NG + 1 + NF- NS

Catalytic face

duuk - 1 | NE ] NF [ NG } Gas-bh
=" 4+ 1N a®AQ — Y a®AY QN k=1,.,NG Za>pnase
df k V 1; J J° k.| k;[ ] | Z:; k. J SpeCIeS
NG NS L Gas-phase
1 pC — = —z thmﬂhnm ZH et temperature
k=1
o6 - , .
Teat ~pg =0 i=1,...NS =1, NF
= ot |
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Homogeneous NFE=hnumber of catalytic faces

reactions

O NG = number of gas-phase species
Me=pumboretacoorooe fogpmneo sonclogs

Unknowns N =NG + 1 + NE-NS

. J} k=1... NG Gas-phase

species

Gas-phase
temperature
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catalyticFOAM structure

Numerical library for

OpenFOAM® stiff ODEs system

Complex CFD (LSODE, RADAUS5, CVODE,
BzzMath, eic.)

catalyticFOAM

CFD code for reacting flows with
heterogeneous reactions

CatalyticSMOKE OpenSMOKE
Surface microkinetics Complﬁx Q_GiS-Phﬂse
chemistry
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Solution procedure

Navier-Stokes EQs. in f _
(PISO predictor) Main teatures:
v
Féfactor necti\_/\'?fk i i i Solution of the Navier-Stokes
(Strang — on equations (laminar and
Properties turbUIent reg|me)
evaluation
Y ]l No limit to the number of
Transport Egs. S N S . : .
(Strang corrector) T species and reactions
07 A
Pressure Eqn. Isothermal and adiabatic
Velocity correction diti
(PISO corrector) conaitions

S
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catalyticFoam.C

|
while (runTime.run())

{

#include "readTimeControls.H"
#include "readP1SOControls.H"
#include "‘compressibleCourantNo.H"
#include "'setDeltaT.H"

runTime++;
#include "‘rhoEgn.H"

for (label ocorr=1; ocorr <= nOuterCorr; ocorr++)
{

#include "UEgn.H"

#include "chemistry._H"

#include "properties.H"

#include "YEqn.H"

#include "'TEgn.H"

for (int corr=1; corr<=nCorr; corr++)

{
}

#include "'pEgn.H"

}

#include "write_H"

}

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




Chemical step

Loop over all the reactors
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/Numerical library for\
stiff ODE systems

(OpenSMOKE++, CVODE,

K LSODE, etc.) /

D

{
iIT reactor is catalytic
{
assembling ODE initial values
(gas-phase species, temperature, adsorbed species)
moving the solution to OpenFOAM
}
else
{
assembling ODE initial values
(gas-phase species and temperature)
moving the solution to OpenFOAM
+
+
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|

tiff ODE solvers in catalyticFOAM (1)

Linear system
solution

Language

OpenSMOKE++ C++ Direct
DVODE FORTRAN Direct
CVODE C Direct/Iterative

DLSODE FORTRAN Direct
DLSODA FORTRAN Direct
RADAUS FORTRAN Direct

LIMEX4 FORTRAN Direct

MEBDF FORTRAN Direct

Parallel

No
No
Yes

No
No
No

No

No

Code
available

Yes

Yes

Yes

Yes
Yes
Yes

Yes

Yes

License

Free

Free

Free

Free
Free
Free

Free only for
academic use

Free

Performances of stiff ODE solvers: CPU time

(i)

30

0

CPU time per reactor [ms]

Homogeneous reactors (78 species, 1325 reactions)

40 4

m _J I I l I | l
0- T T T T T T
[NOLCE RADAL DLSODE DLSODA MEBDF

20 -

ll g++

OpenSMOKE++  CWODE
ODE solver

», POLITECNICO
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Most of the CPU Time (80-
90%) is spent for the
numerical integration of the
ODE systems corresponding
to the homogeneous and
heterogeneous reactors

The best performances are
obtained using the following
solvers:
OpenSMOKE++, CVODE,
DVODE

400

g

100

CPU time per reactor [ ms]
5]

=]

Heterogeneous reactors (12 species, 38 reactions)

'm 0N

OpenSMOKE++ CVODE DVODE

I T | T | T I
DLSODE DLSODA MEBDF

RADAU
ODE solver
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Detalls about the C++ implementation

For each solver a common C++ interface was created

Creation of ODE System objects

ODESystem BatchReactor_ Homogeneous DVODE *odeSystemObject Homogeneous;
odeSystemObject Homogeneous =
ODESystem BatchReactor_ Homogeneous DVODE: :Getlnstance();

Creation of ODE System Solver

OpenSMOKE : -:OpenSMOKE_DVODE<ODESystem BatchReactor Homogeneous DVODE>
ode_Homogeneous(odeSystemObject Homogeneous) ;

Loop on every computational cell

ode_Homogeneous.SetMaximumNumberOfSteps(100000) ;
ode Homogeneous.SetAnalyticalJacobian(false);
ode_Homogeneous.SetAbsoluteTolerance(aTol);
ode_Homogeneous.SetRelativeTolerance(rTol);
ode_Homogeneous.SetinitialValues(t0,Y0);

ode Homogeneous.Solve(tf);

ode Homogeneous.Solution(yF);

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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CPO of methane over platinum gauze (I)

0 -

Bs
L

T

QT ey
Original gauze
structure

Computational
domain

B.2¢10%m

Detail of wire intersections

y DI MILANO

Operating conditions

Inlet temperature 600 K
Inlet velocity 10 m/s
Gauze temperature 1000-1200 K
CH, mole fraction 0.143 (-)
O, mole fraction 0.057 (-)
He mole fraction 0.80 (-)
Pressure 1.3 bar

Pt site density

2.72 10° mol/cm?

