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Many coking plants have adopted the process of preheating flue gas to apply
medium and low temperature selective catalytic reduction (SCR) denitrifica-
tion technology, which increases the NO, treatment cost, fuel consumption, and
generates secondary pollutants. Based on the unique temperature distribution
characteristics of the coke oven regenerator, this work proposes a method for
synergizing SCR inside the regenerator to remove NO,. A 3-D numerical mod-
el of the synergy between heat storage and SCR reaction was constructed to
study the influence of mixing parameters (atomization angle, injection velocity,
nozzles number) on the NO reduction and NH; distribution. The validity of the
model was verified. The results showed that the uneven distribution of NH; near
the catalytic layer and the small SCR coating area limited the NO reduction effi-
ciency. Increasing the number of nozzles was more beneficial than the injection
velocity and atomization angle for improving the NH; distribution uniformity
and NO reduction efficiency, achieving a maximum NO reduction efficiency of
37.1% (reduced to 251.6 mg/m’). Further research found that the NO reduction
capacity of the co-operative SCR model cannot exceed 36% without changing
the thermal storage brick structure. When the inlet NO concentration is less than
235 mg/m’, the reaction model ensures that the outlet NO concentration meets the
national emission standards.

Key words: selective catalytic reduction, coke oven regenerator, NO reduction,
coupling process, numerical simulation, uniformity distribution

Introduction

Modern regenerative coke oven systems include a carbonization chamber, combus-
tion chamber, and regenerator [1]. The combustion process of blast furnace gas or coke oven
gas generates a high NO, concentration of 400~1000 mg/m? [2, 3]. Flue gas discharged from
a coke oven directly into the atmosphere without treatment causes serious harm to the en-
vironment and human health. The Chinese environmental protection department issued and
implemented pollutant emission standards requiring that NO, in unique regions be less than
150 mg/m?. This brings enormous environmental pressure to currently running and to-be-built
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coking enterprises. Considering the strictness of current and future environmental protection
standards, coking companies must urgently develop new technologies to control NO, emissions.

Coke oven flue gas NO, control methods include combustion mode improvement and
combustion post-treatment. Improving the combustion mode declines the local high tempera-
ture, weakening the production of thermal and rapid NO, [4, 5]. Among them, methods such as
external flue gas circulation [6], staged combustion [3], and oxygen-enriched fuel [7] were used
to reduce the generation of NO in coke oven flue gas. However, in terms of achieving emission
standards, this approach needs further exploration. The post-treatment SCR process selectively
reacts to the reducing agent (NH; or urea) with NO, to generate N, and H,O [8]. Owing to its
many advantages (i.e., high NO reduction efficiency, compact equipment, and reliable opera-
tion) [9], the post-treatment SCR process has been accepted by most coking companies. The
denitration efficiency of the SCR system depends on whether the flue gas and NH; are mixed
well in the reactor. There have been many reports about enhancing the uniformity of NH; distri-
bution improve NO reduction. One way is to improve the uniformity of the flow field by setting
up deflectors, rectifier grids, and other structures [10-15]. Another way is to enhance uniformity
at the SCR catalytic zone entrance by changing the operating parameters (i.e., atomization an-
gle, injection position, injection method, and injection velocity) [16, 17]. The SCR technology
used in coking plants generally achieves a NO reduction of over 90%. However, there are many
problems in these practical applications. Firstly, considering the vulnerability of SCR catalysts
that are easily poisoned and non-renewable [18], enterprises face difficulties selecting the de-
sulfurization and denitration sequence in the flue gas treatment system. Secondly, since the
mainstream SCR catalyst has a working temperature window of 300~400 °C [19-21], installing
a supplementary heating device is necessary to increase the flue gas temperature (180~230 °C).
This result added to enterprises’ economic investment, brought additional fuel consumption,
and simultaneously produced secondary pollution. Many scholars have experimented with low
temperature SCR catalysts [8, 22-24]. However, limited by the operating conditions, there have
been few cases of application in flue gas systems [25, 26].

Therefore, the economic costs and fuel consumption problems caused by applying
medium and low temperature SCR denitration coking plants must be solved urgently. Currently,
there are few reports on applying SCR to coke oven heating systems. To solve the problems
mentioned previously in the NO, treatment of coking flue gas, this work combines the tem-
perature distribution characteristics of the regenerator [27] and proposes a new-type regener-
ator synergistic SCR process. In this study, a suitable temperature window was selected as the
coating area of the vanadium-based SCR catalyst. The flow, heat and mass transfer, and NO
reduction effect of the cooperative SCR inside the regenerator were numerically studied. The
validity of the SCR reaction model was verified. The influence of mixing parameters (atomi-
zation angle, injection velocity, nozzles number) and inlet NO concentration on NO, emission
reduction was analyzed. The research provides a parameter index and theoretical basis for the
synergy SCR process inside the regenerator to replace the medium and low temperature SCR
denitration system.

