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Abstract—An SCR catalyst is used as an example to investigate the effects of the washcoat diffusion limitation on the
performance of monolith reactors. One-dimensional model and three-dimensional CFD model with and without
washcoat diffusion limitation were established. The washcoat diffusion was modeled by using an effective diffusivity in
the washcoat region (CFD modeling) and the internal mass transfer coefficient between the interface and the interior
of the washcoat (One-dimensional modeling). The results show that numerical models with washcoat diffusion limita-
tion give more accurate NO concentration prediction than the numerical models without washcoat diffusion limita-
tion. Using the ratios of internal mass transfer resistance and reaction resistance to estimate the washcoat diffusion
limitation, the correlation between the temperature and the washcoat limitation is discussed. Detailed comparisons of

the 1-D model and CFD model are conducted.
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INTRODUCTION

Catalytic monolith reactors are widely used in many engineer-
ing applications including selective catalytic reduction (SCR) reac-
tors, three-way catalytic converter, steam reformation of hydrocarbons
and catalytic combustion. A catalytic monolithic reactor with a
honeycomb structure is comprised of numerous parallel channels
[1]. A honeycomb shaped structure provides a catalytic reactor
with both low pressure drops and high geometric surface areas per
unit volume [2]. The channels of monolithic reactors are coated
with a thin, microporous washcoat on the inner walls. As gaseous
species flow through the channel, the species involved in the cata-
lytic reactions diffuse into the washcoat and are adsorbed on the
particles distributed in the washcoat. The reactions occur on the
particles and the products undergo a desorption process and then
diffuse back into the gaseous flow. Due to the complexity of the
chemical and physical process, experimental tests alone cannot
provide detailed information of the catalytic process and they are
expensive and time-consuming. As a method to guide the optimi-
zation of catalytic monolithic reactors, numerical modeling be-
comes increasingly useful.

Various numerical models have been developed which can be
categorized as one-dimensional (1-D) modeling, two-dimensional
(2-D) modeling and three-dimensional (3-D) modeling. 1-D mod-
els use the concept of mass and heat transfer coefficient to sim-
plify the complex mass and heat transport in monolith reactors. A
number of studies on 1-D modeling have been conducted to study
the mass transfer in monolith reactors [3-10]. 2-D and 3-D models
are modeled using the Navier-Stokes equations coupled with the
species diftusion equations, the reaction-diffusion balance equations
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and energy conservation equations, which can reveal detailed flow
field information and transport phenomena within channels. How-
ever, a real physical size monolith reactor would consume tremen-
dous amounts of computational time. Assuming that the mixture
gas in all the channels of a monolith reactor undergoes the same
physical and chemical process, most 2-D and 3-D numerical stud-
ies use a single channel to represent the whole reactor [11-20], in-
cluding three-way catalytic converters [21-27], catalytic combustion
[28-31] and steam reforming of methane [32-35]. In those works,
computational fluid dynamics (CFD) codes coupled with surface
and gas phase chemical reactions are used to establish the 2-D or
3-D models. To give a more detailed investigation of physical and
chemical process in channels of monolith reactors, washcoat diffu-
sion should not be ignored, especially when the pore size in wash-
coat is very small. Ashraf investigated the effects of washcoat
thickness on the performance of catalytic reactors [36]. Rickenbach
numerically investigated the effect of washcoat diffusion resistance
on foam based catalytic reactors using a volume averaged reactor
model [37]. Hayes et al. [38] employed an effectiveness factor to
model the diffusion in washcoat using a one-dimensional model.
Bhattacharya et al. [39] investigated the asymptotic mass-transfer
coefficients within washcoat in monolith reactors with various cross-
sectional shapes. Joshi et al. [40] studied the effect of flow rate, tem-
perature, channel dimensions and washcoat properties on the per-
formance of the monolith reactor considering washcoat diffusion
limitation. Mladenov et al. [41] established a CFD model, bound-
ary-layer model and one dimensional plug-flow model to evalu-
ate the role of the washcoat diffusion limitation within washcoat in
DOC. Irani et al. [42] established two CFD models for steam reform-
ing of methane and compared the two different approaches, named
surface approach, that did not consider washcoat diftusion limita-
tion and volumetric approach considering washcoat diffusion lim-
itation, and they concluded that the surface approach would have
a more accurate prediction instead of the volumetric approach.
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Du et al. [43] commented that the reason for the inaccurate pre-
diction of the volumetric approach is the underestimation of the
active catalytic surface.