Catalytic surf.

5cmt

R. Quiceno, J. Perez-Ramirez, J. Warnatz, O. Deutschmann, Modeling the high-temperature catalytic partial oxidation of methane over
platinum gauze: detailed gas-phase and surface chemistries coupled with 3D flow simulations, Applied Catalysis A: General 303 (2006) 166-176

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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CPO of methane over platinum gauze (ll)

Inlet / \
@ Heterogeneous kinetics

3D computational mesh
140,000 cells
3,500 catalytic faces

11 Surface Species

36 Surface Reactions

www.detchem.com/mechanisms

R. Quiceno, et al., Applied Catalysis A: General
\303 (2006) 166-176

/Homogeneous kinetics \

Outlet

25 Species

Centered (2" order) spatial discretization 300 Reactions

Implicit Euler time integration http://creckmodeling.chem.polimi.it/

E. Ranzi, et al., Progress in Energy Combustion
Max Courant number 0.05 Science, 38 (2012) 468-501

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




GG POLITECNICO
' DI MILANO

CPO of methane over platinum gauze (llI)

Tinlet = 600K
Tqauze = 1000K

CH4

10983 Jeve The temperature of the mixture
1000 : becomes uniform at 2-3 wires
“900 diameters downstream the gauze U Magnitude
[ 3 is.?10?2
800 012
700 0.115145 2d ; -20
600 ays of calculation .
599.99 on 12 cores Em

o ¥ E

co
000917
05714 ED'GDDB .. .
boos 00006 v"Under the conditions used in these tests the
igﬂ: Foooos homogeneous reactions are not relevant
0.0002
=0.02 . . . .
001 ! v Simulations performed with and without the gas-
oo phase reactions exhibit very similar results
v'The concentration of radical species in the gas
phase is negligible

cCO2?
032706
0.03
Em CO and CO, are produced on the surface of the catalytic wires, with their maximal
[Dm yield occurring at the crossing of the wires
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N CPO of methane over platinum gauze (1V)

u
T
. . . 098.342
Comparison with experimental data
'EIODO
60 900 co®)
[800 i.026891
50 - - R ‘o) 700 0.026
2 CO selectivity o) 600 :
= e) 599.9985 o 0.024
B 40
Q -0.022
3
= 30 . 0.02
2 O, conversion
g 20 o0 0 00 *
g 3 —0 v
© 10 CH, conversion 02
- o) Q E.OS?M
0.05
O T T T T T _-004
950 1000 1050 1100 1150 1200 1250 0,03 PTS)
E ' 968871
catalyst temperature [K] £0.02 EO'%B
0.01 0.964
0.00029 EU_%
v" CH4 and O2 conversions are not 0.956
temperature dependent Eo.qsz
0.95
v" The CO selectivity is strongly influenced .

by the gauze temperature ’

v" Mass fraction of main adsorbed species (CO(s),
OH(s), etc.) is maximum downstream, where
the inlet mixture meet the catalyst wires
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Introduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations
v Numerical methodology

Validation and examples
v CPO of CH, on platinum gauze (complex 3D geometry)
CPO of iso-octane (complex chemistry)
Tubular reactor with Raschig rings (complex 3D geometry)
Packed bed reactors for industrial applications (complex 3D geometry)

AR NIAN

Extensions
v KMC (Kinetic Monte Carlo)
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CPO of iso-octane over rhodium catalyst () | g s

Sketch of a single channel (circular section)

reactants >

Operating conditions Rhodium catalyst

Inlet temperature 1076 K ) )

Heterogeneous kinetics
Inlet velocity 0.90 m/s 17 Surface Species
Wall temperature 1076 K 56 Surface Reactions
iCgH,;s mole fraction 0.143 (-)
O, mole fraction 0.057 (-) Homogeneous kinetics
N, mole fraction 0.80 (-) 168 SpeCIeS.

5,400 Reactions

Pressure 1 atm
Rh site density 2.49 10-° mol/cm?
Catalytic surf. 5cm?

M. Hartmann, L. Maier, H.D.Minh, O. Deutschmann, Catalytic partial oxidation of iso-octane over rhodium catalyst: an experimental, modeling

and simulation study, Combustion and Flame 157 (2010) 1771-1782
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Gas-phase main species :
4 days of calculation
2D mesh (4,000 cells) [ on 12 cores ]
F—— > catalyst
The catalytic surface reaction is very
— fast in the entrance (first 1 mm)
I Strong back-diffusion of H2:
- importance of diffusion coefficients
C02 0 0.0001
|
1 Strong radial gradient are present in
H20 _ 5 oos the first mm of the reactor
I The concentration of IC8H18 and O2
02 T e on the surface is practically zero,
. ' which means that catalytic reactions
I are mass-transfer limited

/
A\

10 mm

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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N CPO of iso-octane over rhodium catalyst (lll)

