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*Highlights

Highlights:

- We describe the implementation of a CFD model for the simulation of
reacting flows through catalyzed porous substrates.

- We validate the model on the basis of previous experimental works
available in the literature.

- The numerical model has been applied to investigate the physical
phenomena occurring at the micro-scale of open-cell foams.

- Light-off curve for CO combustion was computed in case of foam-type
reactor under different operating conditions.
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Abstract

Open cell foams are regarded with interest for applicatemsatalytic substrates for combustion, reformers and
after-treatment converters for the pollutant emissiomgrod In this context, CFD represents a reliable and coieren
tool for investigating and understanding the physical jineena occurring at the micro-scale, in order to design and
optimize these substrates. A CFD model for the simulatiothefcatalytic reactions occurring over the surface of
open-cell foams is implemented and validated. The apprizaafised on a coupled finite-volumgnite-area strategy
capable to describe the fluid-dynamic and the chemical phena occurring in both the fluid phase and solid phases.
The adsorptiofdesorption of the reactants on the active sites and thecguréaction is modeled on the basis of a
Langmuir-Hinshelwood mechanism. The model is able to desc¢he reactants conversion under both kinetics and
diffusion control, allowing to predict the lightfacurve characterizing the catalyst-coated foam substrate.

Keywords: open-cell foams, CFD, mass-transfer, surface reactioalsjriccell

1. Introduction activity per unit volume. Some previous works [5, 6, 7]
compared the performances of open-cell foams and
) > A . standard honeycombs substrates for automotive appli-
mtercpnnec'ged solid struts which form multiple pseudo- cations, pointing out that foams have promising strength
spherical void spaces. These spaces, named geffs,  gints. These are basically related to the enhancement
resent pores and are connected with each other by of the flow mixing and, therefore, of the mass-transfer
means of windows, which allow the passage of the ,gnerties, which allows to reach the same reactants
fluid through the structure. Foams can be made of dif- oersion with only a fraction of the catalytic surface
ferent materials, metallic or ceramic, and are charac- j¢ compared to honeycombs. This primarily means an
terized by light-weight, high specific surfaces and high 54yantage in terms of a lower amount of noble metal to
permeability to the fluid flow. These properties make e |9aded on the surface, which determines a reduction
foams suitable for a wide range of engineering appli- f the cost of the device. Furthermore, better perfor-
cations, including: structural applications, mechanical ,5nces are observed also in terms of a reduction of the

energy absorbers, filtering devices and pneumatic si- 5iin hetween pressure drop and reactant conversion.
lencers. With specific regard to the energy field, open-

cell foams have attracted interest for heat transfer appli- ~From a literature survey, it results that the properties
cations, e.g for the design of compact heat exchangersof foams have been experimentally investigated in sev-
[1], or as catalytic substrates for combustion devices [2], eral works and correlations for the pressure di®gB38]

fuel reforming systems and after-treatment converters , heat-transfer [5, 9] and mass-transfer have been pro-
for the pollutant emissions control [3, 4]. For these ap- posed [10, 11]. Along with experimental investiga-
plications, the adoption of open-cell foams seems to be tions, CFD approaches have been applied in order to
particularly convenient, since the tortuous flow path in- enhance the understanding of the physical phenomena
duced by their micro-structural geometry results in high occurring at the micro-scale. In particular, DNS sim-
ulations have been adopted in order to characterize the
flow regimes inside ideal foam structures, describing the
transition from the laminar to the fully-turbulent regime