The objective of this work was to systematically investigate the
effects of the washcoat diffusion limitation on the performance of
the monolith reactor. To our knowledge, few studies on the com-
parison of 3-D and 1-D models for SCR reactors have been pub-
lished. We used a Cu/SSZ-13 catalyst as an example, with smaller
pore sizes within its washcoat compared to other kinds of catalysts.
Besides, the ratio of internal mass transfer resistance and reaction
resistance was calculated and used to estimate the washcoat diffu-
sion limitation both for 3-D and 1-D models. Based on the 3-D and
1-D model, the effects of washcoat thickness on washcoat limita-
tion were investigated and detailed comparisons for the 1-D model
and 3-D model were conducted. The 3-D model was established
using the commercial CFD code ANSYS Fluent 16.2 and the 1-D
model was modeled using Matlab/Simulink ( R2015b ) code.

PHYSICAL MODEL

The single channel is presented in Fig. 1. The gaseous species dif-
fuse from the gas flow to the interface between the gas phase and
washcoat and then diftuse from the interface into the washcoat. The
reactions occur within the washcoat and the products undergo an
opposite diffusion process. The washcoat has average washcoat thick-
ness of 40 pm.

Reactions
Diffusiy ﬁfusion
Interface
Enlarge
Washcoat . T E
Diffusi iffusi
Inlet honnel i usnoy‘ﬁﬁfusnon

flow

Fig. 1. Main physical and chemical process in the channel.

Table 1. Reactions and the reaction rate expressions [45]

CFD MODELING

1. Governing Equations

In the present study, three-dimension Navier-Stokes equations
were used to model the conservation of mass, momentum and
energy in a single channel, giving detailed information of the spe-
cies fraction, pressure and velocity in the flow field. The conserva-
tion of mass and momentum are as follows:

Conservation equation of mass:

V(p¥)=0 (1)

Conservation equation of momentum:
p(\7~V?f):—Vp+V-(;{V3+(V3)T—%V-?IID @)

Conservation equation of species mass:
2
V(pVY) ==V Ji+ R, 3)

where p s the gas density, ¥ is the velocity, p is the static pressure,
f is the dynamic viscosity, I is the unit tensor, Y; is the mass frac-
tion of species i, J; is the mass diffusion flux of species i, R; is the
production or consumption rate of the species i due to chemical
reactions.
2. Modeling Chemical Reactions

The species involved in the SCR surface reactions include both
the gas phase species and site species. The surface reaction mecha-
nism can be written as the following [44]:

N, N, . N,
igi, Gt 280 S >> 8i,Gi+Xsi.S; @
i=1 i=1 : i=1 i=1

where G; represents the gas phase species and S; represents the site
species or adsorbed species. N, and N; are the total numbers of
these species.g;, and s;, are the stoichiometric coefficients for
each reactant species i, g;, and s;, are the stoichiometric coeffi-
cients for each product species i. k;, and k,, are the forward and
backward rate of reactions, respectively.

The surface reaction mechanism used in this study is taken from

Reactions Reaction rate Number
=pyk
NH,+S1¢>S1-NH, Ty =Pk )
11, =Paky, o Oornm,
=pok 6,
NH, +52¢552— NH, Fy =P Y o @)
1y =P5Ks O np,
=pk 6,
NH, +53¢>53— NH, 1y =55, f s @)
I3 :ps3k3, bgsafsz3
251-NH,+1.50,—N,+3H,0+2S1 1= Pt key 0L Goronan, 4)
252—NH,+1.50,—N,+3H,0+2S2 15= Poksy 0L Gornin, (5)
4S1-NH,+4NO+0,—4N,+6H,0+4S1 15=PsikeynoYo. Forontt, (6)
452—NH,;+4NO+0,—4N,+6H,0+4S2 1= Pk ynoYo: o, 7)
$2- NH,+NO->S2— NH,~ 4NO Fy =k o, 8)
Tgp :,Dszks, bHSZ—NHg—NO
252—NH,-NO+0,—N,0+N,+3H,0+252 To=PsKsYo, 0 nro 9)
252—NH,+2NO+0,—N,0+N,+3H,0+252 T10=Ps K1Y, Ooroni, (10)
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Olsson and is expressed in Table 1 [45]. The mechanism consists
of three reversible reaction and seven irreversible reactions. three
gas-phase species, seven site species (or adsorbed species) are
involved in the reactions. In Table 1, S1, S2 and S3 represent the
three kinds of sites for ammonia adsorption, k;and k; are the rate
constant for the forward and backward reaction, respectively, o,
P, and py; are the site density for the three kinds of sites, respec-
tively, yy, is the mole fraction of ammonia, 6 yy, is the coverage
of ammonia on the sites and &, is the fraction of the sites that is
not covered by ammonia.
3. Modeling Diffusion
3-1. Modeling Diffusion in the Channel

