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| catalyticFOAM project chlco

Numerical library for

OpenFOAM® stiff ODEs system
Complex CFD (LSODE, RADAUS, CVODE,
BzzMath, etc.)
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catalyticFOAM
CFD code for reacting flows with
heterogeneous reactions
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Catalytic reactor design:

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

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

Need for a deep understanding
for advanced design
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\J| Chemical reactor engineering

Catalytic reactor design:

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

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

Need for a deep understanding
for advanced design
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S| A multiscale phenomenon

Result of the interplay among phenomena at different scales

| v |
Microscale [COlgn + [OHIg, co Macroscale

+ 1100
COOH*+* = CO*+OH* L

CO*+OH* - COOH*+* © 1000
COOH*+* - CO,*+H* 2 2°f 4
CO,*+H* - COOH*+* 3 800
CO,* + H,0% -5 COOH* + OH* [CR ]
COOH* + OH* — CO,* + H,0* 1
CO,*+H*— HCOO** E 600

HCOO**— CO,*+H* [COZ]Rh +2[H]Rh [H]Rh +[OH]Rh + R

CO,* + OH* + *— HCOO** + O*

HCOO** + OH* = CO,* + H,0*

CH*+H* 5 CH,*+*

CH*+* = C*+ H*

A RDS
CHy* + O* = CH,* + OH*

CH,* + OH* - CH * + O* co

CH* + OH* = CH,* + 0* 2

CH,* + O* 5 CH* + OH* [H,0lg, + 2R

T catalyst

mmol/s

~ 102 potential steps @ 010
different coverages H Axial length [mm]
2

H,0
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Catalysts at work
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Chemical reaction
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Pore
diffusion

Adsorption/
desorption
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Need of bridging between the scales
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eactor engineering
and transport
phenomena
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Microkinetic analysis of complex
chemical processes at surfaces, M.
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A first-principles approach to CRE
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Need of new numerical tools
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and transport
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Need of new numerical tools
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Numerical library for

OpenFOAM® stiff ODEs system
Complex CFD (LSODE, RADAUS, CVODE,
BzzMath, etc.)
t ?

catalyticFOAM

CFD code for reacting flows with
heterogeneous reactions

CatalyticSMOKE OpenSMOKE
surface microkinefics Coml::ﬁ:ng‘.gwhuse
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Infroduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations

v Numerical methodology

v Simulation with detailed kinetics: stiff ODE solvers and ISAT

Validation and examples
v Annular reactor
CPO of CH, on plafinum 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)

AURNENEN

Extensions
v KMC (Kinetic Monte Carlo)
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Catalysts at work

Boundary
layer

Porous
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Pore
diffusion

Adsorption/

Active sites .
desorption

Chemical reaction
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Governing equations

Catalytic wall /\ Catalytic walls

U — | 26

H of i '*I Ll Ceat 6_1; = Q:.’JEI [=1..NS

Adsorbed (surface) species

N

Gas-phase

%{; +V-(pv)=0 continuity

g(pv)+V-(va) = —Vp-»—V-{u(VV +VVT)—§;1(VV)I |+~,9  momentum

é _ ~yhom _ gas-phase
a(PCJk)‘*‘V (perV)==V-(paV,)+Q} k=1..,NG species

. T ) NG NG mn gas-phase
oC, =+ PCVVT =V (AVT) - P;, Cop V. — ZHkokanm energy

=1
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Non-catalytic walls Detailed microkinetic models
Veo -0 COOH*+* — CO*+OH*
K|rnen CO*+0OH* = COOH*+*
COOH*+* — CO,*+H*
T‘.‘na’? =f(LT) CO,*+H* —> COOH*+*
CO,* + H,0* - COOH* + OH*
V7|, =g(tT) COOH* + OH* - CO,* + H,0*
- CO,*+H* - HCOO**
HCOO** — CO,*+H*
CO,* + OH* + *— HCOO** + O*
Catalytic walls HCOO™ + OH* - CO,* + H,0*
CH* + H* — CH,* +*
_ - et _ CH* +* - C* + H*
PLmx (mG )‘cafa#yf-'c = e L k=1..,NG C*+H* 5> CH*+*
MR CH,* + O* = CH,* + OH*
fhet phet 3 2
AT )| oo = e 2 AH, CH,* + OH* — CH,* + O*
I CH* + OH* — CH,* + O*
69 - . * * * *
o, D oam i=1.NS CH,* + O* —> CH* + OH
&t e
) Eqei(6))
Adsorbed f tt,
sorbed (surface) species 7‘,‘ — A;‘ ) ij “exp (_ a R}T i )H(CE)VU
i=1
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Numerical challenges (1)

Dimensions of the system
Proportional to the number of species 1w
Proportional to the number of cells
- 103
Stiffness 106 =| T
Different temporal scales involved :g' g
Different spatial scales involved 10° 4 171 10
1012+
Non-linearity
Source term non linear in 1054 o[

concentrations and temperature — —

NC
Coverage dependence of activation = A 6 . exp <_ Eatt_,-(ei)> H(Ci)Vij
energy RT i=1
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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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Infroduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations

v Numerical methodology

v Simulation with detailed kinetics: stiff ODE solvers and ISAT

Validation and examples
v Annular reactor
CPO of CH, on plafinum 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)

