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ABSTRACT

Selective catalytic reduction (SCR) is a technology by which nitrogen oxides are converted with the aid of a cat-
alyst into diatomic nitrogen and water. It is known that the catalyst can be easily eroded if a cement kiln with a
high-dust content is considered. To understand this process, numerical simulations have been carried out con-
sidering a single catalyst channel in order to study the collision and erosion of fly ash and catalysts at meso scale.
Based on a response surface methodology, the effects of five factors on the erosion rate have been studied, namely,
the catalyst particle velocity, the particle size, the particle concentration, the incidence angle and the catalyst por-
osity. The results show that the influence of particle velocity, particle size and particle concentration is statistically
significant and the particle size and incidence angle have a significant effect on the erosion rate. A quadratic poly-
nomial prediction model for the erosion rate of honeycomb catalysts in cement kiln SCR reactors is finally pro-
posed to support the future optimization of these systems.
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1 Introduction

With the rapid development of the cement industry, cement kiln tail pollutant emissions have become an
important sources of nitrogen oxide (NO,) emissions [1,2]. NO, is one of the main substances causing haze
weather, which seriously endangers the atmospheric environment and human health. Achieving low NO,
emissions from the cement industry is one of the main strategies for air pollution control.

Selective catalytic reduction (SCR) denitrification technology is widely used for its high denitrification
efficiency, stable and reliable operation [3]. SCR is also gradually becoming the mainstream denitrification
technology in the European cement industry. The existing SCR denitrification process for cement kiln is
mainly arranged with high dust [4]. The general technical route is to set SCR reactor at the outlet of the
first-stage preheater of the cement kiln to meet the optimal reaction temperature window of the existing
commercial vanadium tungsten-titanium catalysts, with the flue gas temperature of approximately 280°C—
350°C and the dust concentration of approximately 80-100 g/Nm® [5]. However, the high dust
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concentration and small particle size in the flue gas at the outlet of the primary preheater under the high-
temperature arrangement process in actual operation can easily cause the blockage and erosion of the
catalyst, shorten the catalyst life and threaten the performance of the SCR system [6,7].

Current research on honeycomb catalyst erosion is mainly focused on SCR system in coal-fired power
stations. In laboratory-scale studies, catalyst samples are exposed to particle erosion environments, and
erosion is evaluated in terms of material mass loss [8]. Nandakishora et al. [9] investigated the erosion of
catalysts using speciated quartz powder (SiO,) to simulate fly ash, continuously changing the fly ash
impact angle, and found that the erosion rate of catalysts increased with the fly ash impact angle. Parsi
et al. [10] found that the impact angle, hardness, concentration, velocity and strength of the material of
the particles all had an effect on the erosion rate of plastic materials. However, due to the differences
between laboratory and field conditions, the erosion degree of a individual catalyst sample cannot
represent the erosion of the entire catalyst layer. Therefore, it is necessary to simulate the operating
environment of the catalyst based on cement kiln flue gas characteristics to establish an erosion model
that represents the real SCR geometry.

Computational fluid dynamics (CFD) simulation is widely used in the design and optimization of SCR
systems in coal-fired power plants. The catalyst layer consists of thousands of catalyst units, dividing the
reactor into countless gas channels. The mesh in the CFD model must be detailed enough to exceed the
computational power of current computers and must therefore be simplified. Researchers [11] often used
the porous media model to simplify the internal region of the catalyst layer. Xu et al. [12] established a
3D CFD model of SCR reactor to analyze catalyst failure but did not report quantitative results on
erosion rates. An et al. [13] used numerical simulation method to optimize the arrangement of guiding
plate for a certain SCR system to improve the localized catalyst erosion problem. Yu et al. [14]
performed CFD analysis of the wear at the inlet of single-layer catalyst in a coal-fired power plant and
obtained the magnitude of wear in different areas of the catalyst. However, the porous media model can
only include viscous and inertial loss terms in the momentum equation, which cannot accurately represent
the complex structure of the inner catalytic layer. Therefore, it is difficult to describe the collision process
between the ash particles and the real catalyst wall, which increases the difficulty of catalyst erosion
modeling. Moreover, the above studies was only for a specific SCR system and is not representative for
other models.