The mass diffusion in the channel can be modeled by concen-
tration gradient using FicKs diffusion law:

J;=—pD,VY,~Dy VT/T ©)

where D; is the mass diffusivity for species i, Dy, is the thermal
(Soret) diffusion coefficient.
3-2. Modeling Diftusion in Washcoat

Porous media in flows can be modeled by adding a momen-
tum source term to the standard fluid flow equations. The source
term consists of a viscous loss term and an inertial loss term, caus-
ing a pressure drop that is proportional to the fluid velocity. The
source term for a homogeneous porous media can be expressed as

S=- (fvi +GC, %PMV;') (6)

where a is the permeability, 4 is the dynamic viscosity and C, is
the inertial resistance factor.

An effective diffusivity was applied to model the mass diffusion in
porous region. Taking the bulk diffusion and Knudsen diffusion into
consideration, the effective diffusivity D,; can be expressed as [46]:

L_Z(L+ ! )
Dy €\D; Digypg, s

@)

where gis the porosity of washcoat and 7is the tortuosity.
The Knudsen diffusion coefficient of species i can be given as

4 [8RT
kund, i 3 7Z'Mi

®

where d, is the average pore diameter in the washcoat, R is the
ideal gas constant, T is the temperature and M, is the molecular
mass of species i. The average pore diameter d, is set to 4 nm,
which is a common pore size for SSZ-13 zeolites [47]. The tortu-
osity 7is commonly in the range of 3-5 and is set to 4 in this study
[48]. The washcoat porosity € ranges from 0.4 to 0.6 and the value
of 04 is used in this study [49-51]. The expression for the tem-
perature dependent diffusivity of NO is D;=1.2365x10"° T'7** [52].
By using the user defined functions (UDF) in Fluent, the effective
diffusivity Dy is loaded in the diffusion equation.
4. Diffusion Reaction Balance Equation

Both the CFD models with and without washcoat diftfusion
limitation assume that the reactions occur on the surface. The CFD
model without washcoat diffusion limitation assumes that the reac-
tions occur at the interface between the washcoat and the gas
phase. While, the CFD model with washcoat diffusion limitation
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assumes that the reactions occur at the surface of the micropores
within the washcoat. Both of them can be described by the same
equations. For gas species, the mass flux of each gas species due to
diffusion to the surface is equal to the rate of production or con-
sumption considering the catalytic surface area due to surface chem-
ical reactions. At a steady-state process, the Stefan velocity vanishes
unless etching or mass deposition exists on the surface. Therefore,
the balance equation can be written as [22]:
oY

—= = MiRiFmt/gea (9)

D.
p 1 an

where Y; is the mass fraction on the surface, F.,, is the ratio of
catalytic surface area to geometric surface area.

For site species, the time-dependent site coverage of species i
can be modeled by [22]:

00
Psite= E:Rz} site (10)

where f is the site density, € is the site coverage for species i and
R; 4 is the net consumption or production rate of site species i.

1-D MODELING

1. 1-D Modeling without Washcoat Diffusion Limitation

For 1-D modeling without washcoat diffusion limitation, the
catalytic reactions are assumed to occur on the interface between
the gas phase and the washcoat. The external mass transfer coeffi-
cient k,,,, is used to model the diffusion from the gas phase to the
interface. Assuming that the velocity and the cross section area are
constant, the transient gas phase equation can be modeled by [53]:

oC, ; oC, ;
gi Li__ _ ;
Em ot +Smu ox kmeGa(Cg,y Cf, z) (11)

where ¢, is the porosity of the monolith reactor, u is the velocity
of the gas phase, C, ; is the average concentration of the gas phase
species i, Cy; is the concentration of the species i on the interface,
k,, is the external mass transfer coefficient, G, is the geometric
surface area-to-volume ratio for the monolith reactor.