Open-cell foams are cellular materials consisting of

*Corresponding author
Email addressaugusto.dellatorre@polimi.it (A. Della

Torre ) [12]. Moreover, RANS simulations have been shown to
Iphone:+39 0223998631 be reliable tools for investigating théfects of geomet-
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rical parameters of the foam micro-structure (cell size, microkinetic model is mandatory when the purpose of
porosity) on its permeability[12, 13] , heat-transfer  the analysis is the evaluation of the influence of the cat-
[14, 15, 16] , mass-transfer [17] and chemical conver- alyst composition on the surface reactivity. On the other
sion [18] properties. With regards to the CFD modeling hand, when the characterization of the surface reactivity
of the reactions occurring over the catalytic surface of is already available (e.g. by means of experimental mea-
foam substrates, previous works focused on the char-surements), simplified reaction models can be applied,
acterization of species mass-transfer towards the activewith a significant reduction of the computationdiost.
surface under the hypothesis offdsion limited pro- These models (e.g. Languimir-Hinshelwood) describe
cess. This assumption implies that the catalytic reac- the macroscopic functionality of the catalyst on the ba-
tions are infinitely fast, so that the reactants are instan- sis of the surface conditions in terms of temperature,
taneously converted into products as soon as they reachpressure and composition, without the need of solv-
the surface. However, the chemical kinetics depend on ing the detailed micro-kinetic equations governing the
the catalyst temperature according to an Arrhenius-like conversion mechanism. This approach is particularly
relation, therefore the assumption of infinitely fast reac- convenient when the focus of the analysis is the study
tion is realistic only when the temperature itstiently of the performances of a particular catalyzed substrate,
high. On the other hand, at low temperature, the con- in order to investigate theffects of diferent operating
version is limited by the chemical kinetics and suitable conditions angbr geometrical parameters. According
reaction models need to be introduced. In particular, to this purpose, the detailed insight into the chemical
this becomes mandatory when the liglif-conversion process provided by a micro-microkinetic model can be
properties of the substrate should be evaluated, as forconsidered unnecessary, not justifying the related addi-
the case of after-treatment systems developed for auto-tional computational burden.
motive applications, for which the pollutant abatement  This second approach has been followed in this work
during the cold start phase is a crucial aspect. In this to develop a CFD model for the study of the perfor-
scenario, the micro-scale CFD simulation of the reac- mances of open-cell foam substrates, taking into ac-
tive flow inside of the substrate can provide a deeper un- count the dependency of the surface reactivity on the
derstanding of the conversion mechanism, giving use- temperature, in order to describe the substrate behav-
ful information for the optimization of the morphologi- ior during the light-&f. The model has been proved to
cal and geometrical parameters of the coated substratebe able to describe the conversion under both kinetic-
Moreover, it can be regarded as a support tool for the controlled and dfusion-controlled regimes. The pa-
development of macro-scale simplified numerical mod- rameters of the model were chosen on the basis of the
els, based on 0D or 1D approaches [19, 20], which can values experimentally determined in the literature for
be employed for the simulation and the optimization of similar catalyst. The validation of the implemented
catalytic devices. CFD framework was addressed by comparing the re-
The modeling of the chemical reactions occurring sults of the simulations with experimental data. In par-
on a generic catalytic surface can be addressed follow- ticular, comparisons were made simulating at first a sin-
ing different approaches, characterized by an increas-gle channel of a plate-type reactor and then considering
ing level of detail and computationaftfert. The most  a more complex foam-type reactor for which the light-
accurate approach is based on the adoption of detailedoff curve was calculated underfidirent operating con-
micro-microkinetic models for the description of the el- ditions.
ementary reaction steps occurring on the catalyst sur-
face [21, 22]. The coupling of the detailed heteroge-
neous micro-microkinetic model to the CFD is a partic- 2. CFD model
ularly challenging task, due to thefétiess and the high
non-linearities of the equations. Among all the meth-  The CFD model developed in this work is based
ods which can be adopted for the coupling, the most on the open-source finite volume code OpenFGAM
attractive alternatives are the fully-coupled algorithms [26, 27]. This was extended by means of the imple-
[23] and the segregated algorithms based on operator-mentation of a specific library for the simulation of cat-
splitting methods [24]. The latter approach is partic- alytic surface reactions. In particular, the structure of
ularly eficient, since it reduces the size of the system the model consists of two main cores: a) a finite volume
of equations to be solved resulting in a lower compu- (FV) solver, which describes the fluid-dynamic and the
tational dfort compared to fully-coupled algorithm, as chemistry phenomena occurring in the fluid phase and
pointed out in [25]. The adoption of a detailed micro- b) a finite area (FA) solver which describes the phenom-

2
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ena related to the catalytic species conversion occurringas a consequence of the reactions, heat is released and

on the washcoat surface. accumulated in the substrate and transferred to the fluid
phase. In order to take into account these phenomena,
2.1. FV solver the FA solver is based on thredigrent submodels: a)

