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ABSTRACT: In order to control NO, emissions and meet China’s ultralow emission standards, a numerical simulation based on
the computational fluid dynamics (CFD) approach is performed for the optimization of the reductant injection volume, number of
injection sources, distribution, and injection direction for the flue gas denitrification process of a circulating fluidized bed boiler
(CFB) blended with low-water content biomass in a 168 MW unit of a thermal power plant. Using the target power plant boiler
entity as a template, a simplified geometric model is established, 1:1, and the mass fractions of each flue gas component set by the
inlet boundary conditions are 0,2, H,011.6, CO,16.2%, and NO0.05%(about 134 ppm), and the reduction reactions under
different optimized conditions are numerically simulated using the SNCR model in ANSYS Fluent 2021 R1. The simulation results
under each condition were analyzed. The results show that the optimal ammonia-to-nitrogen ratio should be taken as NSR = 1.25,
the denitrification efficiencies of 81.00, 81.63, and 82.74% at the three outlets are high, and the ammonia escapes of 1.76, 2.08, and
9.42 mg/s are within a reasonable range; increasing the number of injection sources can significantly reduce the disturbance of the
flue gas flow field by reductant injection; the direction of injection is parallel to the direction of the flue gas flow, and the line of the
injection source is orthogonal to the direction of the flue gas flow, which is conducive to the mixing of the reductant and flue gas; the
optimized boiler denitrification efficiency reaches 74.2%, meeting the ultralow emission requirements of nitrogen oxides and
ammonia escape.

1. INTRODUCTION system damage, spasms, and acute poisoning, resulting in lung
congestion, edema, and potentially fatal asphyxiation.”

All major power plants in China have adopted various NO,,
control measures to meet the latest ultralow NO, emission
requirements (less than 50 mg/m®). The stringency of NO,
emission standards, combined with their concentration in the
occurring during the electricity generation process in coal-fired postcombustion flue gas, dictates the choice of a specific control
thermal power plants. NO is the primary NO, constituent strategy among the various available denitrification methods.
emitted from coal-fired boilers, followed by NO, accounting for

Nitrogen oxides (NO,), a large category of air pollution, include
NO, NO,, N,0, N,O;, N,05, NO;, N,O,, etc. Approximately
70% of the Chinese annual NO, emissions originate from the
combustion of fossil fuels, with nearly half of these emissions

about 5—10%, and the rest of the production is small enough to Received: September 21, 2023
be negligible.”> NO, emissions from thermal power plants must Revised:  October 17, 2023
be controlled due to their role in the formation of acid rain, Accepted: October 19, 2023
contribution to photochemical smog, potential damage to the Published: February 25, 2024

ozone layer, impact on atmospheric climate, and adverse effects
on human health.” Inhalation of NO can lead to central nervous
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These control strategies depend on the combustion technology,
fuel characteristics, whether the plant has been existing or is new,
and applicable emission standards. A variety of methods are used
to control stationary source emissions, from precombustion fuel
cleaning to postcombustion off-gas treatment. Precombustion
treatment involves seeking to reduce the nitrogen content of the
fuel before it enters the combustion chamber, and fuel
pretreatment is costly. The basic idea of in-combustion
treatment is to create low-oxygen ambient conditions (especially
in the early stages of combustion), reduce the flame temper-
ature, or alter the residence time in various parts of the
combustion zone to reduce NO, formation and increase the
inverse conversion of NO, to N, and O,. In-combustion
treatments include low-excess air firing (LEAF), flue gas
recirculation (FGR), and reburning (RB). Postcombustion
treatment can be used as an alternative or supplement to
combustion nitrogen control strategies, which involves the
absorption or conversion of nitrogen oxides present in the
postcombustion gas. Currently, the most common is selective
catalytic reduction (SCR) and selective uncatalytic reduction
(SNCR), in addition to alkali absorption, electron beam
radiation, adsorption catalytic oxidation, complex absorption,
microbial method, and other technologies (Table 1).