The mass flux of the gas phase species i to the surface is bal-
anced by the consumption of the species i. The species equation
on the interface can be written as [53]:

Kpne(Cy i~ Cp )= FoueeoR (12)

cat/geo™Ni
The external mass transfer coefficient k,,, can be given by:

_Sh,D,

13
= (13)

where Ry, is effective average diftusion length and is defined by the
ratio of the area to the perimeter of monolith channels and the
Sherwood number Sh, is given by the following correlation [54]:

0.8Sh’
1.007(fRe) "P"  for P>
Sh,= ¢ (14)
0.8Sh’
h for P<——t2
Sh,,, or e
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where P is the transverse Peclet number, f is the friction factor, Re
is Reynolds number.

Considering the SCR reaction mechanism used in this study,
the reaction rate of the NO reduction can be written as

Ryo= kNOCf, NOZNH, QNHJ (15)

where Zy, is the site density for adsorbing NH;, C; o is the con-
centration of NO on the interface, 6y, is the coverage of NH; and
the rate constant ky,, is given by the Arrhenius equation:

—E,/RT

kyo=Ae (16)

The coverage of NH, is time dependent and can be expressed by

00,
Zyy, TIZH'; =Ry, 7

here, Ry, is the net adsorption rate of NH; on the interface.
2. 1-D Modeling with Washcoat Diffusion Limitation

For 1-D modeling with washcoat diffusion limitation, the diffu-
sion process is divided into two stages: diffusion from the gas phase
to the interface and diffusion from the interface into the washcoat.
The equation used to describe the diftusion from the gas phase to
the interface is same as the 1-D modeling without washcoat diftu-
sion limitation, which has been expressed in Eq. (11). The mass
flux due to the diffusion from the gas phase to the interface is equal
to the mass flux due to diffusion from the interface into the wash-
coat [55]:

kme(cg, i Cf i) :kmi(cf, i CW, i) (18)

where, k,,; is the internal mass transfer coefficient for species i and
C,,; is the volume averaged concentration of species i in the wash-
coat.

The mass flux of species from the interface to the washcoat is
balanced by the consumption of the species due to reactions [55]:

kmi(cf, i_Cw, )=F R (19)

cat/geo™Ni

where C,; is the volume averaged concentration of species i within
the washcoat.

The consumption rate of NO considering the ratio of catalytic
surface area to geometric surface area in the washcoat and can be
expressed as

Fcut/gzoRNO = Fmt/geukNOCw, NOZNHJ GNH, = kvLch, NO (20)

where k, is a rate based on washcoat volume, the characteristic
length L, is defined as the ratio of catalyst volume to surface area.
The balance Eq. (19) for NO can be expressed as:

kmi(cf, o~ Gy, NO):kvLch, NO:ka, NO @1
k=k,L. (22)

The internal mass transfer coefficient can be given by

K= ShTfo (23)
where the internal Sherwood number Sh; is defined by [56]:
o 4 A
Shy=sh,. + 70 24)
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Fig. 2. Comparison of NO conversion for CFD models with and
without WCL (washcoat diffusion limitation) and 1-D mod-
els with WCL and without WCL.

where A is a constant that depends on the washcoat geometry and
¢ is the Thiele modulus. For a first-order reaction in concentration,
the Thiele modulus is expressed as [57]:

K, 25)

9=L
D,y

RESULTS AND DISCUSSION
1. Comparison of the CFD Model and 1-D Model
1-1. Comparison of the NO Conversion at the Outlet

Fig. 2 shows the comparison of the CFD models and 1D mod-
els with and without washcoat diffusion limitation, and the numeri-
cal results are compared with the experimental data of Olsson et
al. [45]. The inlet flow rate and gas temperature for the CFD mod-
els and 1D models are according to the inlet boundary condition
of the monolith reactor in Olsson’s experiment. The mixture gas
with an inlet flow of 3,500 ml min™" leads to a space velocity of
30,300 h™". The 400 cpsi monolith reactor with 20 mm in length
and 21 mm in diameter is modeled in 1-D model. While for the
CFD model, a single channel of the monolith reactor is taken into
consideration to represent the whole reactor.