The FV model is based on the solution of the con- diffusion model, b) reaction model and c) heat-transfer

servation equations of mass, momentum, energy andmodel. _
The difusion model describes the mass transfer be-

species:
P tween the fluid and the washcoat surface. For each
® mass: P species, the diusive flux has been modeled on the basis
£ +V-(pU)=0 (1) of the Fick’s law, leading to:
e momentum: 3= M_@_Cf,i —Cui 5)
Y L. (pUU) = pg-V(p+ 2uv - U N
ot tV UV =pg-V(p+ Uy where AL is the mesh size an®; is the djffusion
LV, ['u (VU N VUT)] @ cogficient for one component in a mixture, given by:
1-G
e energy: Di= e D(:7, (6)
ape - - -I.] -
S TV (el) =pgu -V (pU) The binary gas diusion codficient®; ; is calculated by
2 means of the Chapman-Enskog equation:
.
=V [Su(V-U)U[+ V- [u(VU+ VUT) U]
3 05
. Tl.S(Mi + Mi)
+ V- (AVT) +pQ+ 0 (©) D, =185-10%—— 1 @
e species: p( 2 ) o
apY, . where Qp is the collision integral, evaluated on the
5t TV Yil) = -V (0DiVY) + pR+ Ty basis of the Lennard-Jones potentiad)( and o is
(4) the Lennard-Jones collision diametgR9] . The

washcoat model adopted in this work is based on a

The set of equations is then closed by the perfect gas zero-dimensional approximation, assuming the react-
equation of state. The thermal properties of the multi- jng |ayer thickness as infinitely small and neglecting the
component mixture are determined on the basis of the yariation of the species mass fractions along the direc-
JANAF tables. A Sutherland model is applied for the tjon normal to the fluid-solid interface. However, in or-
calculation of the transport properties, in order to take der to describe theffects of the species lision into
into account the dependency of viscosity on the gas tem- the washcoat, this computational framework can be ex-
perature. The massfllisivity is modeled under the as-  tended by means of the implementation of additional
Sumption of Schmidt number equal to 1 in order to re- modelS, based on both zero- or one-dimensional as-
duce the computational burden. However, this assump- symption, which can be found in the literature [30, 31].
tion is removed for the calculation of the species dif-
fusion codficient in the near-wall region by means of  The reaction submodel describes the species conver-
the FA solver. With regard to the gas phase chemistry sion occurring on the catalytic surface. In order to ac-
modeling, an Arrhenius-type expression is adopted to count for the competition of the chemical species on the
determine the reaction rates. active sites, the Langmuir-Hinshelwood theory has been

The FV solver is coupled to the FA solver by means adopted. For a generic reaction:
of the source term® " and i)’jtifﬁw, which take into @A+ B — yC + 6D, ®)
account the energy and species transfer occurring be-
tween the boundary cells and the washcoat surface. the reaction rate can be expressed as follows:

Y g
2.2. FA solver =k C3ACse [1_ CSZCSD ) ©)
. . . ’ G; @
The conversion of reactants into products involves ' CaCeKp(T)
their convective mass-transfer towards the catalytic sur- The termG; is the inhibition factor, which takes into

face of the washcoat, as well as adsorption of reactantsaccount the impact on the overall kinetics of the adsorp-
and desorption of products at the active sites. Moreover, tion and desorption of reactants and products on the ac-

3
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tive sites. This term is directly proportional to the con- of the reactants can be approximated by the gas phase
centration of the reactants involved in the reactions: concentration itself. Therefore, the species conversion

fow . . .
in Eg. 4 is evaluated by limiting the
Gi = (1 + Ka1Csa + ka2Csp)? (10) q Yy g

source ternii;

reaction rate expressed by the Langmuir-Hinshelwood
The termsk,; andka; are Arrhenius type kinetic con- ~ €Xpression (Eq.. 9) on the basis of the reactans-di
stants which regulate the reaction and the adsorption Sion flux (Eq. 5):
mechanisms: A{

fow _ Yy, it Ji> 3 ar
Er,i ) %i - V

) (16)
Ji if Ji <Zjai,jrj

ki = Arj exp( (11)

&)
o In this way, at low temperature, when the washcoat

Kai = Aai EXp(_R_TW) : (12) temperatureT,, is lower than the ligh-fi temperature,

the species conversion is limited by the reaction kinet-

The heat-transfer submodel calculates the heat ex-iCS; conversely, at high temperature, thffidion of the
changed between the washcoat surface and the fluid.reactants represents the limiting factor.

