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Abstract—A major issue when using selective catalytic reduction (SCR) De-NO, catalysts is the risk of physical deacti-
vation due to particle deposition and plugging of the monolithic catalysts. In the present study, numerical computations
were carried out to investigate the particle deposition behaviors in monolithic SCR catalysts. Based on the calculation
results, the effects of particle diameter, particle density, gas velocity, turbulent intensity, chemical reaction and channel
size on particle deposition were analyzed in detail. Increasing gas velocity and equivalent diameter of channel can miti-
gate particle deposition. The increases of turbulent intensity and channel length both lead to the rise of particle deposi-
tion ratio. For particles with high Stokes number, particle deposition mainly takes place in the inlet section of catalysts.
For particles with low Stokes number, sediment can be observed in the middle and outlet sections of catalysts. De-NO,
chemical reaction can mitigate particle deposition, but the effect of chemical reaction on particle deposition is inactive.
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INTRODUCTION

Nitrogen oxides (NO,) are one of the major air pollutants, which
are produced from the reaction of nitrogen and oxygen gases in
the air during combustion. Selective catalytic reduction (SCR) of
NO, with ammonia is the most effective and commercially proven
technology to remove NO, [1]. In the SCR De-NO, process, am-
monia or urea is injected in the flue gas, allowing for reactions be-
tween NO, and ammonia into harmless water and nitrogen over a
catalyst. The De-NO, efficiency for commercial SCR catalysts can
reach more than 90% [2,3]. In addition to coal-fired power plants,
SCR applications also include industrial boilers, marine diesel
engines, diesel locomotives, gas turbines and automobiles.

When using selective catalytic reduction (SCR) De-NO, cata-
lyst, an issue is the risk of physical deactivation due to particle
deposition and plugging of the monolithic catalysts. The particu-
late problem for SCR catalysts is particularly serious in coal-fired
power plants. In power plants, the high-dust position of SCR cata-
lysts between the economizer and air preheater is the most com-
monly used configuration, where the concentration of fly ash can
reach more than 20 g/Nm’ [4]. Even for the low dust application
of SCR reactor (the particle concentration is much lower than
20 mg/Nm’), severe plugging is occasionally observed. The partic-
ulate problem is attracting more and more attention from the aca-
demic and industrial worlds [4,5].

The different particle transport and deposition mechanisms that
are potentially active in a monolithic catalyst are the following:
Brownian diftusion, turbulent diffusion, turbophoresis, inertial trans-
port, thermophoresis, shear-induced lift, electrostatic force, drag
force and gravity force [6,7]. In these mechanisms, inertial impact
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plays an important role in the deposition behavior at the inlet region
of catalyst; turbulence and Brownian diffusion have a dominant
effect in the catalyst channel, and the effects of Brownian diffusion
and Saffman lift on deposition are very active at the outlet region
[8,9]. Strom et al. [10,11] studied the effects of the turbulent-to-
laminar transition at the inlet of a monolithic reactor on the con-
version of gaseous species and particle deposition. They identified
two main effects of turbulence on gas conversion and particle depo-
sition: slow fluctuations due to turbulent eddy with large scale and
rapid fluctuations due to turbulent eddy with small scale. The effects
of turbulent-to-laminar transition on gas conversion were also proven
by Tanno et al. [12]. The extent of particle deposition depends on
particle properties, the shape of catalyst channel, gas velocity, and
flow angle, among others. To design efficient De-NO, systems and
mitigate particulate deposition, it is important to know the detailed
effects of these parameters on particulate deposition to predict de-
position development.

In the present study, the governing equations for gas and solid
phase were introduced first, and then the model for particle depo-
sition in SCR monolithic catalyst was established and validated;
finally, the effects of particle diameter, particle density, gas velocity,
turbulent intensity, chemical reaction and channel size on particle
deposition were discussed in detail.