The CFD model and 1-D model with washcoat diffusion lim-
itation give a more accurate prediction of the NO conversion com-
pared to the CFD model and 1-D model without washcoat diftusion
limitation. Both the CFD model and 1-D model without wash-
coat diftusion limitation overestimate the NO conversion. At 398 K,
there is little difference between the four models. As the tempera-
ture increases from 398 K to 453 K, the differences of the NO con-
version between the numerical models with and without washcoat
diffusion limitation increase. As the temperature increases from
453K to 580K, the differences of the NO conversion between the
numerical models with and without washcoat diffusion limitation
decrease. As the temperature increases from 580K to 873K, the
NO conversion efficiency decreases due to the oxidation of NH, at
the elevated temperatures. Furthermore, the NO conversion effi-
ciency shows little difference between the models with and with-
out washcoat limitation at temperatures from 580 K to 873 K.

Korean J. Chem. Eng.(Vol. 37, No. 4)
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Fig. 3. Comparison of NH; conversion for CFD models with and
without WCL and 1-D models with WCL and without WCL.

1-2. Comparison of the NH, Conversion at the Outlet
Fig. 3 shows the comparison of the CFD models with and with-

out washcoat diffusion limitation for NH; conversion. The conver-
sion of NHj is similar to the conversion of NO at a temperature
below 678 K. From 678 K to 873 K, the oxidation of NH; becomes
increasingly significant and the consumption of NH; is composed
of the reduction by NO and the oxidation of NH.

1-3. Comparison of the NO Concentration Along the Axis Direc-
tion

Fig. 4 shows the concentration distribution of the NO obtained
by CFD models with and without washcoat diffusion limitation.
The contour of CFD models at 425 K, 453 K and 480 K with wash-
coat diffusion limitation presents a strong concentration gradient
near the wall due to the existence of the washcoat, which indicates
that the washcoat diffusion limitation should not be neglected.
However, at 398K, the contour of concentration for the two mod-
els cannot even be distinguished and the concentration gradient
near the wall is not obvious.

Figs. 5, 6, 7 and 8 show the comparison of the CFD models with
and without washcoat diffusion limitation and 1-D models with
and without washcoat diffusion limitation at 398 K, 425K, 453 K
and 480 K. The CFD model with washcoat diffusion limitation and

- lwu
1.0
3 5e4

0.0 0.2 0.4 0.6 0.8
0.0 0.2 0.4 0.6 0.8 1.0 Maoe
Axis distance x/L
a) 398K
02

Ax1s distance x/L

(b) 425K

Axis distance x/L

(¢) 453K

i_'H

Ax15 distance x/L
(d) 480K

Fig. 4. Contours of concentration of NO at 398 K, 425K, 453 K and 480 K: The upper is obtained by CFD models without washcoat diffu-
sion limitation and the lower is obtained by CFD models with washcoat diffusion limitation.
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Fig. 5. Comparison of the CFD models with and without WCL
(washcoat diffusion limitation) and 1-D models with and

without WCL at 398 K.
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Fig. 6. Comparison of the CFD models with and without WCL
(washcoat diffusion limitation) and 1-D models with and
without WCL at 425 K.
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Fig. 7. Comparison of the CFD models with and without WCL
(washcoat diffusion limitation) and 1-D models with and
without WCL at 453 K.
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Fig. 8. Comparison of the CFD models with and without WCL
(washcoat diffusion limitation) and 1-D models with and
without WCL at 480 K.

1-D model with washcoat diffusion limitation give similar predic-
tions of the NO conversion and NO concentration along the chan-
nel. The maximum difference of the NO concentration along the
channel at 398 K, 425K, 453 K and 480K for the two kinds of mod-
els is 1 ppm, 2 ppm, 7 ppm and 12 ppm, respectively.

The maximum difference of the NO concentration along the
channel for the CFD models and 1-D models occurs at the posi-
tion of x/L=0.05, close to the inlet. The main reason is that the 1-
D models neglect axial diffusion in the axial direction and the dif-
tusion in channels is only radically dependent and is modeled by
the functions of the radial geometric dimensions of the channel
and washcoat. While, based on the Navier-Stokes equations, the
CFD models solve a set of mass conservation equations in x,
and z direction. Hence, axial diffusion is included in the models.
As shown in Fig. 3, the increasing temperature results in an in-
creasing axial gradient of NO near the inlet of the channel, which
can induce considerable axial diffusion in the channel. This can
explain the difference of the NO concentration near the inlets for
the 1-D models and CFD models as the temperature is high.