The heat flux is determined as: In order to guarantee the stability of the solution pro-
A cedure, a specific numerical treatment has been adopted
Qv = hs (Tr=Ta). (13) for the coupling of the FV and FA solver. In particu-
lar, the source terms of energyl ¥ and specieﬁ%f"‘”
where the convective c@icienth is equal toks /AL in are included in Egns. 3 - 4 by means of a semi-implicit

the laminar case or it is calculated from the turbulent approach. Considering the generic system describing a
Prandtl as )/ (ALPr;) in case of turbulent boundary  transport equation:
layers. Ax=b, 17)

On the basis of these submodels, a possible approachhe generic source teris split into two contributions,
for the simulation of the phenomena occurring on the expliciting the linear dependency with respeckto
washcoat is to solve the balance equations for both the
species mass and the energy, taking into account their S=Sx+%, (18)

eventual accumulation: whereS, is a diagonal matrix. Therefore, the source

oMy, term can be included in the original system as:
—=J -, (14)
) ";t A-S)x=b+S,. (19)
T QI s . o
ot Since a part of the source term is included in the diag-

These are two ordinary tierential equations which  onal of the cosficient matrix, and therefore is treated
can be solved by means of suitable algorithms (e.g. implicitly, the stability of the solution algorithm is in-
Runge-Kutta) in order to get, at each ﬂwg\;vdynamm creased, allowing to perform the CFD simulation in
time-step, the values of the source terf§ ™" and presence of chemical reactions with both transient and
Q'Y included in the equations 3 and 4 solved by the steady-state approaches.

FV solver. However, this solution approach has some

limitations when the purpose of the simulation is to in-

vestigate steady-state regime condition. As a matter of 3. Numerical smulations

fact, since it requires a time discretization in order to

evolve the solution, it cannot be coupled to the standard The CFD model has been validated resorting to two
pressure-based FV solvers based on the SIMPLE algo-different experimental configurations. The first (Figure
rithm [28]. In this case, Eqns. 14 and 15 should be 1)is a metallic plate-type reactor [33], consisting of four
solved implicitly with an iterative procedure. However, = gjaps assembled with spacers in order to form three par-

LT‘ order t(quke(;ap the %ompﬁtati%nﬂcqt IO"l"' an atlt%rna- he &llel rectangular channels (wich46 mm, length= 200
Ve Simpiified procedure nas been implemented on the mm). In order to reduce the computational cost of the

basis of the Baruah's theory [32]. The main assumption CFD simulation, some reasonable assumptions were in-

is that when the global kinetics becomes controlled by duced ol ale ch | idered
the mass transfer process, all the reactarffssing into  troduced. In particular, a single channel was considere

the washcoat are supposed to react on the active sitetd @ 2D approximation was adopted. The computa-
and consequently their concentration in the solid phase tional mesh was refined near the walls (Figure 2), in
can be considered small. This means that the concentra-order to accurately resolve the velocity profile and the
tion gradient between the gas phase and the solid phasenass transfer occurring at the boundary layer region.

4
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Figure 1: Schematic of the plate-type reactor configurationr slabs Figure 2: 2D mesh of a single channel of the plate-type readtoe
are assembled to form three parallel rectangular channamgle 2D zoom shows the details of the mesh in the boundary layer region
channel, located on the middle plane (highlighted in red} eansid-

ered in the simulations.

Figure 3: Schematic of a single Kelvin-cell, highlightingetimain Figure 4: Computational mesh for the foam-type reactor cordiipu.
characteristic dimension of the structure. The zoom shows the details of the mesh in the boundary lay&nreg