AURNENEN

Extensions
v KMC (Kinetic Monte Carlo)
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Fully segregated algorithms
© easy to implement and computationally efficient C I
Detailed kinetic ® unfeasible when large, stiff kinetic mechanisms omp e.x
schemes are used geometries

Ejlj Strong non linearity of reaction terms %/

~ 100 species | 50 High stiffness

~ 1000 reactions

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

Multiscale modeling of heter
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Detailed kinetic
schemes

Numerical solution

Fully segregated algorithms

© easy to implement and computationally efficient
® unfeasible when large, stiff kinetic mechanisms
are used
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Complex
geometries

&S

~ 100 species L

=) "
() Strong non |

inearity of reaction terms
High stiffness

~ 1000 reactions

Fully coupled algorithms ‘

© all the processes and their interactions are
considered simultaneously
© natural way to treat problems with multiple stiff
processes
® the resulting system of equations can be
extremely large and the computational cost
prohibitive

L Cperator-splitting methods T

®© usually avoid many costly matrix operations
© allow the best numerical method to be used
for each type of term or process
® the resulting algorithms can be very complex
and usually differ from term to terp

Multiscale m
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8 pcpoé—tzprPVVT+v'(/1VT)*
O—calcﬂ_a i=1..,NS
ot
Finite volume
discretization
— ﬂ:Mk@ k=1..NG
B9 |t
a8 |eT T@
Pk —
5|
Z2 |og

% : i—1..NS
at

Operator-splitting algorithm

é
*(Pmk) = —V-(pwkv)—V-(pcaka)
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Stiff reaction
terms

k= 1,...,NG gas-phase species
gas-phase energy

adsorbed (surface) species

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

S = terms associated to the stiff processes
(homogeneous and heterogeneous reactions)

M = terms involving transport processes
(convection and diffusion), non stiff and weakly
non linear

Multiscale mod

U Caraye reacion in Openror -:I _:
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Operator-splitting: an example

) Diffusion,
Chemistry convection...
Chemical step m

op . ||]e I O I L

r_g B L R I —-— =M

ac NN N & SIS S S CRL

v Transpor’ Sfep
Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -] _:
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Operator-splitting: an example

Chemistry D:ffus:on,.
convection...
Chemistry ti ti ti
a -
S a_"’ =5 " - —
<:Jo cl: c;lo t 1 i+1 i+2
ti i tis2
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Operator-splitting: an example .
u
Chemistry lefus:on,_
convection...
Chemistry t; P {itim tie2 saleal,
e B E
i - .0 —
b a_"’:s t’ . — a_‘sz 96 506 o0
|| t i i1 142
Transport
ti tiv1 tie2 "
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Operator-splitting: an example

5]
Chemistry Diffusion,

convection...
Chemistry t > it ti2 ——1
-, .

d e _ a(p T
blcblcb a_(p=5 t t e ot M et
T N t ' "

Transport

Multiscale modeling of heter
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Operator-splitting in catalyticFOAM (1)
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Catalytic wall .
e Each computational cell
EqH 1 behaves as a chemical
g EENENREREE mEEEEEE reactor in the splitting-
operator algorithm
7 N\ [ (chemical step)
\
/ \ | \
/ N I \
/ | X Each reactor is described
Qpom g 4 by a set of stiff ODE, which
R R must be integrated on the
hom hom .
g Q time step At
hom
L/,
Semi-batch Batch
reactor reactor
Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -] _:

Operator-splitting in catalyticFOAM (l11)
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Homogeneous o NF = number of catalytic faces
reactions g .
< NG = number of gas-phase species
O g NS = number of adsorbed (surface) species
[2]
[}
g S Equations: N =NG + 1+ NF-NS
Catalytic face
duw, _ Ahom 1|& cat p ~yhet . = { cat . het _ Gas-phase
P =Wy Z;o. AQE —w, > 1o Aj;_QHJ k=1...NG  ZR
. dT NG ) NS . Gas-phase
pCp— = 72_ Hperapem — ZH?QT? temperature
at k=1 k=1
0
r —L =0 =1,...NS j= NF
ot
Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -:I _:
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Homogeneous NF=numberof catalytic faces

reactions

O NG = number of gas-phase species

Unknowns N =NG + 1+ NE-NS

.1‘“‘ } k=1, NG Gas-phase

species
. dT NG . NS Gas-phase
pCo— = _Z H::D””QT{D”‘ — ““__k temperature
at =1 =
= NS j= NF

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -] _:
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Numerical library for

OpenFOAM® stiff ODEs system
Complex CFD (LSODE, RADAUS, CVODE,
BzzMath, etc.)
t ?

catalyticFOAM

CFD code for reacting flows with
heterogeneous reactions

CatalyticSMOKE OpenSMOKE
surface microkinefics Coml::ﬁ:ng‘.gwhose
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Solution procedure souttonco
|
Navier-Stokes Eqgs. . .
(PISO predictor) Main features:
';;?06*0' "ec:‘fv?fk : 3t i |- } Solution of the Navier-Stokes
(Strang — o) — equations (laminar and
Properties turbulent regime)
evaluation
¥ s No limit to the number of
Transport Eqgs. S R N R R
(Strang corrector) T species and reactions
- % O
Pressure Eqn. Non-isothermal conditions
Velocity correction
(PISO corrector)
Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -] _:
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Where is the computational time spent?