Comparing the four models with and without washcoat diffu-
sion limitation, both the NO conversion and NO concentration
along the channel show little difference at 398 K, which proves that
at low temperature, the washcoat diffusion limitation has little
effect on NO conversion. As the temperature increases from 398 K
to 453 K, the washcoat diffusion limitation shows an increasingly
significant effect on the NO conversion and the NO concentra-
tion along the channel. As the temperature increases from 453 K
to 480K, the difference of NO conversion between the numerical
models with and without WCL decreases. This is because the NO
conversion is approaching 100% at high temperature. Taking the
NO concentration along the channel into consideration, it could
be observed that the NO concentration of the numerical models
with and without washcoat limitation along the channel at 480 K
show even more difference along the channel. At 480 K, the maxi-
mum difference of the NO concentration along the channel for
numerical models with and without washcoat diffusion limitation
exceeds 100 ppm at x/L=0.2 and 0.25, respectively. By contrast, the

Korean J. Chem. Eng.(Vol. 37, No. 4)
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maximum difference for the models with and without washcoat
diffusion limitation is within 2 ppm at 398 K.
2. The Internal Mass Transfer Resistance and Reaction Resis-
tance

Using the concepts of internal mass transfer resistance R; (Ri=1/
k,,) and reaction resistance R, (R,=1/k), the effects of the wash-
coat diffusion limitation on the performance of monolith reactors
can be evaluated by the concentration ratio [40]. Eq. (26) which is
derived from Eq. (21) gives a criterion to evaluate the effects of the
washcoat diffusion limitation on the NO conversion.

&:Cf,NO_Cw,NO: Cf,NO -1 (26)
Rr Cw, NO Cw, NO
The internal mass transfer resistance is expressed as

R,= @7)

The reaction resistance is expressed as

1 1
R, (28)
k Fcat/geokNOZNH3 eNH3

Fig. 9 shows the ratios of internal mass transfer resistance and
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Fig. 9. Ratios of internal mass transfer resistance and reaction resis-
tance at 398 K, 425 K, 453 K and 480 K.
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reaction resistance (R/R,) at 398 K, 425K, 453 K and 480 K, respec-
tively. The values of R/R, obtained from the 1-D model are close
to the values from the CFD model, which confirms the validation
of the 1-D model for evaluating the internal mass transfer resis-
tance and reaction resistance. Note that the values of R/R, almost
maintain a constant value along the channel at 398 K, 425K and
453 K, while the values of R/R, decrease as x/L exceeds 0.55 at 480 K.
The reason is that the decrease of the coverage of NH; (6,) due
to reactions leads to the decrease of the k (k=F.ygeoknoZnzr, Ohri,)
resulting in the increase of R.

The values of R/R, increase with the temperature increasing
from 398 K to 480 K. A small value of R/R, means that the reac-
tion resistance has a more significant effect on the performance of
the monolith reactor. An increasing value of R/R, means that the
internal mass transfer resistance plays an increasingly important
role, resulting in a stronger washcoat diffusion limitation.

Fig. 10 shows the mass fraction gradient within the washcoat
and the NO concentration at the same place in the washcoat at
425K, 453 K and 480 K (t represents the thickness of the washcoat).
The mass fraction gradient is obtained by UDF in Fluent soft-
ware. It could be observed that the mass fraction gradient in the
washcoat increases with the increasing temperature. A strong mass
fraction gradient exists in the washcoat at 480 K, while the NO
concentration is small. A weak mass fraction gradient exists in the
washcoat at 398 K but the NO concentration is the largest.