Due to the large volume of waste gas in thermal power plants,
alkaline absorption and adsorption catalytic oxidation cannot be
used; complex absorption usually needs to be combined with
microbiological methods to remove byproducts, and micro-
biological methods and electron beam methods are difficult to
achieve with automated control due to the complexity of
equipment manipulation and are not used in thermal power
plants; in contrast, SCR and SNCR are more suitable for flue gas
denitrification treatment in thermal power plants, and both have
their advantages and disadvantages, so combining them not only
reduces the cost but also improves the efficiency; combining
biomass blending with post-treatment SNCR to control boiler
NO, emissions is also a current research hotspot, which not only
realizes the reuse of waste but also achieves the purpose of flue
gas emission reduction.* Combining the above-mentioned
analysis with the actual characteristics of thermoelectric flue gas,
this paper takes the circulating fluidized bed (CFB) boiler of a
power plant with biomass blending as the research object and,
with the help of the computational fluid dynamics (CFD)
method, the flue gas generated by its biomass blending flue gas.
This study was carried out to explore the optimization of the
SNCR method to improve the denitrification efficiency while
solving the problem of excessive ammonia escape.

2. EXPERIMENTAL SUBJECT AND METHODS

2.1. Experimental Subject. The boiler model is built
according to the actual boiler size 1:1, and the views are shown in
Figure 1. This boiler adopts the method of biomass blending to
control the emissions of pollutants, such as sulfur dioxide and
nitrogen oxides, in the combustion process. The design coal type
of boiler fuel is raw coal from Huolin River in Inner Mongolia;
the calibration coal type is Tiefa Xiaonan mine final coal; the
blended biomass is peanut shells, and the results of industrial
analysis and elemental analysis of the fuel are shown in Table 2.

From Table 2, it can be found that biomass fuel has the
following characteristics compared with coal: (1) higher volatile
content, so biomass fuel is easier to ignite and can make the
furnace temperature rise faster; (2) higher hydrogen and oxygen
content, the H radicals and O radicals generated during
combustion can inhibit the formation of NO to a certain extent;

j——

1

Figure 1. Boiler model structure diagram. (a) top view, (b) cyclone
center axis section, and (c) left view.

and (3) lower nitrogen and sulfur content, the content of N and
S in biomass is significantly lower than that of coal, the sources of
pollutants such as NO, and SO, produced during combustion
will be reduced, thus reducing the load of subsequent flue gas
pollution control procedures. The biomass fuel selected for this
experiment was peanut shells, and most boilers selected
wood,> 7* bark,>* herbs,>* cotton stalks,> olive waste,>® and
bagasse®® for blending, and accordingly, there is a certain lack of
research on denitrification of flue gas produced by boilers
blended with peanut shells. Because common biomass fuels are
richer in water and nitrogen contents compared to coal’” and the
peanut shell biomass fuel selected for this study has lower water
and nitrogen contents than the coal used, the flue gas produced
by its blending differs from other cases, so this paper is a targeted
study of flue gas denitrification treatment with less water vapor.

The NO, control method used in this research subject is the
SNCR method, with urea as the reducing agent. In addition to
the temperature window for optimal reduction, the performance
of SNCR technology depends on factors, such as mixing and

https://doi.org/10.1021/acsomega.3c07288
ACS Omega 2024, 9, 10207-10219


https://pubs.acs.org/doi/10.1021/acsomega.3c07288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07288?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Industrial and Elemental Analysis of Various Combustibles

industrial analysis (wt %)

elemental analysis (wt %)

M,, Ve Ay Cu H, O, N, S
design coal type 28.10 25.19 2091 37.46 2.95 9.47 0.64 0.47
check coal type 8.30 19.74 43.08 38.41 2.86 6.49 0.54 0.32
biomass 18.24 58.12 7.28 17.88 4.57 35.82 0.44 0.07

Table 3. SNCR Reaction Mechanism with Urea as a Reductant”

reaction

CO(NH,), - NH, + HNCO (1)
CO(NH,), + H,0 - 2NH; + CO,
NH; + NO - N, + H,O+H (3)
NH; + O, > NO+H,0+H (4)
HCNO +M - H+NCO+M (5)
NCO + NO - N,0 + CO  (6)
NCO+OH—->NO+CO+H (7)
N O+OH->N,+ O, +H (8)
NO+M->N,+0+M (9)

@)

A (mol-s™) b E (J-mol™")
1.27 x 10* 0 65048.109
6.13 x 10* 0 87819.133
4.24 X 10* 5.30 349937.06
3.50 x 107! 7.65 524487.005
2.40 x 10 0.85 284637.8
1.00 X 107 0 —1632.4815
1.00 X 107 0 0