100 -

35 w0 Most of the CPU Time
o £ (80- 90%) is spent for
£3 0 the numerical
e 40 integration of the ODE
23 systems corresponding
8 g 20 - to the homogeneous

° and heterogeneous

reactors

BT NN




Reaction/Chemical 6_(p _
step at

+ semi-batch reactor describing
composition and temperature

» reaction terms for both
homogeneous and
heterogeneous chemistry

« stiff and highly-non linear

» solved with expensive implicit
method

Where is the computational time spent?

Fraction of the total
computaional time [%]

o |

Transport Step  Chemical
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Step

solving the reaction
term is the bottleneck

of the system

v

need for speeding

the chemical term

up

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM
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Reaction step = independent ODEs
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)
ODE ODE
ODE ODE
E LA N J E
ODE ODE
ODE ODE
to t,

ODE ODE
ODE ODE
° °
® s ®
° °
ODE ODE
ODE ODE
tn+1 1.F

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM
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- Linear system parallel Code
ety solution available

OpenSMOKE++ CH++ Direct No Yes
DVODE FORTRAN Direct No Yes
CVODE © Direct/Iterative Yes Yes
DLSODE FORTRAN Direct No Yes
DLSODA FORTRAN Direct No Yes
RADAUS FORTRAN Direct No Yes
LIMEX4 FORTRAN Direct No Yes
I FORTRAN Direct No Yes

Homogeneous reactors (78 species, 1325 reactions)

DISOOE | [ASODA | MEBOF

H

o+

&

CPU time per reactor [ms]
B oM ¥

VOTE | RADAU

PenSMOKE++ CVOTE

ODE solver

4 | Stiff ODE solvers in catalyticFOAM (1)
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Most of the CPU Time (80-
90%) is spent for the
numerical integration of the

free ODE systems corresponding
Free to the homogeneous and
heterogeneous reactors
Free
Free The best performances are
Free obtained using the following
Free solvers:
Free only for OpenSMOKE++, CVODE,
academic use DVODE
Free

Performances of stiff ODE solvers: CPU time

CPU time per reactor [ms)

Heterogeneous reactors (12 species, 38 reactions)
g+
0
OpensMOKEw+ CVOTE | OVDGE | RADAU | DUSOTE | CLSODA | MECF
ODE solver

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM
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ODE, ODE,,,,
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Direct integration vs extrapolation

ODE, ODE,,,,

ODE, ODE, .,

JUseale modeing of hererogencous caalic eacion in OpenfoAl -:I _:
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Direct integration vs extrapolation

ODE, ODE, .,

ODE, ODE, .,
ODE, ODE, .,
ODE, ODE, .,

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -:I _:
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Direct integration vs extrapolation

N

ODE, ODE, ., bt

Initial conditions
attime t, are ODE,
very similar

ODE, ,,

ODE,,,

ODE,,,

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM

T DN

Direct integration vs extrapolation

&

ODE, ODE,., L

Initial conditions
attime t, are ODE,
very similar

We expect the
solution at time t,,,
are very similar

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM

BT NN
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Direct integration vs extrapolation

ODE, ODE,,, b e

ODE, ODE, ,,

Why do not exploit
ODE, ODE,,, previous integrations
to solve ODEs with
similar initial
ODE, ODE,., conditions?

Wulieale modeing ofheterogensovs catalic eacton in Openfon -:I _:
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ISAT: In Situ Adaptive Tabulation

+ ODEs integrations are stored in a tree

+ exploit stored information to well-approximate ODEs with similar initial
conditions by means of linear interpolation

+ error control through definition of a trusted approximation region (ROA)

I Reaction Query Tabulated
Approximation mapping point point
f(l)(xq) = f(xo) +A0(xq _ xO)

Mapping
gradient

Direct
integration

ROA

Fast and accurate
ODE,., approximation

Pope, Comb. Theory Modeling, 1997

M. Bracconi, A. Cuoci and M. Maestri, submitted

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -:I _:
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Methane - heterogeneous

TR ~180,000
(el e\l ~60,000

13 surface species
82 heterogeneous reactions

0.1565
0.1753
0.6662
67315k
1.01 bar
/s

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM

Computational time
without ISAT:
12.5 days on 4 cores
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H(s)
7.686-08