The second validation case consists of a set of open- Steady-state simulations were run for both the two
cell foam samples havingftiérent properties interms of ~ configurations adopting the SIMPLE (Semi-Implicit
pore density and porosity. The properties of these foams Method for Pressure Linked Equations) algorithm [28].
[10] are listed in Table 1. The foam micro-structural At the outlet section a Dirichlet boundary condition has
geometry is approximated as a Kelvin-cell structure, as been assigned to the pressure field, whereas Neumann-
shown in Figure 3. The main geometrical parameters type boundary condition has been used for the veloc-
of the Kelvin-cell structure have been chosen in such a ity, temperature and species mass-fraction fields. At
way to match the porosity and the specific surface of the the inlet Neumann condition has been imposed for the
samples. Five Kelvin-cells were grouped together along pressure field, while mass flow, temperature and species
the axial direction in order to reconstruct a foam sample mass-fraction were uniformly assigned with a specific
having a length of énm value. Symmetry boundary conditions were applied on
the lateral faces of the Kelvin-cell structure domain.
The temperature distribution inside the catalyst sub-
strate (plates or foam) was assumed to be isothermal
(i.e. the thermal conductivity of the substrate ighisu
ciently high to guarantee arfiegient heat removal from
the reacting zones), therefore a fixed temperature has
been imposed on the catalytic surface.

The computational mesh has been generated with the
snappyHexMesh utility included in OpenFOAM. This
is a fully-automatic cartesian mesh generator based on
the octree concept and it creates a high quality mesh
which is predominantely hexaedral, with a small per-
centage of tetrahedyablyhedral cells concentrated in
the near-wall region. As shown in Figure 4, boundary
layer has been added near the walls, in order to allow
a better discretization of the species concentration and
temperature gradients close to the washcoat surface.

5

Page 6 of 13



Table 1: Properties of the foams withfiirent pore density and porosity.

Foam Kelvin cell model
Sample | Porosity [[]  Cell density [ppi] Sv[m?/m’] de[m] ds[m]
A 0.945 59 6653 3.16-10°3 3.04-10*
B 0.927 54 7036 3.36-10°3 3.77-10*
C 0.938 115 14451 1.53.10°3 157-10*
D 0.937 128 15433 144.10°3 149.10*
E 0.932 150 18274 1.26-10°° 1.36-10*
4. Kinetic parameters 5. Resultsand discussion

In this study the catalytic combustion of COwas con-  The validation of the implemented CFD models was
sidered: performed in three steps, comparing the simulation re-
2CO+ O, — 2CO,. (20) sults with the available experimental data. At first, the
plate-type reactor was simulated, in order to predict the
For both the plate-type and the foam reactors, the cat- co conversion in a condition in which the chemical re-
alytic washcoat consists of palladium oxide supported action represents the bottleneck of the process. Once
ony-alumina. In case of plate-type reactor, the specific the reaction submodel was validated on this simple test
loading ofy —Al,Os was 69 mg/cn, resultinginanav-  case, direrent foam reactors were considered and sim-
erage washcoat thickness of@@. On the other hand,  yjations were performed at higher temperature levels,
in case of foams, the loading was around 2mg/cn? where the conversion process is limited by thuiion
determining an average coating thickness of:1 In of the reactants from the gas phase to the washcoat. Fi-
both cases, the percentage of catalyst was estimated agga|ly, the calculation of the entire lightfocurve was
3% (ww) palladium overy-alumina. Further details  addressed, in order to verify the capability of the model
about the properties of the catalytic layer and the proce- tg predict both the conversion limitation given by the
dure adopted for its deposition can be found in [34, 35]. chemical kinetics at low temperature and by the mass-
The performance of the catalytic washcoat in terms of gjgusjon at high temperature.
molar rate of species conversion with respectto the cat- oy the case of the plate-type reactor, simulations
alytic surface was experimentally investigated in [34], \were run considering two CO feed concentrations
proposing the following rate equation in case of CO ox- (Yeo = 3.5% andYco = 8.7%) and two feed flow rates

idation: » (Q = 500Nce/min and Q = 1000Ncg/min). Under
B pcopo/2 mol 21 these conditions, as verified in a previous experimental
r= (1 + Kapco)? mes| - (21) study [33], the conversion of reactants into products is

completely governed by the chemical kinetics, without
In this expression the Arrenius-type temperature depen- any limitation related to the ffusion of species to the
dency of the kinetic cd@cients is parametrised on the  catalytic surface. Moreover, since the plate-type reactor
basis of four constant estimates, determined by meanshas been proved to guarantee a good heat removal, in the

of non-linear regression on measured data: simulations an isothermal condition has been adopted
for the catalyst surface.
k= exp[O.GS— 4'13(1000_ 1000) . (22) In Figure 5 the light-& curve for the case at lower
Tw 473 flow rate is reported, showing a good agreement with
1000 1000 the experimental data. The model is able to correctly
ka = exp 4'44+4'79( T, 473 )] - (23 describe the translation of the curve towards higher