Modelling and methodology
The geometric model of the regenerator synergistic SCR process

A traditional coke oven regenerator consists of nine-hole checker bricks stacked in
sequence, fig. 1(a). To realize the co-operative SCR process application in the regenerator,
based on the traditional structure, we removed part of the checker bricks inside the regenerator
to leave a specific space (called the NH; injection space) for the reductant injection. The mod-
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ified structure of the new-type regenerator is shown in fig. 1(b). It was assumed that the active
component V,05/TiO, uniformly coated the wall of the flue gas channels in part CD for the SCR
catalytic reaction. The velocity, temperature, and component concentration distribution at the
model entrance were uniform.
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Figure 1. The structure of the new-type regenerator and the SCR
implementation method; (a) the structure of the traditional regenerator
and (b) the structure of the new regenerator

According to the characteristics of space axis symmetry, a quarter of the 3-D regen-
erator model cooperative SCR process was established for numerical calculation. We assumed
that the height of the regenerator was 2250 mm. The cross-sectional dimension of the NH;
injection space was 302 x 118 mm. The temperature distribution determined the position of
the NH; injection space Hgc and the SCR coating area Hcp. We assumed that the coating area
was filled with the medium-low temperature section during the initial calculation. The structur-
al parameters of the new regenerator of the cooperative SCR process were: AB section height
H, = 1150 mm, BC section height H, =300 mm, and CD section height H; = 800 mm.

Governing equation

The flow, heat and mass transfer, and chemical reactions were considered in the nu-
merical model and calculated using FLUENT platform (ANSYS, Inc., Canon-sburg, Penn.,
USA). The NH; injection space in the geometric model affected the flow state, so the RNG £-¢
turbulence model was selected to manage low Reynolds number and near-wall flow [28]. The
regenerative coupled SCR process includes delayed flow, heat transfer, component evaporation
and SCR catalytic reaction. The corresponding governing equations of this process have been
described in previous work [29, 30].
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We verified that thermal radiation had a minimal effect on the temperature distribution
inside the regenerator [27]. On the other hand, the radiation effect produced by the injection
stream was also weak [31]. Therefore, the thermal radiation was ignored in this simulation.

Discrete phase modelling (DPM) described the heat and mass transfer caused by the
NHj; injection. The chemical equilibrium equation of the NO reduction reaction considered in
this work:

4NO+4NH; +0, — 4N, +6H,0 €))

The SCR reaction kinetic model and rate expression used in the model [18, 32] are
described:

No = kNocNoeNH3 2)
Keng —Euxo AH 4
O, =—— > kno =Anoexp BT, K=4,,exp RT (3)
1+ Koy, :

where kyo is the intrinsic reaction rate constant, ¢; — the concentration of i species, i = NO,
NH;, Oy — the coverage of NH; on the catalyst, K — the NH; adsorption equilibrium constant on
the catalyst, Ano and E, o are the pre-exponential factor and activation energy in the Arrhenius
equation, A,y and AH,4 — the pre-exponential factor and NH; adsorption heat in NH; adsorption
equation.

The SCR reaction kinetic model parameters shown in tab. 1 were obtained through
experiments [21]. The experiments were conducted in a benchtop reactor using a commercial
V,05/TiO, catalyst, and the reaction temperature was between 320~400 °C.

Table 1. Kinetic parameters of the SCR reaction

Parameters Value Unit
Axo 3.17 - 10° [s']
E.xo 50.38 [kJmol ]
Aas 2.55-10710 [m*mol ']
AH, 153.23 [kJmol ']

Solving conditions

The data for this work was derived from a JNK43-98D coke oven in a coking plant.
The height of the carbonization chamber in the JNK43-98D is 4.3 m, and each carbonization
chamber corresponds to two regenerators. This coke oven has dual fire channels and exhaust
gas circulation, it also has the advantages of a long life, environmental protection, and low in-
vestment [33]. The mass-flow rate of the high temperature flue gas-flowing from the upstream
of the regenerator into the geometric model is 0.0075 kg/s, and the outlet was the pressure
boundary.