CatalyticFOAM DETCHEMCHANNEL
2D mesh (5,000 cells)
1 1E+00
25 Rh(s)
1E-01 Ocofs)
0,01 1E-02 I H(s)
@
o & 1E-03
"] o .
@ 0,0001 —_— £ OC(s)
> —_— Dh* 2 1E-04
o =] < 0f(s
o —_—F o (s)
9 — Co* - 1E-05
& 1E-006 — E 1E-06 £\ OH(s)
a —_— 8H* B 1g.07 < HO(s)
— *
1E-008 ggg* 1E-08 fuelrich conditions - enlarged
1E-09
1E-010 : : : : = CO:(s)
0 02 04 0,6 038 1 1E-105% 03 0.5 0.8 1.0
axial position [mm] Axial Position [mm]
M. Hartmann, et al.,, Combustion and Flame
157 (2010) 1771-1782
iIC8H18

IsoCBH18

wm 4.60E-02 |

I CUODE+Q0

_ . 0.046
E 0
0 1 2
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Introduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations
v Numerical methodology

Validation and examples
v CPO of CH, on platinum gauze (complex 3D geometry)
CPO of iso-octane (complex chemistry)
Tubular reactor with Raschig rings (complex 3D geometry)
Packed bed reactors for industrial applications (complex 3D geometry)

AURNIRN

Extensions
v KMC (Kinetic Monte Carlo)
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1]

Inlet mixture

Operating conditions

Internal diameter lcm
Total length 15 cm
CH, mole fraction 0.100 (-)
O, mole fraction 0.056 (-)
N, mole fraction 0.844 (-)
Temperature 873.15 K
Residence time 0.15s

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM

POLITECNICO

\J| Tubular reactor with Raschig rings (1)

3D Unstructured Mesh: ~250,000 cells
Homogeneous reactors: 240,000
Heterogeneous reactors: 10,000

CPU time per heterogeneous reactor: 0.75 ms
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\J| Tubular reactor with Raschig rings (I1)

|
Rh(s) H(s) CO(s) CO2(s)
(0.37-1.0) (0.001-0.006) (0.-0.57) (0.-4-109)

Gas-phase species (mole fractions)

i

:

Adsorbed species (mass fractions)

/ C1 microkinetic model on Rh \

82 reaction steps
13 adsorbed species
UBI-QEP and DFT refinement

- CH4 02 H20 H2
\_ M. Maestri et al., AIChE J., 2009 % (0-0.10)  (0.-0.056)  (0.-0.054)  (0.-0.006)
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\J| Tubular reactor with Raschig rings (l11)

Adsorbed species at the catalyst surface

H(s)
0.85
f0.84

-0.82
Eo.a
Eo.m

0.76

Inlet mixture

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM



Tubular reactor with Raschig rings (1V)

Dynamics of the system

Rh(s)

CH4 GO 02 H(s) CO
% 2.1 2.574795 2.056 006736 .00959.
g : | -0.006 :

; 0.08 : : , 0.008
i % 0.4 -0.04 :

05 -0.06 f E -0.004 -0.006
E -0.04 i -0.004
E E §0.2 -0.02 E ]

E‘O'25 002 : E EO'OO2 jo.002
0 8473e-6 0 0 0 0
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Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations
v Numerical methodology

Validation and examples
v CPO of CH, on platinum gauze (complex 3D geometry)
CPO of iso-octane (complex chemistry)
Tubular reactor with Raschig rings (complex 3D geometry)
Packed bed reactors for industrial applications (complex 3D geometry)

NRNIN

Extensions
v KMC (Kinetic Monte Carlo)
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Analysis of performances @&

|
Investigated structures
Cylinders
Rings
Spheres
. Asingle element [mz] N
Same catalytic area sphere - -
Ring 1.88x10+4 30
Cylinder 1.57x104 36

36 cylinders 30 rings 50 spheres

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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Global kinetic scheme

Micro-kinetic model

stepl 0,4+ 2" & 20°
step2 C,H, +* o C,H,
step3 0"+ C,H, & C,H,0" + *
step4 C,H,0" & C,H,0 + *

2 O (ads) Et (ads)+ O (ads)

Oxametallacycle

Rxn Coordinate

Suljo Linic and Mark A. Barteau, Construction of a reaction coordinate
and a microkinetic model for ethylene epoxidation on silver from DFT
calculations and surface science experiments, November 2002, Journal of
catalyst, pag 200-213

Global kinetic scheme

— n m
KINETIC MODEL PARAMETERS r = koverall (POZ) (PCZH4)
A 9.85E5 1/(atm m35s)
Eatt 15 Kcal/mol _ _Eqtt
m 0.65 koverall = Ae RT
n 0.71

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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Operating conditions

OPERATING CONDITIONS

C,H, Molar 35.0 %
Fraction
O, Molar Fraction 5.0 %
CH, Molar Fraction 60.0 %
Pressure 15 atm
Temperature 432 — 550 K
Inlet Velocity 1 m/s

v Oxygen based process
v Methane as inert component
v Isothermal simulations at 432 K, 490 and 550 K
v Adiabatic simulations at 432 K
v" Multiregion simulations at 490 K

BN T .

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




The behaviour
of the three
packed beds
Is almost the
same

3 dayson8
cores

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM

S, POLITECNICO
(s DI MILANO
raralE




S, POLITECNICO
(s DI MILANO
raralE

N Isothermal simulations: 550 K

Spheres at high
temperature can
guarantee the
o2 higher conversion

‘ ‘ ‘ E

C2H40
g 282
0.2
Em

I

0

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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N Isothermal simulations

C,H, Conversion vs Temperature

=o—Cylinder

i
—

N
(61

N
o

C,H, Conversion [%)]
5 @

400 420 440 460 480 500 520 540 560 580
Temperature [K]

B T .