GOVERNING EQUATIONS FOR GAS
AND PARTICLE FLOW

1. Gas Phase
The governing equations for mass, momentum, and energy bal-
ances for gas phase at steady state are expressed by:
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Fig. 1. Geometry of computational domain. (a) 3D view (b) cross-section of catalyst.

V-(pCpT)=V-(kVT)-pV-u, 3)

A species transport equation can be modeled as:

“fV yi=D;, NZVZYz‘ “4)
where, i=NO, NH;, O, and H,0, and y; denotes the mass fraction
of species i.

For coating catalysts with washcoat thickness less than 0.1 mm,
the catalyst layer and inner wall of monolith channels can be taken
on as overlapped [13]. Therefore, in the present study, the surface
reaction at the boundary condition was specified. The NH,-SCR
DeNO, reaction catalyzed by V,05-WO,/TiO, follows the Eley-

Rideal mechanism. The equation of the overall reaction can be
expressed by [14-16]:

4ANO+4NH,+0,—>4N, +6H,0 )
As the O, concentration is higher than 2% and NH,/NO volume

ratio is higher than 1, the reaction rate of SCR DeNO, process can
be modeled as:

r=kCyo (6)

where, Cyo is the concentration of NO. k is determined by the
empirical correlation [17]:

In(k)=—6683.6/T/+14.626 @)

The binary diffusion coefficients D y, can be modeled by:
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where, V; denotes molecular diffusion volume of gas component,
and M, denotes molecular mass.
2. Particle Phase

The governing equation for particle phase can be modeled as:

mp%z:ng+Gp ©)]
where, F,, denotes gas-solid interaction force. In the present study,
drag force, Buoyance force, Saffman lift force, Brownian force, elec-
trostatic force, and thermophoretic force were taken into account.
The mathematical models recommended by Heiredal [18] were
used for calculating these forces.

The condition for adhesion of a particle is that the particle-wall
contacting velocity is smaller than the critical particle velocity. Heire-

dal [18] proposed an improved model for calculating the critical
velocity based on the research of Heinl and Bohnet [19]:

I _h@ V3 3125 q
Uy, crtic= 2.2) 4H 2 2026 0 \ 2z, +d B T (10)
chp47z' 7y Py 27 dPKf 0Pp ezt dy

where, h@ denotes Liffschitz-van der Waals constant, z, denotes
separation distance, H denotes strength of the wall material, &, is
permittivity of free space and K_ is coefficient of restitution.

COMPUTATIONAL MODEL

The commercial DNX x30 monolithic catalysts produced by
Haldor Topsoe Inc. are studied. A schematic of the computation
domain is shown in Fig. 1. The inlet gas (ideal gas) consists of
0.04%NO, 0.05%NHs,, 5%0,, 8%H,0 and N,. Data used for CFD
model are listed in Table 1.

Geometry and mesh grid were generated by using Gambit with
structured grids, and Ansys Fluent for solving the governing equa-
tions for gas and particles. The k-& model was applied for solving
turbulent flow; and enhanced wall treatment was used for near-wall
turbulence modeling. The particles were injected from the inlet
surface, and particle initial velocity is equal to gas inlet velocity. The
parameters for discrete particle model are listed in Table 2. Scaled
residuals of all flow parameters below 10~ and energy imbalances in
the entire computational domain less than 10”7 were the convergence
criteria. The solver finished a single simulation in approximately
1500 iterations. The computations were performed by workstation
Dell Z620, and 8 compute nodes (Intel Xero CPU E5-2630) were

Table 1. Data used for CFD model

Parameter Unit Value
Length of flue inlet pipe, L; mm 100
Length of catalyst section, L, mm 300-600
Length of flue outlet pipe, L, mm 100
6.2x3.2
Cross-section of catalyst, IxI, mm 8.2x4.6
10.2x5.7
Gas inlet temperature, T; K 490-660
Gas inlet turbulent intensity, Tu 0-8%
Gas outlet pressure, P, Pa 101325
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Table 2. Parameters for DPM

Parameter Unit Value
Particle diameter, d, pm 0.04-200
Particle density, p, kg/m®  500-2000
Separation distance, z, m 4x107°
Strength of the wall material, H MPa 250%10°
Liffschitz-van der Waals constant, h@ ] 4x107°
Coefficient of restitution, K. [-] 1

used simultaneously. The clock size of every compute node was
2.6 GHz.