—6e-8

Ede—ﬁ

2e-8
6.61 e-O‘?I

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM
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°©
o
©
0
R
N

I )

0.155-

Computational time with
ISAT:
2 days on 4 cores

H(®
7.68¢-08
;65—5

tde-&

2e-8
6.61 e-O(?I

Speed-up factor of 6

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM

4| Outline

POLITECNICO

MILANG 1863

Infroduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations

v Numerical methodology

v Simulation with detailed kinetics: stiff ODE solvers and ISAT

Validation and examples
v Annular reactor
CPO of CH, on plafinum 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)

ANENENEN

Extensions
v KMC (Kinetic Monte Carlo)

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -:—:
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Numerical tests
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The numerical tests have been performed by investigating
the combustion of a fuel-rich H, over Rh catalyst in an
annular reactor (4,

Operating conditions

Inner radius 0.235cm

Outer radius 0.450 cm

Reactor length 1.5cm (o) O Ny
H, mole fraction 0.04 (-)

0O, mole fraction 0.01 (-)

N, mole fraction 0.95 (-)

Pressure 1 atm

Rh site density 2.49 107 mol/cm? W O Ny

Catalytic surf. 5cm!

™) M. Maestri, A. Beretta, T. Faravelli, G. Groppi, E. Tronconi, D. Viachos, 2D detailed modeling of fuel-rich H, combustion over Rh/Al,O3
catalyst, Chemical Engineering Science (2008)

Wulieale modeing ofheterogensovs catalic eacton in Openfon -:I _:

Numerical test
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Cylindrical symmetry
2D domain

Low computational

Meshes

nd A -
2D Axisymmetric Mesh Centered (2" order) spatial discretization
from 2,000 to 10,000 cells Implicit Euler time integration

Max Courant number 0.1

SO eI reactorn In OpenroR -:I _:
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Kinetic schemes

Heterogeneous kinetics
5 Species: Rh(s), H20(s), H(s), OH(s), O(s)

18 Reactions

1. H2+2Rh(s)=>2H(s)

2. 2H(s)=>H2+2Rh(s)

3. 02+2Rh(s)=>20(s)

4. 20(s)=>02+2Rh(s)

5. OH(s)+Rh(s)=>H(s)+0(s)

6. H(s)+0(s)=>OH(s)+Rh(s)
7. H20(s)+Rh(s)=>H(s)+OH (s)
8. H(s)+OH(s)=>H20(s)+Rh(s)
9. H20(s)+0(s)=>20H(s)

10. 20H(s)=>H20(s)+0(s)

11. OH+Rh(s)=>OH(s)

12. OH(s)=>OH+Rh (s)

13. H20+Rh(s)=>H20(s)

14. H20(s)=>H20+Rh (s)

15. H+Rh(s)=>H(s)

16. H(s)=>H+Rh(
17. O+Rh(s)=>0

s)
(s)
18. O(s)=>0+Rh(s)

Homogeneous kinetics

10 Species

21 Reactions

1. H+02=0H+0
2. O+H2=OH+H
3. H+02+M=HO2+M

4. H+202=H02+02

5. OH+HO2=H20+02
6. H+HO2=20H

7. O+HO2=02+OH

8. 20H=0+H20

9. H2+M=2H+M

10. 02+M=20+M

11. H+OH+M=H20+M
12. H+HO2=H2+02
13. 2HO2=H202+02
14. 20H+M=H202+M
15. O+OH+M=HO2+M
16. H+H20=H2+OH
17. H202+H=H20+OH
18. H202+H=H2+HO2
19. HO2+H20=>H202+0H
20. OH+H202=>H20+HO02
21. O+H202=>OH+HO02

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM
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Main results

Inert wall

Inert wall Catalytic wall
(5 mm) (15 mm)
Oy = % =150

"

02 conversion [%]

POLITECNICO
MILANO 1863

300 500 700 900
temperature [K]

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM

1100
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Validation

PO ®
|
Comparison with experimental measurements
Flow rate of: 100 e ©®
0.274 NI/min %0 | o ®
0.548 NI/min o®
1.096 NI/min 80 1 =
'§' 70 - ]
Inlet: 'S 0 s "
H, = 0.04 2 ]
0,=0.01 g 50 u
N, =0.95 £ w0 -

Re“‘ib" © 391 w ® 0.274 NI/min
:‘" B gigg Em 20 1 0.548 Ni/min
out — Y- 10 - .
L =15 cm M 1.096 NI/min

o [ TRin ‘ ‘ ‘ ‘ ‘ !