Fig. 9 can be used to explain Eq. (26). At low temperature (T=
398 K), the reaction rate is slow and the consumption of the reac-
tants due to the reactions is very small. Therefore, a small mass flux
of the reactants exists between the interface and the washcoat,
which results in a small concentration gradient between the inter-
face and washcoat. In this case, the value of the C;yo and C,, yo is
much close and the value of R/R, is very small and the washcoat
diffusion limitation is negligible. As the temperature increases, the
reaction rate becomes faster and the consumption of the reactants
involved in the reaction increases. Hence, a large mass flux of the
reactants exists between the interface and the washcoat, which
results in a larger concentration gradient between the interface and
washcoat. A larger concentration gradient means that C,, v, is very
small compared to C;yo and is greatly affected by the washcoat
diffusion limitation. While, C,, xo is directly related to the reaction

0 3 6
Axis distance x/t

(b) Mass fraction gradient

Fig. 10. Contours of the concentration of NO (a) and the mass fraction gradient of NO (b) at 398 K, 425 K, 453 K and 480 K, respectively.
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Fig. 11. Ratios of internal and external mass transfer resistance.

rate of the NO reduction. Eventually, the washcoat diffusion lim-
itation would have an increasingly significant effect on NO con-
version.
3. The External Mass Transfer Resistance

The ratio of the internal and external mass transfer resistance
can be used to evaluate the effects of the external mass transfer resis-
tance on reactors. It can be computed by:

R; CfNo Cy, no (29)
R Ce no—Crno

The external mass transfer resistance is expressed as:

(30)

Fig. 11 shows the ratios of internal mass transfer resistance and
external mass transfer resistance (R/R,) at 398 K, 425K, 453K,
480K, 532K and 580 K, respectively. The values of R/R, obtained
from the 1-D model are close to the values from the CFD model,
and the values of R/R, do not change much along the channel at a
given temperature. The values of R/R, decrease with the increas-
ing temperature from 398 K to 580 K. At 398 K, the internal mass
transfer resistance is about ten-times the external mass transfer
resistance. While at 580 K, the internal mass transfer resistance is
about two- to three-times the external mass transfer resistance and
the effect of external mass transfer resistance on reactor perfor-
mance is non-negligible.

4. Effects of Washcoat Thickness on NO Conversion and Wash-
coat Limitation
4-1. Effects of Washcoat Thickness on NO Conversion

By assuming that the washcoat with various thickness has the
same number of sites for NH; adsorption, the effects of the wash-
coat thickness on the washcoat limitation can be evaluated. Fig. 12
shows the comparison of NO conversion for the CFD models and
1-D models with washcoat thickness of 40, 60, 80 and 100 um,
respectively. At 425K to 480K, the increase of the washcoat thick-
ness results in the decrease of the NO conversion efficiencies, mean-
ing the increasing effects of washcoat limitation. At 453 K, the NO
conversion efficiency for the reactors with washcoat thickness of
40, 60, 80 and 100 pm is 74.7%, 70.1%, 66%, and 62.6%, respec-
tively. At 532K to 678 K, the NO conversion shows little difference

100 - 2 o
80 |- -
—_ —o— CFD model with WCL-40
X —0— CFD model with WCL-60
s —4— CFD model with WCL-80
5 90F —v— CFD model with WCL-100
'g) —<— CFD model without WCL
c --a--- 1D model with WCL-40
8 40 ---0--- 1D model with WCL-60
o ---4---1D model with WCL-80
z --=---1D model with WCL-100
20 L 1D model without WCL
0 PR TSR I N TN SN NI ST T ST ST ST
375 400 425 450 475 500 525 550 575 600 625 650 675 700
T(K)

Fig. 12. Comparison of NO conversion for CFD models and 1-D
models with washcoat thickness of 40, 60, 80 and 100 um
respectively.

—a— CFD model with WCL-40
—— 1D model with WCL-40
—— CFD model with WCL-60
—— 1D model with WCL-60
—e— CFD model with WCL-80
—o— 1D model with WCL-80
1.0 —— CFD model with WCL-100
—— 1D model with WCL--100
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Fig. 13. Ratios of internal mass transfer resistance and reaction resis-
tance at 453 K for reactors with washcoat thickness of 40,
60, 80 and 100 um respectively.

since the exhaustion of NH; would terminate the NO reduction
reactions.
4-2. Effects of Washcoat Thickness on Washcoat Limitation

Fig. 13 shows the ratios of internal mass transfer resistance and
reaction resistance (R/R,) at 453 K for the reactors with washcoat
thickness of 40, 60, 80 and 100 pim, respectively. Corresponding to
the NO conversion efficiency for the reactors with washcoat thick-
ness of 40, 60, 80 and 100 pm, the ratios of internal mass transfer
resistance and reaction resistance increase with the increase of the
washcoat thickness.