Particle deposition model was validated by the experimental data
from Ref. [18] and [20] (shown in Fig. 2 and 3). The model over-
predicts the particle deposition rate. In the experimental condi-
tion, some of particles deposit on the pipe before reaching catalyst in
the experimental condition; however, this condition was not con-
sidered in the present model. Moreover, particles sticking to surfaces
may be detached from the surface under the eftect of gas flow; but the
present deposition model does not take this process into account.

PARTICLE DEPOSITION IN CATALYSTS

Fig. 4 shows the gas velocity distribution on the cross sections of
SCR catalysts, and the background color represents vortices in the
main flow direction. In the inlet region (L=3 mm, L: axial distance
from end surface of catalyst inlet), the velocity vectors point to the
channel center and the vortices are observed. It is because that the
sudden decrease of flow area results in turbulent-to-laminar tran-
sition [10]. In the central region (L=250 mm), the velocity vectors
are parallel to the channel direction and vortices disappear. In the
outlet region (L=497 mm), because of the sudden increase of the
flow area, laminar flow transits to turbulent flow; the velocity vec-
tors point to the top edge of catalysts, and vortices can be observed
again. Fig. 5 shows effects of gas velocity and turbulent intensity on
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Fig. 3. Validation of particle deposition model by experimental data
from Nova [20] (L,=8.2 mm, I,=4.6 mm, L,=600 mm, T;=293
K, p,=1,500 kg/m’, d,=15 pm).

SCR De-NO, efficiency. As gas velocity increases, the contacting
time between catalysts and gas phase decreases, and the De-NO,
efficiency decreases. For turbulent flow; De-NO, efficiency is higher
than that for laminar flow. It is because that turbulent fluctuation pro-
motes the heat transfer and chemical reaction in boundary layers.

Fig. 6 shows the effects of particle diameter and density on par-
ticle deposition ratio (the ratio of mass of particle sticking to the
surface to the total particle mass flowing). Stokes number of parti-
cles, St can be expressed by:

U,

St=—= (11)
d,
d2
=% (12)
18

where, 7is the relaxation time of the particle, and U is the fluid
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Fig. 2. Validation of particle deposition model by experimental data from Heiredal et al. [18] (I,=8.2 mm, I,=4.6 mm, L =500 mm, u;=4.596
m/s, T=623 K, p,=1,950 kg/ms, d,=0.04-10 um, m;,=2.1x10"" kg/s). (a) Particle deposition mass (b) distribution of particle deposi-

tion rate.
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Fig. 4. Velocity distributions on the cross sections of catalyst (I,=8.2 mm, 1,=4.6 mm, L,=500 mm, u,=4.596 m/s, Tu=4%, T;=623 K).
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Fig. 5. Effects of gas velocity and turbulent intensity on De-NO, effi-
ciency (1,=8.2 mm, I,=4.6 mm, L, =500 mm, u=4.596 m/s, T=
623 K).

velocity away from the obstacle. As particle density and diameter
increase, particle Stokes number increases. For particles with small
Stokes number, the particle trajectory is susceptible to fluid stream
and particle-wall contacting probability is high. Conversely, for par-
ticles with high Stokes number, the particle will continue along its
initial trajectory, and particle-wall contacting probability is low [21].
So, particle deposition ratio decreases with the increases of parti-
cle density and diameter. Moreover, as particle density or diame-
ter increases, the critical velocity for particle deposition decreases,
and reducing the critical velocity mitigates particle deposition.
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Fig. 6. Effects of particle diameter and density on particle deposi-
tion ratio (I,=8.2 mm, I =4.6 mm, L =500 mm, w,=4.596 m/s,
Tu=4%, T=623 K).