300 400 500 600 700 800 9S00 1000 1100
temperature [K]

™) M. Maestri, A. Beretta, T. Faravelli, G. Groppi, E. Tronconi, D. Viachos, 2D detailed modeling of fuel-rich H, combustion over Rh/Al,O3
catalyst, Chemical Engineering Science (2008)

Multiscale mod

Gorhererogeneous calaic eacion n OpenfoRy -:I _:

Validation
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Comparison with experimental measurements

Flow rate of: 100
0.274 NI/min 90 |
0.548 NI/min o®
1.0946 NI/min 80 - -
< 70
Inlet: = o |
H, =0.04 £
0,=0.01 g 307 —— catalylicFOAM
N, =0.95 E |
l:!engr:ns ° ® 0.274 NI/min
in = U. cm 20 - )
R,y = 0.450 cm 1 0.548 NI/min
L =15 cm m 1.096 NI/min
0 - ! | | | | | ‘

300 400 500 600 700 800 900 1000 1100
temperature [K]

™ M. Maestri, A. Beretta, T. Faravelli, G. Groppi, E. Tronconi, D. Viachos, 2D detailed modeling of fuel-rich H, combustion over Rh/Al,O5
catalyst, Chemical Engineering Science (2008)

Multiscale modeling of heterog

[oovCaIIE macior i OpenTon -:I _:
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Validation

POLITECNICO
MILANG 1863

|
Comparison with experimental measurements

Flow rate of: 100
0.274 NI/min 90 |
0.548 NI/min
1.096 NI/min 80 1

T 70
Inlet: ‘E‘ 60 4
H, =0.04 2
0, =0.01 g 50 ——— catalyticFOAM
N, =0.95 § a0 - - =~ 2D FD code*
Reo(ifor: © 307 ® 0.274 NI/min
:in - gigg gm 20 | 0.548 NI/min
L°”'= 1:5 em 10 - ® 1.096 NI/min

0 ! | | | | . |

300 400 500 600 700 800 900 1000 1100
temperature [K]

™) M. Maestri, A. Beretta, T. Faravelli, G. Groppi, E. Tronconi, D. Viachos, 2D detailed modeling of fuel-rich H, combustion over Rh/Al,O3
catalyst, Chemical Engineering Science (2008)

Wulieale modeing ofheterogensovs catalic eacton in Openfon -:I _:

Comparison with Ansys-FLUENT 13.0
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u
Dynamic simulation Steady-state simulation
3.00E-04 3.00€-04
i H,0(s) =150 ms 2505.00 H,0(s) P
£ 2.00E-04 < 2.00E-04
2 2
] ]
E 1.50-04 E 1.50E-04
E 1.00E-04 g L00E-04 errerrrTTTTT
5.00E-05 5.00E-05 T=673 K
0.00E+00 0.00E+00 -

0.0000 00025 0.0050 00075 00100 00125 0.0150
axial coordinate [m]

Profiles of adsorbed H20 along the
catalytic wallin at 473K at several times

catalyticFOAM
------------ Ansys-FLUENT 13.0

0.0000 0.0025 0.0050 0.0075 00100 00125 0.0150
axial coordinate [m]

Profiles of adsorbed H20 along the
catalytic wall in steady state
conditions at different temperatures

Multiscale modeling of he

neous catalytic reactorsin OpenFOAM
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ISAT performances
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|
CH4
1.564e-01 frsy, time: 0.05 s Correct choice of tolerance is of
1.552e-01 TRy oy paramount in ISAT in order to have
1.541e-01 oror e, accurate results
1.529e-01 - x
1.518e-01 A tolerance of le-4 is enough for
1563e-01 fraps,, e correctly describing ’(he steady-
1.5486-01 Prea state behavior
1532601 R If the fransient is of interest, lower
15176-01 L i tolerances are usually required
1.502e-01
1.563e-01 frasxss Faxoo, time: 0.4 s
+ ¥ £ ¥ * ¥
1.503e-01 o L A speed-up factor of 10-12
1.444e-01 A (depending on the operating
1.384e-01 o conditions) was measured
1.325e-01
0 0.0025  0.005  0.0075 0.01
X [m]
ISAT 5e-3 + ISAT 8e-4
ISAT 2.5e-3 X DI
Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -] _:
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Infroduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations

v Numerical methodology

v Simulation with detailed kinetics: stiff ODE solvers and ISAT

Validation and examples
v Annular reactor
CPO of CH, on plafinum 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 NI NN

Extensions
v KMC (Kinetic Monte Carlo)

Multiscale modeling of he:

JeneovcaiaIE Eacior i Openron -:I _:
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CPO of methane over platinum gauze (1)

POLITECNICO

MILANG 1863

Operating conditions

Inlet temperature 600 K

Inlet velocity 10 m/s

Original gauze Detail of wire intersections Gavze femperature 1000-1200 K
structure CH, mole fraction 0.143 (-)
0O, mole fraction 0.057 (-)

He mole fraction 0.80 (-)

Pressure 1.3 bar

Pt site density 2.72 10°? mol/cm?

Catalytic surf. 5cm?