Considering the problem that few existing research have been applied to SCR denitrification system in
cement kiln, based on the characteristics of the large fly ash concentration and small particle size in cement
kilns, we studied the SCR denitrification catalyst in cement kiln by CFD simulation and response surface
methodology (RSM). We simulated the collision and erosion between particles and catalysts under meso
scale and investigated the effects of particle velocity, particle size, particle concentration, incidence angle,
catalyst porosity on catalyst erosion rate to give a quadratic polynomial prediction model for the erosion
rate of honeycomb catalyst in a cement kiln SCR denitrification reactor.

2 Computational Model

2.1 Geometry and Meshing

ANSYS®-FLUENT 19.0 software was used to simulate the honeycomb SCR denitrification catalyst
model based on the actual structure of the catalyst to restore the real honeycomb square shape, as shown
in Fig. 1. The model length was 100 mm. The model had an entrance section and exit section, both being
5 mm long, which were set on the top and the bottom of the catalyst section, respectively.
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Figure 1: Geometric model of a single-channel honeycomb SCR catalyst

2.2 Numerical Calculation Model
2.2.1 Turbulence Model

The simulation was based on the Euler-Lagrange method with pressure-based solver for numerical
calculations. The flue gas flow in the catalyst channel is a three-dimensional turbulent flow with large
Reynolds number, so the standard k-¢ model is widely used for its strong applicability and high
calculation accuracy [14]. The temperature condition for catalyst wear is normal temperature, ignoring the
compressibility of the fluid. In the rectangular coordinate system, the basic differential control equations are:
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where, p is the density of the fluid, kg/m3; t is the time of flow, s; u is the fluid velocity, m/s; V is the
Hamiltonian operator; P is the pressure; 7 is the viscous stress on the fluid per unit volume, N/m?® and 7z,
is the Reynolds stress tensor:
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where, the turbulent kinematic viscosity reads:
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Turbulent kinetic energy k¢ and turbulent dissipation rate ¢ formulas are:
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where, Gy is the turbulent kinetic energy caused by the average velocity gradient; o, and o, are the Prandt
numbers of the turbulent kinetic energy k¢ and the turbulent diffusivity &, respectively; Sy and S, are user-
defined source terms. The constants values Ci, = 1.44, C,,=1.92, 64.=1.0, .= 1.3.

2.2.2 Particle Motion Equation

In this work, dust particles are dispersed phase. The Lagrangian trajectory model was used to calculate
the particle trajectory, ignoring the collision between particles and the rotation of particles themselves. The
particle motion equation is:

d —
S Folur —up) +g—(pp o)

dt pf + Fother (7)

where, u,,, uy are particle velocity and fluid velocity, respectively; Fy, is the drag force of fluid; g is the
acceleration of gravity; p,, is the density of particles; Fye is the other force acting on the particle.

2.2.3 Interaction Force between Fluid and Particle

In the two-phase flow process, the drag force and the particle’s own gravity account for a large role,
while other forces have little effect and can be neglected in the calculation process. The expression for
the drag force is:
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where, Cp, is the drag coefficient; Re), is the solid Reynolds number; z is the dynamic viscosity, and a;, a,,
and a3 are constants.

2.2.4 Wall Erosion and Rebound Model

The results of Pereira et al. [15] showed that when different erosion equations combined with different
wall bounce models are used to simulate erosion, the simulated values agreed better with the experimental
values when the erosion equations proposed by Oka et al. [16] combined with the Grant et al. [17] bounce
model is used for the erosion calculations. The catalyst erosion model, based on the framework provided by
Oka et al., is a general erosion model applicable to any impact condition and any type of material. The
formula is as follows:

(1) Oka erosion equation
_ unk (d\ "
Er = 1.0 x 10~°p, kof () (Hy )" (u—‘,’) (d—f’> )
P
where, p,, is the density of the wall material, Hy is the Vickers number, d,, and u are the particle diameter

and the impact velocity, d, and ' are the reference particle size and reference velocity, respectively, f{a)
is the ratio of erosion damage at arbitrary angles, ko, k1, k», k3 are constant and exponents, respectively.
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(2) Grant and Tabakoff wall bounce model

e, = 0.998 — 1.66a + 2.110> — 0.760° (10)
e, = 0.993 — 1.760 + 1.5602 — 0.4903

where, e, is the tangential velocity recovery coefficient; ¢, is the normal velocity recovery coefficient; a
is the fly ash impact angle.