2.00 x 10° 0 41858.5

6.9 x 107 -2.5 271075.646

“A is the prefinger factor; b is the temperature index; E is the reaction activation energy; and M is an unknown inert component, which is not

involved in the simplified kinetic mechanism.

residence time. During the design process, it is necessary to
consider not only the accurate representation of all factors but
also the analysis of the nonlinear combinations between them,
which require a comprehensive analysis of turbulent hydro-
dynamics, radiation, convective heat transfer, spray droplet
dynamics, and gas-phase chemistry in advance,”” which can be
achieved with a reasonable numerical simulation using a CFD
code that includes SNCR chemistry. As early as 1990, Nalco
Fuel Technologies (NFT) in the United States, in collaboration
with Michels et al., used CFD simulations to guide the design
and optimization of full-scale SNCR systems.”” Han et al.
developed a skeleton mechanism with 105 reactions based on
the detailed mechanism “GADM98” and a subsequent 10-step
simplified mechanism for mixed reignition/SNCR of methane
and ammonia and implemented it into a 3D combustion CFD
program to simulate the complex reignition/SNCR process, and
both the simplified mechanism and the integrated model gave
satisfactory results over a wide range of parameters.* Model
simulations were in reasonable agreement with the experimental
data and were more similar to those of the detailed kinetic model
above 900 °C.*" Nguyen et al. also reported in 2010 that the
combined SNCR-SCR simulation test they did was the same as
the pilot experiment, with the lowest NO concentration at 940
°C, but the experimental data differed from the simulated data
by 13% at 980 °C.*” Lv et al. developed a simplified mechanism
for an SNCR system with urea as the reducing agent, and its
applicability was rigorously verified under a wide range of
operating conditions, with concentration errors of almost all
important substances below 10% except for N,O in the high-
temperature region.”” Xia et al. proposed a CFD scheme to
simulate the injection location, injection rate, and nonstandard
stoichiometry ratio (NSR) for a 750 t/d commercial incinerator
with a three-dimensional critical point velocity and nonstandard
stoichiometric ratio (NSR) on SNCR performance, and the
results showed that the highly heterogeneous distribution of gas
velocity, temperature, and NO, concentration made the
injection location one of the most sensitive operating parameters

affecting SNCR performance of a moving-grate incinerator.**
For SNCR applications in industrial boilers with limited space,
to improve the NO reduction efficiency, Shin et al. developed a
comprehensive computer program, and according to the
calculations, NO can be removed more efficiently due to the
increase in injection rate and the increase in the depth of
penetration of the reductant.*’ Liu and Kao simulated the
predecomposer combustion and urea aqueous solution-based
SNCR process by CFD and investigated different injection flow
rates and stratified injection at different flow rates in the SNCR
process, and the results showed that different injection heights
and different injection flow rates have a significant effect on NO,,
removal efficiency and NH; leakage.

2.2. Experimental Methods. Computational fluid dynam-
ics is the simulation and analysis of hydrodynamic problems by
solving the controlling equations of fluid dynamics by computer
and numerical methods. The use of CFD requires first
extraordinary computational power and time and second
improvements in realistic turbulence models, turbulence—
chemical interactions, and available simplified reaction mecha-
nisms to improve accuracy and applicability. Also, modeling of
real equipment with full chemical properties and delineating a
fine enough mesh is required to obtain reasonable simulation
results.”’

2.2.1. Reaction Mechanism. As a basis for CFD simulations,
there are three accurate, rational, controllable, generic, and
portable SNCR denitrification reaction mechanisms, which are
the thermal DeNO, mechanism with NH; as the reducing
agent,48 the NO,OUT mechanism with urea as the reducing
agent,”” and the RAPRENO, mechanism with cyanuric acid as
the reducing agent.’® In this study, numerical simulations were
carried out using ANSYS 2021 R1 software, using the SNCR
calculation module in which the reaction mechanism consists of
a two-step urea decomposition mechanism and a seven-step
reduction kinetic mechanism, as detailed in Table 3.