Computational
domain
R. Quiceno, J. Perez- irez, J. , O. D h Modeling the high-temperature catalytic partial oxidation of methane over

platinum gauze: detailed gas-phase cnd surface chemistries coupled with 3D flow simulations, Applied Catalysis A: General 303 (2006) 166-176

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM -] _:

CPO of methane over platinum gauze (II)

POLITECNICO
MILANO 1863

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
Ovllet 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 -]
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CPO of methane over platinum gauze (lll)
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T

inlet

= 600K

T =1000K

gauze

i"?” The temperature of the mixture
becomes uniform at 2-3 wires

| S diameters downstream the gauze
20

I::
1S 2 days of calculation
on 12 cores fo

u
/
< 2 g
= - v Under the conditions used in these tests the
homogeneous reactions are not relevant
. v Simulations performed with and without the gas-

U Mognitude
is 71072

phase reactions exhibit very similar results

v The concentration of radical species in the gas
phase is negligible

CO and CO, are produced on the surface of the catalytic wires, with their maximal
yield occurring at the crossing of the wires

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM -] _:

CPO of methane over platinum gauze (1V)
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T
Comparison with experimental data g
1000
60 I'WD co®
800 026891
50 200 0026
>
s /u !vé\‘?].goaf. = £0024
B 40 2, i
2 7 £0.022
: |
= 30 ) 0.02
8 O, conversion
g 20 00 00 00 b
o
¥ 10 CH, conversion 2
i.OSIM
: =
950 1000 1050 1100 1150 1200 1250 s i
! ﬁ?%&s”
catalyst temperature [K] 0.02 0.968
0.01 0964
0.00029 fose
v" CH4 and O2 conversions are not “0956
temperature dependent Jose2
095

v The CO selectivity is strongly influenced %
by the gauze temperature &l
v Mass fraction of main adsorbed species (CO(s),
OH(s), etc.) is maximum downstream, where
the inlet mixture meet the catalyst wires

CatalyticFOAM: Heterogeneus catalysis within OpenFOAM -] _:
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Infroduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations

v Numerical methodology

v Simulation with detailed kinetics: stiff ODE solvers and ISAT

Validation and examples
v Annular reactor
CPO of CH, on plafinum 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)

AURNENEN

Extensions
v KMC (Kinetic Monte Carlo)

COIOWIEFOAN Tieterogencus caldlys wilin Oeen oy -:I _:

CPO of iso-octane over rhodium catalyst (1)

POLITECNICO
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Sketch of a single channel (circular section)

Rhodium catalyst

Operating conditions

Inlet temperature 1076 K L

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 2.49 107 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

COONIErOAN fielerogencus caldlyl wilin Openton -:I _:
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Gas-phase main species .
4 d f calculati
2D mesh (4,000 cells) B

——— catalyst

o 0.046

iC8H18

The catalytic surface reaction is very
fast in the entrance (first 1 mm)
CO o 0.05
Strong back-diffusion of H2:
importance of diffusion coefficients

H20 o 005 the first mm of the reactor

The concentration of iC8H18 and 02
PR on the surface is practically zero,

which means that catalytic reactions
are mass-transfer limited

02

H2

0 0.15

1
1
1
| Strong radial gradient are present in
1
1
1

10 mm

COIOWIEFOANM Tielerogencus caldlyss wilin Openfony -:—:

N CPO of iso-octane over rhodium catalyst (l11)
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CatalyticFOAM DETCHEMCHANNEL
2D mesh (5,000 cells)
1 1E+00
4 oo /\Rh (s)
1E-01 Ocos)
0,01 1E-02 [ H(s)
& & 1E-03
2 1E-
5 oo g CCwE)
> S 1E-04
8 [} < 0(s)
g —— Q 1E-05
g 1 ; J— & 1e0 £ OH(s)
—_— 5
E S ? jg07 @ H0()
1E-008 - 1E-08 tuelrich conditions - enlarged
1E-09
1E-010 . . . . | smmmm 5w a-wn e ) CO;(s)
a 0.2 04 06 08 1 1E-105% 0.3 0.5 0.8 1.0
axial position [mm] Axial Position [mm]
M. Hartmann, et al.,, Combustion and Flame
157 (2010) 1771-1782
iC8H18
B 0048 . IsoC8H18
" 460602

. i

=
i, |

0.00E+00

0 1 2

COTOIIer oA Helerogeneys cololyss willin Openronn -:—:

32



]| Outline
POLIECNCO
u

Infroduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations

v Numerical methodology

v Simulation with detailed kinetics: stiff ODE solvers and ISAT

Validation and examples
v Annular reactor
CPO of CH, on plafinum 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)

AURNENEN

Extensions
v KMC (Kinetic Monte Carlo)

COTOIeROAN HiETeroaeneys calalysi wilin Opentont -:I:_:

\J| Tubular reactor with Raschig rings (I)

POLITECNICO
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0
ﬁ Operating condifions - 3D Unstructured Mesh: ~250,000 cells

Homogeneous reactors: 240,000
) Internal diameter lcm

Inlet mixture Heterogeneous reactors: 10,000
Total length 15cm
CH, mole fraction 0.100(-)
0, mole fraction 0.056 (-)