The SIMPLE algorithm is used to solve the gas-solid two-phase flow field, taking full account of the
coupling effect between the gas-solid phases, and the first-order upwind scheme is used for pressure
interpolation. In the numerical simulation of catalyst wear, the whole calculation process is divided into
two steps to ensure the accuracy and reliability of numerical simulation: (1) Under the steady state
condition, the gas phase flow field is first calculated and solved, and the residual condition is set as 1073;
(2) Under the condition of convergence of the calculation results in the first step, the DPM model is
added to the steady state field to conduct the coupling calculation between gas and solid phases until the
statistical average values of the parameters of gas phase and particle phase reach stability. At this time, it
is considered that the two-phase solution process has converged.

2.3 Grid Independence Verification

To eliminate the influence of grid number on the accuracy of numerical calculation, the grid
independence of the geometric model was verified, and the maximum erosion rate values were calculated
for each model under different grid numbers as shown in Fig. 2, where the porosity ¢ is defined as the
ratio of the volume of channels within the catalyst to the total volume of the catalyst. The maximum
erosion rate of the catalyst decreases as the number of grids increases and eventually remains constant for
a range of grid numbers. In this work, 800,000, 1,000,000, 1,100,000 and 1,200,000 grids were selected
for the calculation of four catalysts with porosity ¢ = 0.672, 0.747, 0.794 and 0.826, respectively.
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Figure 2: Grid-dependent validation of catalysts with different porosity

2.4 Verification of Numerical Calculation Model

To verify the validity of the numerical simulation, we compared the simulation results with the
experimental data from literature [18]. Fig. 3 shows that the error of the two results is basically within
15%, which proves the validity of the mathematical model. The error may be due to the fact that the
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erosion material used in the simulation is quartz, while the experimental material is a mixture of three
abrasives with differences in material density and hardness.
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Figure 3: Comparison of experimental and simulated values of maximum erosion rate

3 Results and Discussion
3.1 Response Surface Methodology and Analysis of Variance (ANOVA)

3.1.1 Design of Test Scheme

Response surface methodology (RSM), a statistical experimental design used for optimization, was used
to evaluate the impact factors and their interactions by modeling a continuous variable surface. We choose
the quadratic response surface equation considering of all primary, secondary, and interaction terms. The
response surface equation can be expressed as [19]:

m m m
Y =B+ ) BXit+ D> BXT+ D XX +e(Xy, Xo, ..., Xe) (11)
i=1 i=1

i<j

where, Y is the objective function or response; X; is the independent variable; f;, B, B represent the
regression coefficients of the primary, secondary, and interaction terms, respectively; m is the number of
influencing factors; e is the error, with two sources of error, namely, experimental error and under-fitting
error.

The Box-Behnken response surface design is a design method that finds optimal conditions among
multiple factors, using fewer design solutions to obtain and analyze a data set [20]. In this paper, the
Box-Behnken design was used to evaluate the significance of five variables influencing the erosion rate of
the cement kiln honeycomb catalyst, including particle velocity A, particle size B, particle concentration
C, incident angle D, and catalyst porosity E. The design included 40 different combinations of
independent variables and 6 groups of central point combinations for a total of 46 combinations, coded
1-46, with variance tests between high (+) and low (—) levels. The response values coded as the upper
end wall erosion rate Y; and the channel wall erosion rate Y,. Before the experiment, the lowest and
highest levels of each variable were selected based on actual engineering conditions [21-23]. The rows
and columns in Table 1 represent the experimental combinations and independent variables, respectively.
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Table 1: The range of values for each factor in the Box-Behnken design

Level Factors

A B C D E
-1 3 0.5 80 10 0.672
0 4 2.5 90 20 0.826
1 5 4.5 100 30 0.882

3.1.2 Test Results and Analysis of Variance

The results from the experimental design for each response are given in Table 2, and the analysis of
variance (ANOVA) is given in Table 3.