2.2.2. Model Building. In the CFD method, model building is
a very important step, which should be close to reality to reduce

https://doi.org/10.1021/acsomega.3c07288
ACS Omega 2024, 9, 10207-10219
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the deviation of the results but also to simplify as much as
possible to reduce the computational load. Therefore, the
following ideal conditions for simplification are set: (1) calculate
only the single-phase steady-state flow field in the reaction zone,
without considering the perturbation of the reaction by
particles; (2) assume that the main components of the flue gas
are N,, O,, CO,, NO, and water, the specific shares are given by
the data provided by the docked companies, and that the
components of the flue gas and the reductant gas are
incompressible ideal gases; (3) the flue wall is set as a smooth
heat transfer wall, and the evaporation process of liquid droplets
is set by the DPM model; and (4) ignore some internal
structures that have less influence on the flow field, such as the
frame and beam in the system.

The MESH module in WorkBench is used to mesh the model,
and the cyclone part, which mainly generates the reaction, is
divided into a tetrahedral mesh and encrypted and named
cyclones 1, 2, and 3 along the positive direction of the Y-axis.

To eliminate the influence of meshing on the calculation
results, the grid independence verification is carried out, and the
model is divided into 112,447, 239,849, and 323,739 grids; the
simulation results show that the mass flow difference between
import and export is 9.60, 3.24, and 0.24 mg/s, respectively. The
greater the number of grids, the smaller the error of the
calculation results but the slower the calculation speed. The
rougher the grid, the greater the error of the calculation results
but the calculation speed is faster. Taking into account the
calculation accuracy and speed, the model is finally divided into
239,849 grids as shown in Figure 2.

L

10000 )

Figure 2. Mesh division diagram.

2.2.3. Physical Model Selection. When setting up the
numerical simulation solver, it is necessary to select the
appropriate physical models according to the calculated
problem, including the multiphase flow model, energy equation,
turbulence model, radiation model, component transport and
reaction model, discrete phase model, solidification and melting
model, and aerodynamic noise model. In this study, we need to
open the energy equation to simulate the heat transfer process
such as droplet evaporation, choose the standard k- model for
the turbulence model to simulate the gas flow, open the
component transport and reaction model to simulate the
interaction between the fluid and reductant, and open the
discrete phase model to simulate the injection of the reductant.

2.2.4. Boundary Condition Setting. The boundary con-
ditions are the mathematical physical conditions that the flow
field variables should satisfy at the computational boundary. The
boundary conditions together with the initial conditions are
called fixed solution conditions, and the solution of the flow field
exists and is unique only after the boundary conditions and
initial conditions are determined. The initial conditions of
Fluent are performed during the initialization process, while the
boundary conditions need to be set separately. The boundary
conditions are roughly divided into fluid inlet and outlet
conditions, wall conditions, internal cell partitioning, and
internal surface boundary conditions. The inlet flue gas flow
rate is 279 m*/s, divided by the inlet area, and the inlet velocity is
about 1 m/s, so the inlet in this model is set as a velocity inlet
with a velocity size of 1 m/s, turbulence intensity of 10%,
hydraulic diameter of 14.56 m, and temperature of 1200 K, the
mass fraction of each component is shown in Table 4, and the
outlet is a pressure outlet with a gauge pressure of 0. The rest of
the conditions are kept as default.

Table 4. Imported Flue Gas Composition

components O, H,0 CO, NH; NO
mass fraction (%) 2 11.6 16.3 0.02 0.05

Under this boundary condition, no injection source was set,
and the model was initialized and iteratively calculated in 1500
steps to obtain the NO distribution maps of the entire fluid
domain, the three outlets, and the central axis profile of the
cyclone (Figure 3), and the area-weighted average NO
concentrations of the resulting output for each face are filled
in Table 5. At this time, the NO concentration is close to the
actual NO,, distribution in the boiler when SNCR measures are
not added, the NO velocity at the inlet is 134 mg/s when
converted, the difference in NO concentration distribution in
the three cyclones is negligible, a reductant injection source is
proposed to be set up in each cyclone, and the flow rate of the
three injection sources is consistent.

3. RESULTS AND DISCUSSION

Once the burner starts to operate, the internal flow field is
inevitably disturbed, resulting in static values that are not
applicable. The only way to reduce the NO, emissions is to
overinject the reductant, which leads to two problems: the
overinjection of the reductant on the reactor wall will cause
costumes and the incomplete reaction of NH; will cause
ammonia to escape beyond the guaranteed value. To address the
above-mentioned problems, numerical simulations were used to
optimize the SNCR system by adjusting the injection flow rate,
injection speed, nozzle distribution, and other relevant
parameters, taking into account the current experimental test
conditions.