N, mole fraction 0.844 (-) CPU time per heterogeneous reactor: 0.75 ms

Temperature 873.15K
Residence time 0.15s

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -]:_:
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Rh(s) H(s) CO(s) CO2(s)
(0.37-1.0) (0.001-0.008) (0.-0.57) (0.-410%)

, , g , Gas-phase species (mole fractions)

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. Maesir et al., AIChE J., 2009 (0-0.10)  (0.-0.056)  (0.-0.054)  (0.-0.006)

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -:—:

\J| Tubular reactor with Raschig rings (lll)
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Adsorbed species at the catalyst surface

H(s)
0.85
fosa

“0.82
‘08
078

0.76

Inlet mixture

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM

34



Tubular reactor with Raschig rings (1V)

PO ©
|
Dynamics of the system
Rh(s) CH4 CO(s) 02 H(s) CO
B 9.574795 ?,056 006736 ?_00959‘
0.75 008 » -~ oA 0008
bos 10.06 - ‘ :0.004 :0.006
P ‘0,04 ! i ' £0.004
: F 0.2 (002 E ;
I0.25 joc2 | Ta joo02
0 8473e-6 0 0 0 0

ofheterogensovs catalic eacion in Openton -:I _:

Outline
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Infroduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®
framework

v Governing equations

v Numerical methodology

v Simulation with detailed kinetics: stiff ODE solvers and ISAT

Validation and examples
v Annular reactor
CPO of CH, on plafinum 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)

AN NN

Extensions
v KMC (Kinetic Monte Carlo)

What's next?
v Complex domains relevant fo industrial applications

35



Analysis of performances
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Investigated structures
Cylinders
Rings
Spheres

o 9o

Asingle | t [m2] N

Same catalytic area

Sphere 1.13x104 50
Ring 1.88x10* 30
Cylinder 1.57x104 36
36 cylinders 30 rings 50 spheres
Global kinetic scheme
POLITECNICO

MILANG 1863

Micro-kinetic model

stepl 0,4+ 2" & 20
step2 CyH, + e CyH,
step3 0"+ C,H; & C,H0" + *
step4 C,H 0" & C,H,0 + *

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 = Koveraii( PO2 )" ( PC2 H4)
A 9.85E5 1/(atm m?3s) ‘
Eatt 15 Kcal/mol _Eatt
m 0.65 koverau = Ae RT
n 0.71

36
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\I| Operating conditions

OPERATING CONDITIONS

C2Hq Molar 350%
Fraction
O, Molar Fraction 50%
CH, Molar Fraction 60.0 %
Pressure 15 atm
Temperature 432 - 550K
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

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM _

POLITECNICO

N Isothermal simulations: 432 K

MILANG 1863

C2HA
pee?
04
0.3
fo2
01
Q.6e-6

The behaviour
of the three
packed beds
is almost the
same

02
?‘0?62

0.06
[0.04
1002

2.13e-6

C2H4O
2102
02

o1

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM
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N Isothermal simulations: 550 K
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C2H4
4667
0.4
0.3
ng Spheres at high
0 temperature can
guarantee the
"‘ higher conversion

ultiscale modeling of heterogeneous catalytic reactors in OpenFOAM

POLITECNICO

\J| Isothermal simulations

MILANG 1863

C,H, Conversion vs Temperature

30
—o—Cylinder
2 y P
<y ~#-Sphere /
5 20 ~4—=Ring
Q15
[=4
o
g /
<10
5
O
5 =
0

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

Cylinders =~ 35% | 15.5%  250%
Spheres 3.6 % 16.7 % 27.0 %

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM
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\J| Extension to multiregion
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Multiregion Mesh: the
spheres have been
meshed with the same
level of refinement of the
bulk phase - conformal
mesh

T

?50

2600 Adiabatic simulations

E Need to have very fine meshes
500 close to the reactor walll

439.5

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -:—:

4| Outline
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v Introduction and motivation

v Development of the catalyticFOAM solver for the OpenFOAM®
framework
v Governing equations
v Numerical methodology
v Simulation with detailed kinetics: stiff ODE solvers and ISAT

v Validation and examples
v Annular reactor
CPO of CH, on plafinum 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)

ANENENEN

v Extensions
v KMC (Kinetic Monte Carlo)

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -:—:
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Extension to kinetic Monte Carlo

MILANG 1863

Length
m AN

100 —4 S. Matera, M. Maestri, A. Cuoci, K. Reuter,
ACS Catal., 2014

Reactor engineering CFD
and transport

‘|0-3 —

Interplay among the MK/kMC
10¢ — mical events
109 Electronic structure

Making and breaking
of chemical bonds

theory

. >

1015 10¢ 100 Time [s]

Wulieale modeing ofheterogensovs catalic eacton in Openfon -:I _:

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— B SL‘S"?;“V;‘;WS

Markov jump process description

d

Gt POCD=2 KOGYPY.0= 3 k(. x)P(x,1)
y y

v' Each site a has own enftry in x denofting its
adsorbate state x

v Simulate trajectories x(t) (kinetic Monte Carlo)