Table 2: Response surface design conditions and results

Run order Factors Response values
A B C D E Y, Y,
1 3 0.5 90 15 0.826 6.547 0.017
2 5 0.5 90 15 0.826 12.980 0.029
3 3 4.5 90 15 0.826 193.774 0.512
4 5 4.5 90 15 0.826 274.017 0.928
5 4 2.5 80 0 0.826 62.290 0.529
6 4 2.5 100 0 0.826 91.454 0.777
7 4 2.5 80 30 0.826 76.119 0.538
8 4 2.5 100 30 0.826 111.758 0.791
9 4 0.5 90 15 0.672 50.000 0.036
10 4 4.5 90 15 0.672 229.387 1.530
11 4 0.5 90 15 0.882 10.426 0.017
12 4 4.5 90 15 0.882 277.066 0.054
13 3 2.5 80 15 0.826 43.921 0.467
14 5 2.5 80 15 0.826 97.030 0.605
15 3 2.5 100 15 0.826 64.484 0.685
16 5 2.5 100 15 0.826 142.458 0.888
17 4 2.5 90 0 0.672 102.361 1.335
18 4 2.5 90 30 0.672 106.758 1.076
19 4 2.5 90 0 0.882 91.888 0.599
20 4 2.5 90 30 0.882 117.946 0.436
21 4 0.5 80 15 0.826 7.959 0.016
22 4 4.5 80 15 0.826 193.427 0.248
23 4 0.5 100 15 0.826 11.685 0.023

(Continued)
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Table 2 (continued)

Run order Factors Response values
A B C D E Y, Y,
24 4 4.5 100 15 0.826 283.987 0.610
25 3 2.5 90 0 0.826 48.230 0.561
26 5 2.5 90 0 0.826 106.620 0.742
27 3 2.5 90 30 0.826 52.415 0.531
28 5 2.5 90 30 0.826 126.985 0.745
29 4 2.5 80 15 0.672 83.233 1.023
30 4 2.5 100 15 0.672 122.202 1.501
31 4 2.5 80 15 0.882 84.223 0.508
32 4 2.5 100 15 0.882 123.655 0.746
33 3 2.5 90 15 0.672 118.500 1.235
34 5 2.5 90 15 0.672 207.900 1.662
35 3 2.5 90 15 0.882 61.376 0.531
36 5 2.5 90 15 0.882 140.872 0.719
37 4 0.5 90 0 0.826 9.845 0.285
38 4 4.5 90 0 0.826 223.946 0.515
39 4 0.5 90 30 0.826 9.410 0.017
40 4 4.5 90 30 0.826 252.647 0.881
41 4 2.5 90 15 0.826 80.712 0.577
42 4 2.5 90 15 0.826 81.712 0.617
43 4 2.5 90 15 0.826 84.012 0.658
44 4 2.5 90 15 0.826 83.212 0.678
45 4 2.5 90 15 0.826 81.991 0.658

46 4 2.5 90 15 0.826 79.580 0.773

Note: The unit of response value in this table is 107" kg/(m>-s), same below.

Table 3: ANOVA of regression model

Source  Degrees of freedom Adj SS  Adj MS  F-value p-value

Yy: The upper end wall erosion rate model

Model 30 252972 12649 35.6 0.000
Error 15 5899 236 - -
Total 45 258871

R*=0.896, Adj R*=0.853, Pred R*=0.844
Y>: The channel wall erosion rate

Model 30 7.18306  0.35915  25.96 0.000
(Continued)
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Table 3 (continued)

Source  Degrees of freedom Adj SS  Adj MS  F-value p-value
Error 15 0.34587 0.01383 - -

Total 45 7.52893

R*=0.854, Adj R*=0.817, Pred R>*=0.806

Regression analysis of the experimental design and data was carried out using Design Expert (8.0)
software. Both Pred R? and Adj R? of this model are close to 1, with good fits and high feasibility, so the
model could fully reflect the relationship between each factors and the response values. Eqgs. (10) and
(11) are the quadratic polynomial regression model equations between independent factors and coded unit
responses, and the effects of coding factors are examined in Tables 4 and 5, where the p-value >0.05, it
means that the degree of influence of the coefficient is not within the 95% confidence interval and is
considered to be insignificant.