Fig. 7 shows the distribution of particle concentration in the
channel of SCR catalyst. For particles with small Stokes number,
particle concentration decreases with the increase of distance from
catalyst inlet, which illustrates particle deposition takes place on
the inner surface of catalyst. For particles with high Stokes num-
ber, particle concentration does not change with distance from cat-
alyst inlet obviously, which illustrates that particles cannot deposit
on the inner surface of catalyst. In the channel of monolith cata-
lyst, turbulent and Brownian diffusion are dominant mechanisms
for particle deposition [8], but the influence of turbulent diffusion
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Fig, 7. Distribution of particle concentration inside the channel of catalyst (unit: kg/m’) (I,=8.2 mm, I,=4.6 mm, L,=500 mm, u;=4.596 m/s,
Tu=4%, Tj=623 K) (a) dp=1 pm, p,= =500 kg/m’, St~10, (b) dp=200 pm, £=2 ,000 kg/m’, St~10".
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Fig. 8. Distributions of particle concentration on end surfaces of catalyst (unit: kg/m3) (I;S 2mm, [=4.6 mm, L =500 mm, u=4.596 m/s,
Tu=4%, T;=623 K) (a) dp=1 pum, p,=500 kg/m’, St=10, (b) dp=200 um, £r=2 000 kg/m’, St~10",
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Fig. 9. Effects of gas velocity and SCR-DeNO, chemical reaction on
particle deposition ratio (I,=8.2 mm, [,=4.6 mm, L, =500 mm,
Tu=4%, T,=623 K).

on the trajectory of particles with high Stokes number is unobvi-
ous. Fig. 8 shows the distribution of particle concentration on the
end surfaces of SCR catalyst. Particles with high Stokes number
mainly deposit on the end surface of catalyst inlet, where inertial
impact has a dominant effect. At the end surface of catalyst outlet,
sediments of particles with low Stokes number can be observed. It
can be attributed to the effects of Brownian diffusion and Saffman
lift force.

Fig. 9 shows the effect of gas velocity on particle deposition ratio.
Particle deposition ratio decreases by increasing gas velocity. As
gas velocity increases, the residual time of gas phase in the chan-
nel decreases, which leads to the decrease of particle-wall contact-
ing probability. Moreover, the increase of gas velocity results in the
rise of impact velocity of particles on catalysts, which mitigates
particle deposition. De-NO, chemical reaction also has a slight effect
on particle deposition. Particle deposition ratio with considering
chemical reaction is lower than that without considering chemical
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Fig. 10. Effect of cross section size on particle deposition ratio (d,=
200 um, p,=1,500 kg/m’, L=500 mm, u=4.596 m/s, Tu=4%,
Tf=623 K).
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Fig. 11. Effects of turbulent flow on particle deposition ratio (g,=
1,500 kg/m’, 1,=8.2mm, L=4.6 mm, u;=4.596 m/s, L =500
mm, T;=623 K).

reaction. De-NO, is a typical exothermic reaction, and increasing
gas temperature on the boundary region can push particles away
from the wall because of the effect of thermophoretic force. How-
ever, because that the exothermic effect of De-NO, chemical reac-
tion is weak, the influence of chemical reaction on particle deposition
is not very active.

Fig. 10 shows the effect of channel size on particle deposition
ratio. The rise of channel length results in the increase of the inner
area of catalysts, which promotes particle-wall collision. Moreover,
as channel length increases, residual time of gas phase in the chan-
nel increases, which also promotes particle deposition. The increase
of cross-section area results in the decrease of particle-wall colli-
sion probability. Therefore, particle deposition ratio decreases with
the rise of equivalent diameter of channel.