temperature levels when the CO feed concentration in-
The kinetic parameters adopted in the CFD simulation creases, as a consequence of the higher importance of
were determined on the basis of this equation, in order the inhibition term in Eqn. 10, which determines a re-
to fit the Langmuir-Hinshelwood model (Eq. 9) to the duction of the reaction rate. In a similar way, Figure 6
experimental rate expression over the temperature rangeshows an increase of the lighttdemperature with the
of interest. In particular, the following values for the flow rate: this is related to the fact that, increasing the
constants included in Eqns. 11 and 12 were adopted: reactants flow rate, a higher reaction rate is needed to
A =50-10°, E;,/R = 11700,A, = 65, E,/R = 961. obtain the same conversion. Moreover, in this condi-
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Figure 5: Plate-type reactor: CO conversion for a inlet féed rate Figure 6: Plate-type reactor: CO conversion for a inlet COnfiees-
Q = 500Ncc¢/min. tion Yco = 8.7%.
473 K | CcO
469 K e — e ] %008673
465 K m— E— e ] I
-0.06
461 K H——— )
-0.04
448 K
:0.02
i @ | E

Figure 7: Plate-type reactor: CO field inside the channehfimlet CO mass fractiolco = 8.7% and a feed flow rat§® = 500N cc/min.

tion, also the CO concentration on the catalytic surface variation of the species composition becomes negligible
becomes higher, increasing the value of the inhibition [39].
factorG; and determining a further reduction of the cat- _
alytic activity. For temperatures higher than the ligiit-o As a further step of the validation, a set of foam-
one, a full CO conversion is observed for all the oper- pre reactiors was considered [10]. In order to ch_eck
ating conditions considered, due to the low velocity of if the KeI'vm cell model adopted for'the reconstryctlon
the stream flowing in the reactdd (= 0.05 ~ 0.1 m/s). of _the m|cro_-str_ucfcure was appropriate to describe the
In Figure 7 the CO mass fraction field in the channel fde-dyn_amlcs inside the foams, pressure drop was cal-
for the case o = 500Ncg/minandY = 8.7% is re- culated in case of a cold non-reacting flow. The com-
ported for diterent temperatures. It can be seen that at parison with the expenmentql measurements is reported
the lowest temperature, which is below the liglitane, In Figure 3.""”0' shows a sat|sfactor)_/ agreement' for low
the conversion is negligible; increasing the temperature ﬂQW velocities (_up t(_) 3n/s), whereas it can be not|ce_d a
the conversion becomes significant and full conversion slight unde_zr_esnmatlon of th? pressure drqp at the higher
is achieved around 463K. Then, at higher temperatures,fIOW vglocmes. -However, since t.he reactive tests were
since the reaction is very fast and néfdsion limitation run W'th.a maximum flow .velocny Iowe.r thanrdys,
occurs, the CO conversion is completed after a certain the Kelvin (?ell approximation was cons[dered accept-
distance from the inlet: in this condition just a portion of able according to the scope of t'h|s analy'5|s'. Onthe other
the channel participates to the catalytic reactidore- hand, _the gnderest_lma_tlon at high velocity is related to a
over, it can be noticed that, as a consequence of the verylower inertial con_tr|but|on to the pressure drop (_Forch-
low Reynolds number (Re 8), the djfusive transport heimer term), which can be exp_lamed with théfeient
in the radial direction is so dominant that the radial morphology of the Kelvin cell with respect to the actual
foam micro-structure. In particular, this can be related

7
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Figure 8: Foam-type reactor: pressure drop féfiedent foam samples. Figure 9: Foam-type reactor: mass-transferfitcoients for diferent
foam samples.
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g.OAéO

10,0400
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Figure 10: Foam-type reactor, sample E: CO field for an inlet C@snfimctionYco = 4.6% and a feed flow rat® = 3000Ncc¢/min. Field is
shown on a plane located at the boundary of the doméafsgbofd./2 with respect to the center of the Kelvin cell).