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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\J| Extension to multiregion

Multiregion Mesh: the
spheres have been
meshed with the same
level of refinement of the
bulk phase - conformal
mesh

T

Es50

-600 Adiabatic simulations
Need to have very fine meshes

500 close to the reactor wall

439.5

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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v Governing equations
v Numerical methodology

Validation and examples
v CPO of CH, on platinum gauze (complex 3D geometry)
CPO of iso-octane (complex chemistry)
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Packed bed reactors for industrial applications (complex 3D geometry)

ANRNIN

Extensions
v KMC (Kinetic Monte Carlo)
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Extension to kinetic Monte Carlo

|
Length

[m] In collaboration with: ( )

. K. Reuter and S. Matera (TUM)
10 Reactor engineering CFD

m and transport
—Rleromena
108 )
MK/kMC
Interplay among the

106 hemical events

9 Electronic structure
10- Making and breaking

of chemical bonds theory

1015 106 100 Time [s]

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




ST POLITECNICO
(s DI MILANO
7P

First-principles kinetic Monte Carlo

v' Evaluate the statistical interplay of large number
of elementary processes

v'open non-equilibrium system — need to
explicitely follow the time evolution

. ) @ adsorbed O
v rare event dynamics — Molecular Dynamics ® adsorbed CO
simulations unsuitable. Map on a lattice model— g EL'S?SV;ZWS

Markov jump process description

d

S POGD= 2 KOGYP(Y, 0= K(y, x)P(X,1)
y y

v' Each site a has own entry in x denoting its
adsorbate state x_

v' Simulate trajectories x(t) (kinetic Monte Carlo)

K. Reuter and M. Scheffler, Phys. Rev. B 73, 045433 (2006)

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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“Effective” bridging between the scales

v' Continuum equations need boundary
conditions for the mass fluxes |° at the surface:

Jr? =V*M*TOF T, = 600K, p (Oz)= latm
v' Coupled problem: to determine the TOF with 104
1p-kMC the pressures at the surface are 5'
needed, but the pressure field depends on the/;'?" 102 | KMC (raw)
TOF P
Q
v KMC too expensive for direct coupling to the o 100
flow solver 3
n . .
v Run kMC beforehand and interpolate ~  102f . KME ('Imerpo'?t'on) .
(Modified Shepard)
0.005 0.5 50
Very efficient
y p.(CO) (atm)
Easily extendable to more complex
geometries S. Matera and K. Reuter, Catal. Lett. 133, 156-159

(2009); Phys. Rev. B 82, 085446 (2010)

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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An example: The reactor STM (I)

The Reactor STM : :
; CO oxidation on Ru,O

12
11

: 3 Rate constants k(x,y) from DFT and
harmonic Transition State Theory
; - Model system
tem ; v" CO oxidation on RuO,(110)
3 v 2 types of sites, bridge and cus

K. Reuter and M. Scheffler, Phys. Rev. B 73, 045433 (2006)

(2) 2 O

Rasmussen, Hendriksen, Zeijlemaker, Ficke, Frenken,
The Reactor STM: A scanning tunneling microscope for
investigation of catalytic surfaces at semi-industrial reaction
conditions, Review of Scientific Instruments, 69(11), (1998)

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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¥ outlet

Operating conditions
T. 600 K
P: 1 atm
Inlet: CO + 02 (66%, 34% Vol)
Inlet velocity: 5 cm/s

Computational details
Mesh: unstructured, ~90,000 cells
Catalytic Wall Discretization: 2" order, centered
Catalyst: Ru,0 Max time step: 104 s
CPU time: ~2 s per time step

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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\J| An example: The reactor STM (lI1)

Steady-state results

CcO U Magnituc
i.oé N
. 3 CO
0.65 0.075 8
ED.MI EU.DE E
io.ca l—o.025 0.65
0.62 0 EO.éd
10.63
0.62
02 co2
34 063
E 0.06
l-o.sa EO-D“ St fon g
fos2 P recirculations
0.317866 0

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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An example: The reactor STM (1V)

The CO mole fraction in the inlet stream
Increases during the time

Dynamic results

. . CO mole fraction
Operating conditions

T. 600 K 66%

P: 1atm 50% |

Inlet: CO + 02 (66%, 34% Vol) ‘
Inlet velocity: 5 cm/s

Initial conditions: 0 1 2 3 time [s]
CO + 02 (66%, 34% Vol)

CO
06 06 06 07
-_— + |
0.62 0.66
COQ e CO2
0.02 0.06
s ; i 4z 004 008 D] 0.2
m— i
0 0.06 0 0.2

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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An example: the catalytic gauze (I)

= Rate constants k(x,y) from DFT
bl and harmonic Transition State

Theory

U

]8.2'10‘”1
(1 -l - Model system: CO oxidation on
Pd(100):

*-..._:,_,_4

QT ey
Original gauze
structure

Detail of wire intersections

& Computational
domain

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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U Magnitude (m/s)

11 | :4J||||| IIBIII 1 II.IIgi'IIIII.iIé: 1111
ﬂ | | ! |“

0.2 20

CO co2
0.003 005 0007 0.004 0.008 0012 0.016
i

0.017
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U Maghnitude (m/s) 02

oA 81200080 0.026 0.028
ﬂ | | “ -, ! RN R R : :