S. Matera, M. Maestri, A. Cuoci, K. Reuter, ACS Catal., 2014

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -] _:
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“Effective” bridging between the scales

POLITECNICO
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v' Continuum equations need boundary
conditions for the mass fluxes j© 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 onthe I 4, KMC (raw)
TOF =
Q
v kMC too expensive for direct coupling to the o 100
flow solver 3
0 ' .
v Run kMC beforehand and interpolate <~ 02k . kMe ('Imerpmimon)
(Modified Shepard)
. 0.005 0.5 50
Very efficient p,(CO) (atm)
Easily extendable to more complex
geomemes S. Matera and K. Reuter, Catal. Lett. 133, 156-159

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

Wulieale modeing ofheterogensovs catalic eacton in Openfon -:I _:

An example: The reactor STM (1)

POLITECNICO
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The Reactor STM

IS CO oxidation on Ru,O
: 3 Rate constants k(x,y) from DFT and
Q harmonic Transition State Theory
g & Model system
tlm - v" CO oxidation on RuO,(110)
® v 2 types of sites, bridge and cus

K. Reuter and M. Scheffler, Phys. Rev. B 73, 045433 (2006)
(a) z 2

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)

S. Matera, M. Maestri, A. Cuoci, K. Reuter, ACS Catal., 2014

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -] _:
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\J| An example: The reactor STM (II) o
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d=2mm

£
£
0
70
Operating conditions %‘(\6‘
T: 600 K
P: 1 atm . )
Inlet: CO + 02 (66%, 34% Vol) ‘Computational details
Inlet velocity: 5 cm/s ) 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

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -:I:_:

N An example: The reactor STM (lll) pm_lco

MILANG 1863

Steady-state results

e o
f065 0.075 co
josa 005 f.oo
jos3 e “0.65
062 0 'D‘M

lDb:!

0.62
o2 coz
i {582

foss P Strong
o2 - recirculations
0317866 0

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM
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Dynamic results

Operating conditions
T: 600 K
P: 1 atm
Inlet: CO + O2 (66%, 34% Vol)
Inlet velocity: 5 cm/s

Initial conditions:
CO + 02 (66%, 34% Vol)

[ele)
06 06 06 0.7
— e

0.62 0.66

An example: The reactor STM (1V)
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MILANG 1863

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

CO mole fraction
66%
‘
50% |
|
34%

18%

0 1 2 3 time [s]

CcOo2

004 008 0.1 0.
—

2
i

0 .2

o

eous catalyti

eactorsin OpenFOAM

T DN

|
20104 m

—

Original gauze
structure

2.006-03

Computational
domain

An example: the catalytic gauze (1)

POLITECNICO
MILANO 1863

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

Model system: CO oxidation on
Pd(100):

8 Pd(100)

1eous catalytic reactorsin OpenFOAM

BT NN
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An example: the catalytic gauze (ll)

POLITECNICO
MILANG 1863

U Magnitude (m/s)
8 12 16

= ! !
02

0.004
- T
0 0.017

co2
0008 0012 0016
| |

CcO
0003 0005 0.007

noorheteregeneous calalic eacion n OpenfoRy -:I _:

Multiscale mod

An example: the catalytic gauze (lll)
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U Magnitude (m/s)
4 8 1216

| ! !
02

02
0.026 0028

CO co2
0003 0005 0.007 0004 0008 0012 0016
| P | |

0017

DFf mmmss) MC =) CFD

1eous catalytic reactors in OpenFOAM

BT NN
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Infroduction and motivation

Development of the catalyticFOAM solver for the OpenFOAM®

framework
v Governing equations
v Numerical methodology
v Simulation with detailed kinetics: stiff ODE solvers and ISAT

Validation and examples
v Annular reactor
CPO of CH, on plafinum 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)

AURNENEN

Extensions
v KMC (Kinetic Monte Carlo)

Multiscale modeling of hetel

gencovscalaiEeacion n Grenfont -:I _:

Overall HPC peformances
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100
N = -Linear scaling

o . ——superMUC

© -

a ——@Galileo

7]

0

5

$ 10

£

Q. D

3 a

° Tests on Galileo are in progress. ™

(7] .

2 So far (gray line), we have found %
out very similar scaling behavior \
as with superMUC.

1
1500 15000

Cells/cpu (log scale)

Packed-bed of spheres - 2 Mio Cells

Multiscale modeling of heterogeneous catalytic reactors in OpenFOAM -:I _:
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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., Cuaci, 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., Gentile, G., Rebughini, S., Bracconi, M., Manelli, F, Lipp, S., Cuoci, A., Maestri, M., A multiregion
operator-splitting CFD approach for coupling microkinetic modeling with internal porous transport in
heterogeneous catalytic reactors, Chemical Engineering Journal, 283, pp. 1392-1404 (2016) DOI:
10.1016/j.cej.2015.08.080

Rebughini, S., Cuoci, A., Maestri, M., Hierarchical analysis of the gas-to-particle heat and mass transfer in micro
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