Y, = 78.28 4 34.594 4 106.30B + 19.02C + 5.75D — 7.06E + 8.324% + 37.41B* + 0.14C? — 0.63D?
+30.90E 4 18.454B + 6.224C + 4.044D — 6.044E + 21.71BC + 7.28BD + 19.38BE (12)

+ 1.62CD — 0.15CE + 4.54DFE

Y, = 0.8108 + 0.13514 + 0.4232B + 0.1554C — 0.0396D — 0.3618E + 0.05484> — 0.3734B>
—0.0203C? + 0.0134D? + 0.0835E% + 0.100848 + 0.01624C + 0.00854D — 0.06854E (13)
+0.0888BC + 0.1584BD — 0.3455BE + 0.0011CD — 0.0713CE + 0.0547DE

Table 4: Effects of the coded factors on the upper end wall erosion rate model

Factors Coefficient Standard error T-value p-value
Intercept 78.28 7.58 10.32 0.000
A 34.59 4.57 7.56 0.000
B 106.30 4.57 23.24 0.000
C 19.02 4.57 4.16 0.000
D 5.75 4.57 1.26 0.220
E —=7.06 3.84 -1.84 0.078
A*A 8.32 5.19 1.60 0.122
B*B 37.41 5.19 7.20 0.000
C*C 0.14 5.19 0.03 0.979
D*D —0.63 5.19 —0.12 0.905
E*E 30.90 7.02 4.40 0.050
A*B 18.45 7.67 2.41 0.024
A*C 6.22 7.67 0.81 0.425
A*D 4.04 7.67 0.53 0.603
A*E —6.04 7.11 —0.85 0.404

(Continued)
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Table 4 (continued)

Factors Coefficient Standard error T-value p-value
B*C 21.71 7.67 2.83 0.009
B*D 7.28 7.67 0.95 0.352
B*E 19.38 7.11 2.73 0.012
C*D 1.62 7.67 0.21 0.835
C*E —0.15 7.11 —-0.02 0.983
D*E 4.54 7.11 0.64 0.529

Table 5: Effects of the coded factors on the channel wall erosion rate

Factors Coefficient Standard error T-value p-value
Intercept 0.8108 0.0581 13.95 0.000
A 0.1351 0.0351 3.85 0.001
B 0.4232 0.0351 12.07 0.000
C 0.1554 0.0351 4.43 0.000
D —0.0396 0.0351 -1.13 0.269
E —0.3618 0.0294 -12.30 0.000
A*A 0.0548 0.0398 1.38 0.181
B*B —0.3734 0.0398 —9.38 0.000
C*C —0.0203 0.0398 —-0.51 0.615
D*D 0.0134 0.0398 0.34 0.740
E*E 0.0835 0.0538 1.55 0.134
A*B 0.1008 0.0588 1.71 0.099
A*C 0.0162 0.0588 0.27 0.786
A*D 0.0085 0.0588 0.15 0.886
A*E —0.0685 0.0545 -1.26 0.221
B*C 0.0888 0.0588 1.51 0.144
B*D 0.1584 0.0588 2.69 0.012
B*E —0.3455 0.0545 -6.34 0.000
C*D 0.0011 0.0588 0.02 0.986
C*E -0.0713 0.0545 -1.31 0.203
D*E 0.0547 0.0545 1.00 0.326