CONCLUSION
Numerical models, including CFD models with and without
washcoat diffusion limitation and 1-D models with and without

washcoat diffusion limitation, were developed and compared with

Korean J. Chem. Eng.(Vol. 37, No. 4)
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each other. The washcoat diffusion was modeled using an effec-
tive diffusivity in the washcoat region (CFD modeling) and the
internal mass transfer coefficient between the interface and the
interior of the washcoat (1-D modeling).

Both the CFD model and 1-D model without washcoat diffu-
sion limitation overestimate the NO conversion, which confirms
that the effects of the washcoat diffusion limitation on NO conver-
sion should not be ignored. The differences between the numeri-
cal models with and without washcoat diffusion limitation increase
with the increasing temperature, which indicates that the tempera-
ture would affect the effects of the washcoat diffusion limitation
on the NO conversion.

The ratios of internal mass transfer resistance and reaction
resistance (R/R,) can be used to evaluate the effects of washcoat
diffusion limitation on the NO conversion. The values of R/R, ob-
tained from the 1-D model are close to the values from the CFD
model, which confirms the validation of the 1-D model for evalu-
ating the internal mass transfer resistance and reaction resistance.
The CFD model and 1-D model give a similar prediction of the
external mass transfer resistance. The ratios of internal mass trans-
fer resistance and external mass transfer resistance (R/R,) are small
and decrease with the increasing temperature. As the temperature
increases, the effect of external mass transfer resistance becomes
increasingly significant.

As computational tools to study the performance of the mono-
lith reactor, both the CFD model and 1-D model can obtain satis-
factory predictions of the conversion of the species. The difference
of the computed values is mainly due to the different equations
used in the 1-D and CFD model. The 1-D model does not con-
sider the axial diffusion in the axial direction, and the diffusion in
channels is modeled by the functions of the radial geometric dimen-
sions of channels and washcoat. The CFD models solve a set of
mass conservation equations in x, y; and z direction including
both the axial diffusion and radical diffusion. This may lead to a
non-negligible difference between the two models at the region
where the axial concentration gradient is larger.

The CFD model is computationally expensive but can provide
more detailed information. The 1-D model is computationally effi-
cient but cannot reveal the detailed transport phenomena. More-
over, the 1-D model needs to choose or calculate the parameters
such as Thiele modulus and the internal Sherwood number care-
tully; since they are determined by complicated empirical formulas.

NOMENCLATURE
P : gas density
v : velocity vector
p : static pressure
U : dynamic viscosity
I 1 unit tensor
Y, :mass fraction of species i
J; :mass diffusion flux of species i
R, :production or consumption rate of the species i due to
chemical reactions
D,  :mass diffusivity for species i
D

i :thermal (Soret) diffusion coefficient

April, 2020

S: : momentum source term
a : permeability

C, :inertial resistance factor
D,  :effective diffusivity

Vi : velocity

[v|  :magnitude of the velocity

Dy - Knudsen diftusion coefficient of species i

d,  :average pore diameter for the washcoat

R :ideal gas constant

T : temperature

M;  :molecular mass of species i

Fougo :ratio of catalytic surface area to geometric surface area
Pae  :site density

R; . :netconsumption or production rate of site species i

u s velocity of gas phase

: average concentration of the gas phase species i

G,  :geometric surface area-to-volume ratio for monolith reactors
k,. :external mass transfer coefficient

C;;  :concentration of the species i on the interface

R,  :ratio of the area to the perimeter of monolith channels
Sh,  :Sherwood number

Sh,,, :asymptotic external Sherwood number

P : transverse Peclet number
Re  :Reynolds number
f : friction factor

Zyy, :site density for adsorbing NH,

G\, :coverage of NH,

kyo  :rate constan for the NO reduction reaction
A :pre-exponential factor

E, :activation energy
R : universal gas constant
k,; :internal mass transfer coefficient for species i

Sh;  :internal Sherwood number

C,: :volume averaged concentration of species i in washcoat
L. :characteristic length of washcoat

Sh,,  :asymptotic internal Sherwood number

R : internal mass transfer resistance

R, : reaction resistance

Greek Symbols

& : porosity for washcoat

T : tortuosity

6  :site coverage for species i

&,  :porosity of monolith reactors

A :constant related to the particle geometry
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