to a slight anisotropy of the considered foams and to the ted versus the feed flow rate forfiirent foam samples.
higher tortuosity of the real micro-structures [36, 37], The agreement with the experimental data can be re-
which cannot be described by the standard Kelvin cell garded as good. The CFD simulations capture the in-
approximation adopted in this study. A further rea- crease of the mass-transfer fic@ent when foams hav-
son for the underestimation of the pressure drop can be ing small pore size are considered and correctly predict
identified in the variability of the pore size of the real the dependency &, on the mass flow rate.
foam, as described in [38]: this means that, for a cer-  The Jight-of curve was calculated for the sample E,
tain porosity and specific surface, a higher pore size ¢onsidering dierent flow rates@ = 3000Nc¢/minand
variation determines a reduction of the permeability. Q = 6000Nce/min) and CO concentration¥éo = 3%

Once the validity of the geometric reconstruction anqy., = 50%). Figure 10 shows the CO mass frac-
was proved, reactive S|m_u_lat|ons were run considering tion field inside the foam foQ = 6000Ncc/min and
diffusion-controlled conditions. Mass-transfer fibe Yoo = 5% iderina three fierent t 1 At
cientsky, were estimated from the CO conversipas: co 0 considering three derent temperatures..

the lowest one (473 K) the conversion is negligible,

Ky = _In@-mn) (24) since the light-& of the mixture is not yet occurred.
SWiQ Then, for a certain range of temperature higher than the
In Figure 9 the mass-transfer ¢beientsk,, are plot- light-off one, the CO conversion increases proportion-
8
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Figure 11: Foam-type reactor, sample E: CO conversion for let in ~ Figure 12: Foam-type reactor, sample E: CO conversion for ket in
feed flow rateQ = 3000Ncc/min. feed flow rateQ = 6000N cc/min.

ally to the reaction rate: an example of CO field in this mine the actual temperature distribution of the surface.
condition is reported for ¥573K. Finally, the limita- In this case the substrate solid matrix, along with the
tion represented by the speciestaion becomes the  enclosing duct, should be modeled and a more sophis-
bottleneck of the conversion process when the reaction ticated conjugate heat-transfer approach should be em-
rate becomes very high: as shown fee7173 K, under ployed.

this condition the CO field exhibits significant gradients
in the direction of the foam surface, which are respon-
sible for its mass transfer towards the reaction region.
It can be seen in Figures 11 and 12 that CFD simula-
tions give a reasonable prediction of the liglif-curve,
describing the transition from a kinetic-controlled to a
diffusion-controlled process.

It can be observed that the lightfdemperature in
case of the foam substrate is higher than the one in the
case of plate-type reactor. This behavior can be ex-
plained considering that the velocity of the flow in the
first case U = 1 ~ 5m/s) is one order of magnitude
higher than the second ond (= 0.01 ~ 0.1m/s) and
therefore, a higher temperature is needed to establish a

The CO conversion at high temperature is correctly reac.tlon rate .sf.ﬂiment to give an appreciable CO con-
predicted, while an overestimation of the light-tem- version. Additionally, as a rt_asult of the Iower_ conver-
perature with respect to the measurements can be ob->'°" also the CO concentration on the catalyt_lc s_u_rface
served, in particular for the lower CO concentration. INCreases, rgsultmg in a higher value Of. the inhibition
This can be explained considering the assumption, madefaCtorGi , which further reduces the reaction rate.
in the simulations, of uniform temperature distribution Moreover, it can be seen that, at the liglfi-tem-
on the foam catalyst surface. Actually, this assumption perature, when the conversion is reaching its maxi-
does not describe accurately the experimental condition mum value, the curve exhibits a smooth transition from
under which measurements were performed. As a mat-kinetic- to difusion-controlled CO conversion. As a
ter of fact, on the contrary of the plate-type reactor con- matter of fact, the present model does not include a
figuration, the foam-type one does not allow &icéent pore-ditusion sub-model, therefore a sharp transition
removal of the heat from the catalytic surface. There- should be expected in this region. However, in this case
fore, the temperature of the catalyst is expected to be the explanation for the smoothness of the curve can be
higher than the temperature measured in the front of related to the entrancefects which occur at the foam
the foam, where the thermocouple is located. For this front. As shown in Figure 13, the CO gradient in the first
reason, the computed lighti@urve is shifted towards  cell is more significant than in the downstream ones:
higher temperatures, if compared to the measured one.this is due to the dierent morphology of the foam front
In order to provide a better prediction of the light-o  and to the fact that no recirculati@tagnation zone are
temperature, the thermal balance for the entire catalystpresent. This means that also the specific CO conver-
substrate should be considered, in such a way to deter-sion in the first cell results to be higher compared to