3.1. Injection Volume Optimization. The mixed
combustion of biomass with a low nitrogen content reduces
the nitrogen content of the same quality fuel, thus reducing the
formation of fuel-type NO, to a certain extent. At the same time,
due to the low water content of biomass and the decrease of the
levels of OH and O in the flue gas during combustion, the
conversion of NH; and N, to NO, was inhibited. To sum up, the
mixed burning of biomass with a low nitrogen content and low
water content can effectively reduce the formation of NO, in the
flue gas, and the NO, in the boiler is about 130 mg/m?>. The
normalized stoichiometric ratio (NSR) was obtained from the
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Figure 3. NO concentration distribution without injection of a reducing agent.

Table 5. Area-Weighted Average of NO Density from Surfaces

surfaces inlet outlet-1 outlet-2 outlet-3 section plane
area-weighted average of NO density (mg/m?) 134.264 134.266 134.266 134.264 134.264
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actual molar ratio of urea to initial NO over the stoichiometric
molar ratio of urea to initial NO. The urea solution with a mass
concentration of 10% was selected as the reducing agent, and the
total flow rate of the reducing agent should be 0.0374 kg/s and
NSR = 1. Numerous studies have shown that the NSR between
0.5 and 2 is more appropriate,”*>">* and the denitrification
efficiency is lower for too small an ammonia-to-nitrogen ratio,
and the ammonia escape rate increases significantly for too large
an ammonia-to-nitrogen ratio. Therefore, in this experiment, the
NSR was selected as 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2 gradient
flow rates of reductant injection to investigate the effect of
injection volume on reduction efficiency and ammonia escape.
One injection source was set at the top of each cyclone inlet pipe,
set to a conical shape, and the parameters of the injection source
are shown in Table 6. The injection speed of the injection source
was 1 m/s, and the simulation results at different flow rates were
obtained, as shown in Figure 4.

Table 6. Properties of Injections

property value
number 1 2 3
X-position (m) 2227 2.227 2.227
Y-position (m) 1.05 17.144 27.255
Z-position (m) 0 0 0
diameter (m) 0.0001 0.0001 0.0001
temperature (K) 300 300 300
X-axis 0 0 0
Y-axis 0 0 0
Z-axis -1 -1 -1
velocity magnitude (m/s) 50 50 50
cone angle (deg) 30 30 30
radius (m) 0 0 0

As can be seen from Figure 4, the NO concentration at the
outlet decreases significantly with the increase of the NSR, and
after reaching 1.25, the decreasing trend of the NO

concentration slows down and even increases slightly. On the
other hand, the concentration of NHj; at the outlet increases
sharply as NSR increases from 0.5 to 1.25, and then, the
increasing trend slows down. This indicates that for a NSR less
than 1.25, the denitrification efficiency is positively correlated
with the ammonia-to-nitrogen ratio and the NO reduction
reaction dominates and is accompanied by a large amount of
NH; consumption. After NSR > 1.25, the NO reduction
efficiency has reached its limit, and the growth rate of NH;
decomposed by the urea solution begins to exceed the NH;
consumption rate of reduced NO so that more NH; passes
through the R4 reaction to generate part of the NO, leading to a
paradoxical increase in the outlet NO concentration. Therefore,
the optimal ammonia-to-nitrogen ratio should be taken as NSR
= 1.25, when there are high denitrification efliciencies of 81.00,
81.63, and 82.74% at the three outlets, and ammonia escapes of
1.76, 2.08, and 9.42 mg/s are within a reasonable range. The
comparison of the velocity flow field inside the model for a single
injection source flow rate of 0 versus 0.25 kg/s is shown in Figure
S.

3.2. Optimization of the Number of Injection Sources.
From the comparison in Figure S, it can be seen that due to the
influence of the injection source on the flow field, the flow line
near the cyclone inlet and inside becomes uneven, and there is a
more obvious difference in the amount of ammonia fugitive. In
order to improve this phenomenon, an injection source is added
to the side of each cyclone inlet channel away from the center
line, numbered 4, S, and 6, and the cone angle is set to 60°; the
position parameters of these three injection sources are shown in
Table 7.