3.1.3 Response Surface Interaction Analysis

Fig. 4 shows the response surface of the honeycomb catalyst erosion rate in a cement kiln SCR
denitrification reactor under various factors. The response surface of erosion rate can be visualized as a
function of two elements of the upper end wall and the channel wall erosion rate model. As shown in
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Figs. 4a and 4b, for a constant particle concentration, the erosion rate increases with the particle velocity and
the particle size. The relationship between erosion rate and particle velocity is consistent with the research
results from literature [18]. Variations in particle velocity have a smaller effect on the erosion rate when the
particle size is small and a larger effect on the erosion rate when the particle size is large. As shown in Figs. 4c
and 4d, for constant particle size, the erosion rate increases with the increase of the particle velocity. When
the particle concentration is low, the variation in particle velocity affects the erosion rate to a lesser extent,
and when the particle concentration is high, the variation in particle velocity affects the erosion rate to a
greater extent. The results from the literature [24] are consistent with the trend of the results of this study.
As shown in Figs. 4e and 4f, when the particle velocity is constant, the erosion rate increases with the
increase of particle size and particle concentration. When the particle size is small, the change in particle
concentration has a smaller degree of influence on the erosion rate, and when the particle size is large, the
change in particle concentration has a greater degree of influence on the erosion rate. The relationship
between erosion rate and particle size is consistent with the results from the literature [25].
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Figure 4: Response surface of catalyst erosion rate under the interaction of different factors

As shown in Fig. 5, the erosion rate of both the upper end face and the channel wall increase with the
particle velocity under the same conditions, and the erosion rate of upper end face was much greater than that
of channel wall, so the significance of each factor of the upper end face could be considered as the main
factor. After removing insignificant factors or other interactions, the three main factors including particle
velocity A, particle size B, and particle concentration C were comprehensively selected as important
parameters for further optimization.
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Figure 5: Comparison of erosion rates of different parts

3.2 Evolution of the Response Surface Model

Since some factors in the model can be ignored, such as 7 of the 20 model terms in Eq. (12) are regarded
as significant. Therefore, only these 7 terms are retained to construct the new evolutionary model, as
described in Eq. (14) for the upper end wall erosion rate model and Eq. (15) for the channel wall erosion
rate model.
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Y1 = 95.83 4 32.484 + 113.09B8 + 18.97C + 32.11B* + 18.504B + 21.70BC + 19.38BE (14)
Y, = 0.8785 4+ 0.11114 + 0.4232B + 0.1305C — 0.3766E — 0.3893B* 4 0.1584BD — 0.3455BE (15)

To evaluate the performance of the new model, an ANOVA was performed on the original data using
the Egs. (14) and (15). The results of the ANOVA for the modified regression model are given in
Table 6. The results show that the significance of each factors on the objective function is greatly
improved. The determination coefficients R* for the upper end wall model and the channel wall model
were 0.932 and 0.927, respectively.

Table 6: ANOVA for the modified regression model

Source  Degrees of freedom  Adj SS Adj MS  T-value p-value

Y,: The upper end wall erosion rate model

Model 6 241259 40210 88.86 0.000
Error 39 17647 452 - -
Total 45 258906

R>=0.932, Adj R*=0.921, Pred R>=0.911
Y>: The channel wall erosion rate

Model 7 6.97626  0.99661  68.52 0.000
Error 38 0.55267 0.01454 - -
Total 45 7.52893

R*=0.927, Adj R*=0.913, Pred R>*=0.877

4 Conclusions

The erosion of different parts of the SCR denitrification catalyst in cement kilns was investigated using
response surface methodology (RSM). The influence of particle parameters and catalyst structure parameters
on the catalyst erosion rate were comprehensively investigated. The following can be concluded:

1. Numerical simulations in this study show good agreement between the erosion rate and experimental
data under the meso scale, and the deviation between the simulated and experimental erosion rate
values was within acceptable limits, thus demonstrating that the numerical model used can
accurately describe the erosion pattern of the SCR denitrification catalyst.

2. Each factor has a different mechanism for catalyst erosion, and the values for the end face erosion rate
are much greater than those for all other areas. The particle velocity and particle size have the most
significant effect on erosion at the end face and pore wall areas.

3. Particle velocity, particle size and particle concentration have the most significant effects on the
catalyst erosion rate, and the interaction between particle size and angle of incidence has a
significant effect on the model. The regression model was further optimized to fit a quadratic
polynomial prediction model for the erosion rate, which can provide guidance and basis for
practical engineering.

4. The proposition of considering the real catalyst structure and taking comprehensive consideration of
multiple factors as an important index of optimization which had been both ignored in previous
studies, contribute to a more practical and more reasonable structure optimization.
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