9

Page 10 of 13



what happens downstream. The mafifeet is that, for The modeling of the heterogeneous catalytic reactions
temperatures slightly higher than the light-one, the was addressed with a simplified approach based on the
CO concentration is abated in the first cell more than Langmuir-Hinshelwood reaction model, able to predict
it would be expected if one of the following cell were the reaction rate on the basis of the surface conditions in
considered. As a result, the CO concentration down- terms of temperature, pressure and composition. More-
stream the first cell is reduced to a level at which, for over, a steady-state algorithm was implemented under
the temperature considered, the reaction rate decreaseshe assumption of negligible accumulation of reactants
according to Egn. 9, and the process returns to be ki- over the surface, in order to further reduce the compu-
netically limited in the following cells. This gfect can tational dfort required by the model, making it suitable
be also described on the basis of the Damkohler num- for extensive simulation campaigns, which can involve
ber, evaluated as the ratio between the reaction rate and the comparison of several substrates undgedint op-

the djfusion rate. The Da number calculated on the
first Kelvin cell is around 1 for the temperature at which
the light-gf curve exhibits the transition to gliision-

controlled regime. On the other hand, for the same
temperature, the Da number calculated for the down-

erating conditions. The model was firstly validated for
the case of the oxidation of CO in a simple plate-type
reactor under kinetically-controlled conditions, obtain
ing a satisfactory agreement between calculations and
experiments. Then, the case of a reactor constituted by

stream cells is below 1, because the flow developmenta foam substrate was considered and the full light-o
makes the CO gradients less significant. Therefore, in curve was computed. In both the cases, the values of
the second Kelvin cell, the conversion returns to be con- the constants adopted in the Langmuir-Hinshelwood re-
trolled by kinetics and, due to the lower CO concen- action model were chosen a-priori on the basis of an
tration with respect to the first cell, the CO conversion experimental rate equation already published in a pre-
rate decreases. For that reason, the transition to the vious work. The agreement with experimental data is
diffusion-controlled CO conversion on the whole cat- regarded as encouraging and compatible with the sim-
alytic surface occurs gradually and is completed at a plifications introduced in the model. In particular, the
temperature which is slightly higher than the lighf-o  slight overestimation of the computed lighfFourve is
consistent with the assumption of uniform temperature
of the solid matrix, which is actually not realistic for

one.

%406 this specific case. In order to remove this assumption,
E—bm a more sophisticated conjugate heat-transfer model is
0.03 needed, in such a way to solve for the thermal balance
.02 of the solid foam matrix and determine the actual tem-

001 perature distribution of the surface.

0.002 The proposed approach requires experimental reac-

tion parameters to be available for the catalytic wash-
coat of interest. Thus, it is appropriate when the target
of the investigation is the geometrical properties or op-
erating conditions of the reactor, considering that the
adoption of a detailed micro-kinetics model is computa-
tionally too expensive and is not justified according to
the scope of the simulation. On the other hand, it cannot
be applied for predicting theffects of the catalyst com-
position and loading and, at the present state, needs to
This paper describes the development of a CFD be extended in order to consider theets of intra-pore
model for the simulation of catalytic surface reactions, washcoat dfusion.
with specific focus on the study of the conversion per-
formgnces of open-cell foam substrates. The model Acknowledgments
was implemented on the basis of the open-source code
OpenFOAM: a novel finite area solver was coupled to  The authors gratefully acknowledge financial support
the standard finite volume solver in order to describe from the Italian Ministry of Education, University and
the conversion process, taking into account théuei Research, Rome (MIUR, Progetti di Ricerca Scientifica
sion of the reactants from the bulk to the washcoat di Rilevante Interesse Nazionale, prot. 2010XFT2BB),
and the catalytic reactions occurring on the surface. within the project IFOAMS: Intensification of Catalytic
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Figure 13: Foam-type reactor, sample E: CO iso-surfaces forlein
CO mass fractiofYco = 4.6%, feed flow rat&) = 3000Ncc/minand
temperaturd = 620K.

6. Conclusions
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