20 0.03

co2
0.004 0.008 0012 0.016
i

0 0.017

DFT o)
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The catalyticFOAM Group

The catalyticFOAM Group

s, POLITECNICO
3 y DI MILANO

Matteo Maestri
heterogeneous catalysis, multiscale
modeling, microkinetic modeling

Alberto Cuoci
CFD, numerical methods

Stefano Rebughini (PhD Student)
Hierarchical analysis of complex
reacting systems

Mauro Bracconi (PhD student)
ISAT, complex geometries

Former Students
e I

Sandro Goisis and Alessandra Osio
Development of numerical methodology

Giancarlo Gentile and Filippo Manelli
kDeveIopment of multi-region solver

Tiziano Malffei
Improvement of multi-region solver

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




\J|The catalyticFOAM web-site G s

Home Features Peapke Documentation Downilaad Examples fantact ur Login o

i
e

Welcome to CatalyticFOAM

The catalyticFOAM code can be freely downloaded
from our web site:

Computational
mesh
Welocity fiekd

http://www.catalyticfoam.polimi.it/

Surface spedies

Statistics since April 2013

e mave Deveinoed = new Sover for DenFOALL Tt 2lows for e S20Ton of MavierSaees.
asquations for compiax and ganans] gaomaTias for reacting fiows &t surlaces. based e
FlTOKInATE SasTISHons of e Suriace peACINEY. The CatalycFOAM Soer Slols e

Unique visitors: 2,500

: Visits: 4,200 (~6 per day)
SRR Visits from 76 different countries

VISITS

Others ltaly

Sweden
Indonesia
China
Netherlands
Iran
India

Germany

USA

About 200 registered users

Al ok phctox Lowwe o thes S5 Graovs e i o crres e
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http://www.catalyticfoam.polimi.it/

. O POLITECNICO
| Release - Policy &)
\ A e/
|

The catalyticFOAM software is fully compatible with OpenFOAM
version 2.3.X.

Nevertheless, it is not approved or endorsed by ESI/OpenCFD, the
producer of the OpenFOAM software and owner of the
OPENFOAM® and OpenCFD® trade marks.

Software is released under the L-GPL license through an independent
webiste: www.catalyticfoam.polimi.it

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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Publications

Publications on international journals

M.Maestri, A.Cuoci, Coupling CFD with detailed microkinetic modeling in heterogeneous catalysis, Chemical
Engineering Science 96(7), pp. 106-117 (2013) DOI: 10.1016/j.ces.2013.03.048

Matera, S., Maestri, M., Cuoci, A., Reuter, K., Predictive-quality surface reaction chemistry in real reactor
models: Integrating first-principles kinetic monte carlo simulations into computational fluid dynamics, ACS
Catalysis 4(11), pp. 4081-4092 (2014) DOI: 10.1021/cs501154e

Maffei, T., Rebughini, S., Gentile, G., Lipp, S., Cuoci, A., Maestri, M., Handling Contact Points in Reactive CFD
Simulations of Heterogeneous Catalytic Fixed Bed Reactors, Submitted to Industrial & Engineering Chemistry
Research (2015)

T. Maffei, G. Gentile, F. Manelli, S. Lipp, M.Maestri, A.Cuoci, Multi-region approach in modeling gas-solid
catalytic reactors, In preparation
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Additional slides
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Outline

Introduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®

framework
v Governing equations
v Numerical methodology
v Extension to the multi-region modeling

Validation and examples

Annular reactor (simple chemistry)

CPO of CH, on platinum gauze (complex 3D geometry)

CPO of iso-octane (complex chemistry)

Tubular reactor with Raschig rings (complex 3D geometry)

Packed bed reactors for industrial applications (complex 3D geometry)
Micro-channel reactors (Hierarchical analysis)

AN NN NN

Extensions
v KMC (Kinetic Monte Carlo)

Conclusions and future works
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N Motivation

v In the original version of catalyticFOAM the
catalyst morphology is not detailed

v the presence of the catalyst was accounted
for by as boundary condition imposing
continuity between the reactive flux and the
diffusive flux to and from the catalytic
surface.

This approach does not account for
diffusive limitations in the solid
phase or in general for the intra-
solid transport phenomena

~

Need of a Multi-Region Solver
(gas phase + solid phases)

Mesh 2: Solid Region 1

Mesh 3: Solid Region 2

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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Boundary

layer Film diffusion

Adsorption/

Active sites :
desorption

A

Chemical reaction

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




S, POLITECNICO
eSSy DI MILANO
s

N| Internal transport phenomena

Boundary
layer

Porous

Pore
catalyst diffusion
Active sites Adsorption/

desorption

A

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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\J| Internal transport phenomena

Gas Phase

/ra(pw;) \

T + V(pUw;) = V(pD;iVw;) + Zi RjviMW;

a(pT)
“» "ot

a(pl)
at

+6,V(pUT) = V(YT + )" RyAH,
]

+ V(pUU) = =Vp + V(uVU) + pg

d
L) =0

. ’ y

Solid Phase
( (2 - A
ot = V(0" Depp Vi) + (Z Rhner, jvijMWy) - acar
I
d(psarT)
1 Cpsar —;‘; = V(kesfVT) +Z}_ Rhet,jAH; - Qcar
99,
kL Tsite at Risurs /
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\J| Multiple meshes for multiple regions
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\J| Multiple meshes for multiple regions

Mesh 1: Fluid Region . Qali -
Mesh 3: Solid Region 2 J Mesh 2: Solid Region 1

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM



NJ | Multiple meshes for multiple regions

Mesh 1: Fluid Region . Qqali -
Mesh 3: Solid Region 2 J Mesh 2: Solid Region 1

v Different properties for each

G region
NS SS RN, e >~y ¥ Separate governing equations
IS AR S i on each cell

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM
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Linking the regions

How to couple at
the interface?
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Linking the regions

kNBR,IVTNBR(I )

kOWN, | VTOWN (1)

How to couple at
the interface?