Relevant data were collected at the operation site of the coke oven [27]. The volume
fraction of the main components of the flue gas was measured before entering the chimney:
C0,/0.206, 0,/0.054, H,0/0.057, N,/0.685, and the NO, concentration was 400 mg/m?. Fur-
thermore, the prediction equation 73, = 1342.391 + 0.02294¢ was obtained between the inlet
temperature 7;, and the heat storage time 7.

The droplet size in the DPM model conformed to the Rosin-Rammler distribution. A
solid-cone nozzle was used to inject NH;-water, and the initial conditions were set, as shown
in tab. 2.
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Table 2. Initial parameters of NH;-water injection

Parameters Value Unit
Temperature 300 [K]
Velocity 0.1 [ms™]
NH; concentration 0.09 [wt.%]
Atomization angle 40 [°]
Average particle size 100 [pum]
Diameter of injection point 0.18 [mm)]

Mesh division

The coupled heat transfer between the flue gas and regenerator was considered in the
model. The mesh of the fluid area and the solid area were divided separately. It was a hybrid
grid consisting of hexahedral grids. Mesh refinement was conducted on the boundary of the
fluid domain to improve the accuracy of the numerical simulation. In addition, the indepen-
dence of the grid was verified. Because when the number of grids is greater than 580000 grid
cells, the monitored outlet temperature and composition NO/NH; remain basically unchanged.
Therefore, 580000 grids were finally selected for calculatio. Mesh independence verification
and meshing results were presented in previous work [29]. The SIMPLE algorithm was used to
solve the momentum equation’s pressure-velocity coupling problem. The second-order central
difference scheme solved the convection term and diffusion term in the governing equation, and
the calculation criterion of the equation was 107,

Results and discussion
Model verification of SCR catalytic reaction

In this study, the SCR reaction mecha- 100
nism and related parameters proposed by Zheng
et al. [34] were used to verify the model’s valid-
ity. The data provided by this literature include:
N/1000 ppm, NH3/750 ppm. Figure 2 depicts the
NO conversion efficiency gradually increasing
with the reaction temperature. The comparison
between the simulation results in the tempera-
ture range of 320~400 °C and the experimental
reference data show that the SCR reaction cata-
lyst model established in this work simulates the 320 340 360 380 400
experimental conditions well. The maximum Temperature [°C]
deviation did not exceed 7.5%. Therefore, the  Figure 2. Experimental and simulation results
established model was effective in simulating ©of NO conversion at different temperatures
the SCR reaction process.
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Analysis of velocity, temperature and NO reduction of the SCR process

In this section, to investigate the concentration distribution of NO and NHj; in the
x-direction, the edges of the flue gas channel with a cross-section of ¥ = 0~500 mm are named
Symmetry-surface, Wall surface-1, Wall surface-2, and Wall surface-3.
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Figure 3(c) shows a prominent NH; concentration peak in the NH; injection space.
When the injection flow of 0.1 m/s mixed with the incoming smoke of 0.8~1.2 m/s, the velocity
difference caused most of the NH; to be confined to flow into the channels of the middle-low
temperature section, and a small part of the injection flow spread locally to the cross-section.
As a result, the NH; concentration near the walls of the Wall surface-1 and Wall surface-2 areas
was low and unevenly distributed. The SCR catalytic reaction described in fig. 3(d) had a strong
correlation with the temperature near the wall. Affected by the regenerator temperature and NH;
distribution, the NO reduction at Wall surface-3 occurred earlier and more extensively than at
Wall surface-1, and Wall surface-2.

The SCR process gradually reduced the NO concentration from 397 mg/m? at the
height Y= 500 mm to 263 mg/m?® at the outlet (¥ = 0 mm), achieved a NO reduction efficiency
of 34.2%. In the case of sufficient NH;, the monitored outlet NO maintained a higher concen-
tration. This may be caused by the inadequate NH; distribution and small SCR catalytic area.
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Velocity emperature NH, mole fraction I NO mole fraction Wall 1
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Figure 3. The calculation results of the synergistic SCR catalytic reaction;

(a) velocity field, (b) temperature field, (¢) NH; concentration distribution,
and (d) NO concentration distribution

Influence of different parameters on NO reduction in SCR process

This section analyzes the effects of the atomization angle, 0, injection velocity, v, the
nozzles number, N, on the flow field uniformity, and NO reduction. In addition, the uniformity
index, y,, evaluated the NH; distribution [10, 11, 33, 35]. The interval ¥ = 0~800 mm was selected
as the investigation surface for y,. The eq. (4) calculated the y, of the specific field variable ¢;:

Z[(I¢, a.))4 |

=1+ )

where ¢, is the NH; volume concentration on the i mesh dividing surface, q?a — the average val-
ue of the NH; concentration on the entire investigation surface, and 4, — the area of the /" mesh
dividing surface. The closer the uniformity index is to 1, the uniformity improves.
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The effect of the atomization angle on NO reduction

Figure 4(a) shows that increasing the atomization angle has a negligible impact on the
NH; concentration peak and the NH; distribution near Wall surface-1 and Wall surface-2. How-
ever, the NH; concentration between the adjacent injection points is heightened. Figure 4(b)
shows that the atomization angle benefits the uniform distribution of NH; at the cross-section.
However, the diffusion rate of NHj; is greater than that of consumption, so the second uniform
development is obtained. During the whole process, the uniformity index y, was 0.86~0.89,
indicating that the NH; concentration was preferably distributed.

NH, mole fraction 0.94

151.10° w450
5 e 500
E 0929 & 55°
. g i I |
1 1.51-10" £ 0.901 4
5 ,_n_\_'\"_'
f=s
>
0.881
' 1.51.10° =
0.86 1
Uniformity index
0 0.844 . ; - ;
0.0 0.2 04 0.6 0.8
(a) 45° 50° 55° (b) Distance from outlet [m]

Figure 4. The NH; concentration distribution at different atomization angles;
(a) the NH; distribution in the NH; injection space area and
(b) the y, variation in the catalyst coating area

Figure 5 shows the opposite distribution state on the Wall surface-2 side and the Wall
surface-3 side of the outer channel. As the investigation area approaches the outlet, this phe-
nomenon gradually weakens. The flue gas carries NH; continuously to the exit, which promotes
the uniform development of NH; in the Y cross-section. Meanwhile, the SCR reaction near the
wall also accelerates the diffusion of NHj; side to side. In the ¥ = 200~0 mm section, the diffu-
sion rate of NH; to the Wall surface-2 side is greater than the consumption rate, which causes
the NH; concentration increase. Affected by the NH; distribution characteristics, Wall surface-3
shows a sharp decline in NH; than Wall surface-2 at the ¥ = 400~200 mm section.
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Figure 5. The NH; distribution at an atomization angle of 45°
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The atomization angles of 45° and 55° correspond to the NO reduction efficiency of
34.4% (reduced to 262.6 mg/m?) and 34.6% (reduced to 261.6 mg/m?), respectively. Compared
with the initial situation, it increased by 0.4% at most. On the one hand, the variation in the
atomization angle was not large enough, and the more important reason was that the catalytic
area was too small.

The effect of injection velocity on NO reduction

Figure 6 shows that the NH; distribution characteristics are similar to the case of at-
omization angle. The momentum improving the reductant promotes the development of NH;
in the cross-section and the upper part of the NH; injection space. However, the injection flow
was constrained by the mainstream smoke, which also caused the uneven distribution of the
Wall surface. Compared with the atomization angle, the NH; concentration noteworthily de-
creases in the central area and raises near the Wall surface-2, whereas the Wall surface-3 side
does not vary significantly. Therefore, further improving the NH; uniformity benefits the SCR
catalytic reaction. From 0.2-0.6 m/s, the outlet NO reduction was 35.5% (reduced to 258.1 mg/m?)
and 36.2% (reduced to 255.1 mg/m?), respectively. Compared with the initial situation, it in-
creases by 2%. Compared with the case of the atomization angle, it increases by 1.6%. The
injection speed has a greater impact on the SCR process than the atomization angle.
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Figure 6. The NH; distribution at an injection velocity of 0.2 m/s

The effect of the nozzles number on NO reduction

Figure 7 shows the axisymmetric state of the NH; concentration field gradient de-
crease under the condition of different nozzle numbers, which confirmed the superior NH;
uniform distribution characteristics. Furthermore, the nozzles number results in a tremen-
dous NH; distribution increase in Wall surface-2 along the X-direction at ¥ = 300 mm and
Y = 100 mm than the atomization angle and injection velocity. It is worth noting that the NH;
concentration on the Wall surface-2 side is higher than in the center. Concurrently, the NH;
levels of Wall surface-2 and Wall surface-3 both drop sharply at the ¥ =300 mm position, this
implies that the ameliorating NH; concentration near the Wall surface is conducive to the SCR
catalytic reaction. During the NO reduction process, the consumption rate of NH; near Wall
surface-2 is greater than the diffusion rate, so that the lessened NH; cannot replenish, thereby
explaining the reason for the distance shortening in the II-zone.