Fig. 11 shows the effects of turbulence intensity on particle depo-
sition ratio. Without considering turbulent flow;, particle deposi-
tion ratio increases with the rise of particle diameters. However, as
turbulent effect is considered, this changing trend becomes wholly
opposite. Moreover, particle deposition ratio with turbulent effect
is much higher than that without turbulent effect. However, because
particles with high Stokes number are insusceptible to the fluid flow;
the effect of turbulent intensity on deposition ratio of particles with
high Stokes number becomes inactive as turbulence intensity exceeds
4%. Fig. 12 shows the distribution of particle concentration in the
cross sections of catalyst channel. Without turbulent effects, parti-
cle concentration does not change with the distance from catalyst
inlet, and particle deposition mainly takes place in the inlet sec-
tion of catalysts. As turbulent effect is considered, particle concen-
tration decreases with the increase of the distance from catalyst inlet,
and particles can deposit on the middle section of catalysts. The sim-
ulation results support the viewpoint that particle deposition in the
catalyst channel is dominated by turbulent spreading of particles.

CONCLUSIONS
CFD was coupled with DPM to investigate the particle deposi-
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Fig. 12. Distribution of particle concentration inside the channel of catalyst (unit: kg/m’) (d,=1 pm, p,=1,500 kg/m’, u;=4.596 m/s, 1,=8.2
mm, L,=4.6 mm, L =500 mm, T;=623 K) (a) Laminar flow; (b) Tu=4%.

tion behavior in monolithic SCR De-NO, catalysts. The effects of
particle diameter, particle density; gas velocity, turbulent intensity,
chemical reaction and channel size on particle deposition were
investigated. Some useful conclusions were gained as follows:

1) Increasing particle size and density can both mitigate parti-
cle deposition. For particles with high Stokes number, particle
deposition mainly takes place in the inlet section of SCR catalysts.
For particles with low Stokes number;, sediments can be observed
in the middle and outlet sections of catalysts.

2) Particle deposition ratio decreases with the increase of gas
inlet velocity. SCR-DeNO, chemical reaction is a typical exother-
mic reaction, and mitigates particle deposition. However, the effect
of chemical reaction on particle deposition is not very active.

3) The increase of catalyst length promotes particle deposition.
The rise of equivalent diameter of catalyst channel results in de-
crease of particle deposition ratio.

4) Turbulent flow plays an important role in particle deposition
process. Without taking turbulence into account, the particle depo-
sition ratio increases with the rise of particle diameters. However,
as turbulence is considered, this changing trend becomes oppo-
site. Particle deposition ratio with considering turbulence is much
higher than that without considering turbulent effect.
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NOMENCLATURE

: specific heat at constant pressure for gas phase [J-kg K ']
: concentration of NO [mol-m ]

: particle diameter [m]

: equivalent diffusive coefticient

: gas-particle interaction force [N]

: gravity [N]

: Liffschitz-van der Waals constant [J]

: strength of the wall material [MPa]
:reaction constant

: coefficient of restitution

: thermal conductivity for gas phase [W m™ K]
: distance from particle to wall [m]

: distance to catalyst inlet [m]

:length of inlet section of catalyst [m]
:length of catalyst section [m]

:length of outlet section of catalyst [m]
:molecular mass of species i [kg]

: particle mass flow rate [kg s ']

: particle mass [kg]

: pressure [Pa]

: charge on particle before wall collision [C]
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q  :charge on particle after wall collision [C]

r : reaction rate
St :particle stokes number
t : reaction time [s]

T;  :gas temperature [K]
Tu  :turbulence intensity

u :gas velocity [ms7']

u, :particle velocity [ms™']

U, o : critical velocity for particle deposition [m s
V;  :molecular diffusion volume of species i [m’]
y;  :mass fraction of species i

7,  :separation distance [m]

o tgas density [kg m™]

: particle density [kg m™]

: permittivity of free space

: dynamic viscosity for gas phase [Pa-s]

T 0D
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