TOWN,I = TNBR,I

DOWNVCOWN(I) = DNBRVCNBR(I)

A T T e e e

e Cowni =C
L ™ gy 7 ]
ST PO SRR
S T ] e BN
e A SRR
S TR N
A AR SRR
A Ay Y R
SR SRR
e S RN
s e b SRS S
ST SRR
S A, RIS
A S B SERAS
R S S e
AT <

P AV v

Pododa

WA

<
N
&
<5
5
N
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DT

IR

HE
5

A AAAATTINARDG
: VAVAVAV, Vs FAVAYE S oYy
YA g A VAV VA VAV AV A VA A AT
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Linking the regions

kOWN 'TOWN + kNBR 'TNBR

y y Mixed boundary
TOWN,I :TNBR,I :> T"OWN - OV\IQ\IOWN kNBRNBR COﬂQitionS a the
+ interface

kOWN,IVTOWN(I) kNBR,IVTNBR(I)

AOWN ANBR

DOWN 'COWN + DNBR 'CNBR

DOWNVCOWN(l) = DNBRVCNBR(l)

e e e o i |:> C — AOWN ANBR
-: “;A'fr:}v:gfé?:ﬂaeﬁg%hw‘ COWN,| - CNBR,| I.OWN DOWN N DNBR
Z Ay SRS
i e iy W TR

LA AR e o
SR FRERN down  ner

] R
S SERRE
I A R

ISR, O
FEEEERN SRR
O v Ry

o D o ]

SR R
CERCL RS
ﬁﬁﬁl@” <7 SERRIER R
el oRs LSRR SRS
A ) SRR
i i
AR
PO
el
A _

A OO IIR

Y AV AVAVAVAVAVAYAYeTaYATS e tuTh
P ANV o VAV AVAVAVAVAVAYAVATATS b T i)
W ATy A VAV AVAVAVAVAVAVATATS [yaYAT) i Ti
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Linking the regions

kOWN 'TOWN + kNBR 'TNBR

y y Mixed boundary
TOWN,I :TNBR,I :> T"OWN - OV\IQ\IOWN kNBRNBR COﬂQitionS a the
+ interface

kOWN,IVTOWN(I) kNBR,IVTNBR(I)

AOWN ANBR

DOWN 'COWN + DNBR 'CNBR

DOWNVCOWN(l) = DNBRVCNBRU)

R e e S ::> C = AOWN ANBR
Samaaasaan Cown.i = Crer.i HOWN Douwn N Der
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ErELSrr SRR Partitioned Approach
Fabh OSSR
SEEEREE SRR
SO SRR - i
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Linking the regions

kOWN 'TOWN + kNBR 'TNBR

y y Mixed boundary
TOWN,I :TNBR,I :> T"OWN - OV\IQ\IOWN kNBRNBR COﬂQitionS a the
+ interface

kOWN,IVTOWN(I) kNBR,IVTNBR(I)

AOWN ANBR

DOWN 'COWN + DNBR 'CNBR

DOWNVCOWN(l) = DNBRVCNBRU)

A A
T e _ |:‘I > C = OWN NBR
e Cownr = Crer, o Doun . Drer
A SRR
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Linking the regions

u
— kOWN 'TOWN kNBR 'TNBR .
kOWN,IVTOWN(I) - kNBR,IVTNBR(I) y + y Mixed boundary
Townt = Ther, ':> Tiown = O\AliN K HER conditions at the
OWN 4 PNBR i
y y Interface
OWN NBR
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Coupling structure

/~  FluidRegion \

d (pmiin ) — V(Pmix Dmix,iV(Yi ))_ V(®Yi )

dt

)y v

with the mixed BCs on the interface:

kFLU 'TFLU + kSOL 'TSOL

T = Aey dsor
IFLU k K
FLU 4 MsoL
ey dsor

DFLU 'CFLU + DSOL 'CSOL
AFLU ASOL

C =
WY Dry + DsoL
Ay Asou
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Coupling structure

/ Solid Region
d(p,,Y,

M = V(pmix Dmix,iv(Yi ))

M =V (kv(T))

kSOL 'TSOL + kFLU 'TFLU

T = Asor Ay
1.50L k K
soL 4 MRy
Ao ey

DSOL 'CSOL + DFLU 'CFLU
ASOL AFLU

C =
1oL DsoL + Dry
Asor ey

-

d

with the mixed BCs on the interface:
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Fluid Region -\