Increasing the number of nozzles the SCR catalytic reaction starting at ¥ = 500 mm
and improves NO reduction. From the partially enlarged view at the outlet, it was found that
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when the nozzles number was 17~25, NO concentration decreased to 256.4~251.6 mg/m>.
Compared with the initial working condition, NO reduction increased by 2.9% at the maximum,
and it was further increased by 0.9% compared with the injection velocity.
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Figure 7. The NH; concentration distribution under the different nozzles number;
(a) the NH; distribution at ¥ =300 mm and (b) the NH; distribution at ¥ =100 mm

In summary, without adding a mixed flow device, the change of univariate parameters
(atomization angle, injection velocity, and the nozzles-number) resulted in 34.4~37.1% of NO
reduction (maximum reduction 251.6 mg/m?). It was difficult for the synergistic SCR technol-
ogy to achieve the standard emission requirement of 150 mg/m?.

The influence of inlet NO concentration on NO reduction

To obtain the NO reduction capacity of the synergistic SCR process in the regener-
ator, the influence of the inlet NO concentrations of 200 mg/m? and 150 mg/m? on the outlet
NO concentration was analyzed. Here, an injection velocity of 0.1 m/s, an atomization angle
of'40°, and a nozzles number of 25 were adopted.

Figure 8 depicts the curve L, reflects that the NO 1 —#—200 mg/m’
concentration reduces by 73.2 mg/m® in the cata- =150 mg/m’
lyst coating interval from 500-0 mm, achieving a
reduction efficiency of 36.6%. The NO concen-
tration of curve L, reduces by 54.6 mg/m’, and a
reduction efficiency of 36.4% is achieved. These
results show that the outlet NO concentration had
less of a relationship with the inlet concentration -
under given conditions, as determined by the " Flue gas ST ——
regenerator structure and the SCR coating area. oL . 2 - , :
Therefore, it can be inferred that when the inlet 00 01 oi 02 03 04 05
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Conclusions

e The apparent, uneven distribution of NH; concentration developed in the pores. On the one
hand, it was caused by the speed difference between the injection flow and the mainstream
smoke in the NH; injection space. On the other hand, it was determined by the consumption
rate of NH; participating in the reaction on the catalytic wall and the diffusion rate of NH3
at the center of the wall.

® Increasing the number of nozzles was more helpful than the injection speed and atomization
angle in improving the NHj; distribution near the wall and the NO reduction efficiency. The
improvement in the uniformity of NH; concentration was mainly due to strengthening the
mixing of the injection stream with flue gas in the NHj; injection space. Without changing
the thermal storage brick structure, increasing the mixing effect achieves a maximum NO
reduction of 37.1%. When the inlet NO concentration was less than 235 mg/m?, applying the
cooperative SCR reaction model inside the regenerator helped the outlet NO concentration
meet the emission standard.

Coating SCR catalyst on the inner lattice brick wall of coke oven regenerator for NO
emission reduction has great potential for medium and low temperature SCR denitrification
system that replaces coke oven flue gas epitaxy. However, it is necessary to further study and
explore whether the thickness of the coated catalyst can obtain better denitration effect, and
whether the increase of the coating thickness will affect the heat transfer of the high temperature
flue gas-regenerative solid. The next work should be combined with experiments and numerical
values to study the operating effects of flue gas-solid coupling heat transfer and SCR catalytic
denitration under the harsh conditions of actual production.
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Nomenclature
A; —area, [m?] Y —3-D direction y, [-]
Ano — pre-exponential factor, [s7!]

Aqqs — pre-exponential factor, [m*mol™'] Greek symbols

¢ — species concentration, [—] 7. — uniformity index, [-]

E,no — activation energy, [kJmol ] Oxu,— coverage rate, [-]

AH,,, — adsorption heat, [kJmol '] ¢ —field variable, [-]

K —adsorption equilibrium constant, [—] ¢. —average value of the NH; concentration, [—]
ko — reaction rate constant, [—|

o — NO reaction rate, [—] Acronyms

T, —inlet temperature, [K] DPM - discrete phase modelling

t  —represents time, [s] SCR - selective catalytic reduction
u  —fluid velocity, [ms™]
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