M — V(pmix Dmix,iV(Yi ))_ V(®Yi )

dt

dlmesT) V(kv(T )-Cr™v(aT)

dt

with the mixed BCs on the interface:

kFLU 'TFLU + kSOL 'TSOL

T = Aey dsor
IFLU k K
FLU 4 MsoL
ey dsor

DFLU 'CFLU + DSOL 'CSOL
AFLU ASOL

DFLU + DSOL
AFLU ASOL

CI,FLU =
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Coupling structure

||
/ Solid Region Fluid Region \
ix Vi e d miin
d(pg{XY' )- V(P DV (%)) 1 — (pdt - V0D V1)) -V(21))
d (p matc pT ) E d (p matc DT ) — mix
— V(kv(T)) =, - V(kV(T )-CI™v(®T)
with the mixed BCs on the interface: S— with the mixed BCs on the interface:
kSOL 'TSOL + kFLU 'TFLU kFLU 'TFLU + kSOL 'TSOL
T — ASOL AFLU T — AFLU ASOL
1,50L @_'_@ I,FLU kFA_FkS&
ASOL AFLU AFLU ASOL
DSOL 'CSOL + DFLU 'CFLU DFLU 'CFLU + DSOL 'CSOL

C._ = Asor Aey C._ = ey Asor
1,S0L D D LFLU D D
soL 4 YRLU FLU 4 PsoL
\ o ey ey AsoL /

Convergence Criteria Coupling Method

. v Ive alternatively for every cell of th
T _7 9| < absTol, h(‘<)—T("‘1)‘+T("‘”£reIToIT C I Solve alte atively for every cell of the
) (© v (kD)o v (k) Oup |ng 2 coupled regions
¥ -Y Y <absTol, |-+ v < relTol, v' Check for convergence: if reached,

\ LOOp proceed to next time step

J
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\J| Multi-region solver architecture

_ for each time step...
Solve Solid Solve Fluid
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\J| Multi-region solver architecture

_ for each time step...
Solve Solid Solve Fluid

7 N T e N

<
<

dooj 101981109-10121paid OSId

A 4

P
Navier-stokes Equations ]

|

K / \ Pressure Corrector ]/
~ |
-
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\J| Multi-region solver architecture

for each time step...

Solve Solid Solve Fluid
[ Continuity Equation }
la
[
( N\
Mass Transfer Equation
& J
]
4 )
Heat Transfer Equation
& J
7
-

Fluid Chemistry

Homogeneous reactions

'

Update Fluid Properties

dooj 101981109-10121paid OSId

) '
Navier-stokes Equations ]
g
) !
Pressure Corrector ]

|
v
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_ for each time step...
Solve Solid

[ Continuity Equation }

e ) l

Mass Transfer Equation

Mass Transfer Equation

g J
t ¥

Heat Transfer Equation Heat Transfer Equation

\§ - J
\ p [}
4 Fluid Chemistry
Solid Chemistry Homogeneous reactions
o J
Homogeneous and heterogeneous reactions p L N

Site species conservation Update Fluid Properties

k ¥
( + ( - -
Update Solid Properties Navier-stokes Equations
L g
) !
Pressure Corrector ]
) I
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for each time step...

Solve Solid
Coupling loop . .. .
convergence ) Continuity Equation
check
e ) l
Mass Transfer Equation ( )
L ) Coupling \ Mass Transfer Equation )
\
- \ Loop ) ' _
Heat Transfer Equation : Heat Transfer Equation
- - J/
\ p ¥
4 Fluid Chemistry
Solid Chemistry Homogeneous reactions
N J
Homogeneous and heterogeneous reactions p L ~

Site species conservation Update Fluid Properties

o

¥ - ) ¥
- Coupling ( _ _
Update Solid Properties } Loop Navier-stokes Equations
N\
!
Pressure Corrector ]
!

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM



», POLITECNICO
y DI MILANO

0.10 -
®=05

Omega B — o-1
P.OO4 0.08 d=1
-0.003
10.002 00614 e
0001 < ®=2
| e g
0 0.04 O Analytical @

—catalyticFOAM

0.02
0.00 & 20
0.0E+00 2.0E-04 4.0E-04 6.0E-04 8.0E-04 1.0E-03

distance [m]

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM




T, POLITECNICO
\ DI MILANO

Outline

Introduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®

framework
v Governing equations
v Numerical methodology
v Extension to the multi-region modeling

Validation and examples

Annular reactor (simple chemistry)

CPO of CH, on platinum gauze (complex 3D geometry)

CPO of iso-octane (complex chemistry)

Tubular reactor with Raschig rings (complex 3D geometry)

Packed bed reactors for industrial applications (complex 3D geometry)
Micro-channel reactors (Hierarchical analysis)

AN NN NN

Extensions
v KMC (Kinetic Monte Carlo)

Conclusions and future works
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Micro-channel technology (1)

||
R
WERERE Development and
AAAANS intensification of
AREERRANG processes which
HEBHEERR involve high
AEEEEE exothermic
HERERE reactions
b

e W e e - o TEEe 2w o~ -t
. g ‘
I ! : :
| I I
i lT Improved ! Improved
I ’ -
00 . eTot o6 heqt transfer 18 mass transfer i
09 —Heses > inthe 1! inthe
: lT honeycomb ! packed bed ;
| matrix | channel |
I 1 I
I ! I
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N Micro-channel technology (ll)

||
( (11 - b2 )

How ‘“unconventional
geometry influences the
mass transfer in micro-
channel reactors?

\_ _J

\
Can literature correlations
(developed for industrial
reactors) describe mass
transfer phenomena in
\ micro-channel reactors? )

oY —
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Micro-channel reactor generation

Two-step Monte Carlo process based on the
algorithm of Soppef!!

H. J. Freund, Erlangen Universitat, DE
\_ /

Soppe, W., Computer simulation of random packing of hard spheres. Powerd Techol., 1990. 62: p. 189-196.
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N Investigated micro-channel reactors

300 uym spheres 600 um spheres

_ Green channel Blue channel

Particle diameter [m] 300 x 10° 600 x 10°
Reactor length [m] 12.5 x 103 12.5 x 103
Tube diameter [m] 4 x 103 4 x 103
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Pressure drops [bar/m]
|_\
(6}

Pressure drops

: 600 um (blue channel)
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|
Foumeny equation
- Eisfeld equation
Ergun equation
++@- This work
600 ym
spheres
0 20 40 60 80 100 120

Reynolds number
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Particle Reynolds
number

ovD

Particle

7,

Re =

4 )
N — DTube

D

Particle

Tube-to-particle diameter

kratio describes wall effects /
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Pressure drops: a comparison

|

10
% 8 Pressure drops in the reactor with
Q 600 ym sphere diameter
E 6
= are controlled by wall effects
Q
@)
T 4 Pay attention: same tube-to-particle
S diameter ratio of the previous micro-
. \_ channel reactor studied
&

600 ym spheres
0
90

Ergun equation
- Eisfeld equation
+-@®- This work

~
ol

-

Pressure drops in micro-channel

reactor with

diameter are high and wall
effects are negligible

[o2]
o

w
o

- J

Pressure drops [bar/m]
N
(&)

[EEN
a1

o

0 15 30 45 60 75 90
Reynolds number
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Mass transfer coefficient (1)

||
_ Irreversible first-order kinetics model at
Temperature 653 K the catalytic wall (Da = 100)
Out let pressure 101325 Pa Identical condition within each channel

Inlet molar fraction
Nitrogen (N,) 0.95
Oxygen (O,) 0.014
Hydrogen (H,)  0.036

Isothermal condition
Laminar flow ( 10 < Re < 90 )

Characteristic length: D

Particle

[ Mass transfer regime ]

O2 mass fraction
01652
0.016

-0.012
-0.008
-0.004

0
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Mass transfer coefficient [m/s]

Mass transfer coefficient (Il)

=
®

=
N

o
»
1

o
o

||
A
_ ‘,x’
_.r"
A"
] V'ae
PO o
@0~
.",—0'
",J
-9 _
L 4 - & = Micro-channel: 300 pm
=® =Micro-channel: 600 um
0 20 40 60 80
Reynolds number
4 )

The mass transfer coefficient is higher
for the

G J
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/ Mass transfer coefficient\

estimated with
Integral Mass Balance (IMB)
method:




Sherwood number: 600 ym

18

15

12

Sherwood
(o]
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||
-—Yoshida et al.
. —\Nakao and Funazkri
® Micro-channel: 600 um
7  J
°  J
 J
0 20 40 60 80

Reynolds number

100

Wakao and Funazkrilll

Sh=2+1.1Re% S¢’?

Particle Reynolds

I 1
I 1
I 1
: number: :
I 1
E SChrEIdt. o = PVDearice E
i number: y :
I 1
! gc—_#  YoshidaReynolds !
: P, number: !
I 1
E Re = PYPrartice E
| 6ull-g)

1

Wakao, N. and T. Funazkri, Effect of fluid dispersion coefficients on particle-to-fluid mass transfer coefficients in packed beds: Correlation of sherwood
numbers. Chemical Engineering Science, 1978. 33(10): p. 1375-1384.
Yoshida, F., D. Ramaswami, and O.A. Hougen, Temperatures and partial pressures at the surfaces of catalyst particles. ALChE Journal, 1962. 8(1): p. 5-11.
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\J| Why the difference?

15
——Yoshida et al. ﬁ' his comparisons showx
5 e Micro-channel: 600 um that the different Sherwood
B Packed bed: 6 mm number depends on
the tube-to-particle
'§ 9 - . ® v diameter ratio
3
<))
B 6 - DT
ube
. N =
L D _
3 - Particle
0 . . , | and NOT on micro-

0 20 40 60 80 100 dimensions
Reynolds number \ /

Particle Tube Tube-to-particle
diameter [m] | diameter [m] diameter ratio
Micro-channel 600 x 10 4 x 103
Conventional packed bed 6x103 40 x 103
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\J| Why the difference?

15
-—Yoshida et al.
1p .~ Micro-channel: 300 um / The Sherwood number\
--@--Micro-channel: 600 ym depends on
T g o the tube-to-particle
o) P d diameter ratio
0
c 6 - -
75 /.,——.’ N _ DTube
o”" B
3 - k DParticIe /
0 I I | |
0 20 40 60 80 100

Reynolds number

Particle Tube Tube-to-particle
diameter [m] | diameter [m] diameter ratio
Micro-channel 600 x 10 4 x 103
Micro-channel 300 x 10 4x103
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Wall effects

O2 mass fraction

01652
0.016
-0.012
+0.008
E—fo.oozl
0
600 um sphere diameter
18
<
( . . E
The higher mass transfer coefficient for £
micro-channel with 300 um depends on S 1,2 -
the lower influence of the wall effects "g o o-*"°
-.2 0,6 - ’,—0"'*
& [ ad
The mass transfer coefficient is reduced S Micro-channel: 300 um
by wall effects also in the micro-channel | &, | =@~ Micro-channel: 600 um
with 300 um 0 20 40 60 80 100

\. J

Reynolds number
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