By increasing the number of injection sources and thus
reducing the individual injection source flow rates, the ultimate
goal is to reduce the effect of the reductant droplet bundle on the
flow field. The uniformly distributed flow rates of injection
sources 1—6 are 0.05 kg/s, and the injection flow rates are all 1
m/s. The turbulence—chemistry interaction of the component
transport model is changed from the eddy dissipation concept to

NO: outlet-1 outlet-2 outlet-3
NH,:—o— outlet- 1—-— outlet-2 outlet-3
108 102838
% {252
841 4216
e 2| m-\E
S 4 18.0 &
b= =)
Z 60 =
2 4144 2
— wn)
g 4l s
o -4 108 ©
o =
36
< 472 #
24}
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Figure 4. Change of NO and NHj at the outlets with the NSR.
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Figure S. Velocity flow field inside the model when the flow rates of the injection source are 0 and 0.25 kg/s.

Table 7. Side Single Injection Source Position and Injection
Direction Parameters

property value
number 4 S 6
X-position (m) 2227 2227 2227
Y-position (m) 0 18.195 28.305
Z-position (m) -5 -5 -5
X-axis 0 0 0
Y-axis 1 -1 -1
Z-axis 0 0 0

Finite-Rate/No TCI, only the turbulent interaction between
discrete and continuous phases is examined, and the detailed
chemical reaction mechanism of NH; and NO is no longer
calculated to reduce the computational load. The distribution of

the turbulent intensity k of the cylindrical cross-section at the
cyclone inlet was used to determine the degree of influence of
the injection source on the turbulence of the flow field, and the
simulation results were obtained as shown in Figure 6, and the
area-weighted uniformities K;, K,, and Kj of the three cross-
sections k are compared in Table 8.

From the comparison of Figure 6a,b, it can be seen that the
increase of the injection source causes a significant reduction of
the NH; concentration gradient at the inlet and central cylinder
part, which indicates that the mixing of NH; and the flue gas is
better at this time, and the tendency of diffusion to the lower part
of the cyclone is more significant, and the reducing agent has a
longer residence time. Figure 6¢,d shows that after increasing the
number of injection sources, the extreme difference in
turbulence intensity at the inlet of each cyclone is reduced, the
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Figure 6. Simulation results when the flow rate of six injections is 0.05 kg/s and the injection velocity is 1 m/s.
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Table 8. Area-Weighted Uniformity of Turbulence Intensity
of the Cyclone Inlet Section under Different Numbers of

Injections
area-weighted uniformity (%) K,
3 injection X 0.1 kg/s 83.153617
6 injection X 0.05 kg/s 84.00257

Ky
82.056921 81.909084
85.533178 82.845563

peak values of k at the upper and lower parts are more similar,

and the distribution of turbulence intensity is more reasonable,
which can also be seen from the values in Table 8, and it is this
that results in a more uniform distribution of NH;. On the one
hand, due to the reduction of the injection volume, the kinetic

energy carried by the reductant droplets at the same speed is
reduced, so the flow field of the flue gas is less perturbed; on the

other hand, the two injection sources in the same inlet channel
affect each other, the injection velocity direction is orthogonal,

Table 9. Injection Source Position and Injection Direction of Four Schemes

schemes coordinates and injection direction

1

X coordinate (m)
Y coordinate (m)
Z coordinate (m)
injection direction
X coordinate (m)
Y coordinate (m)
Z coordinate (m)
injection direction
X coordinate (m)
Y coordinate (m)
Z coordinate (m)
injection direction
X coordinate (m)
Y coordinate (m)
Z coordinate (m)

injection direction

injection-1

2227
1.05
0

-Z
2227
1.0S

-X

1.0S

-2

-X

1.05

-X

injection-2

2227

injection-3

2227
17.144
0

-Z
2227
17.144

-X

17.144

-2

-X

17.144

-X

injection-4

2227
18.105

injection-§

2227
27258
0

-Z
2227
27255

-X

27.255
-2
-X

27258
=5
=X

injection-6
2.227
28.305

https://doi.org/10.1021/acsomega.3c07288
ACS Omega 2024, 9, 10207-10219


https://pubs.acs.org/doi/10.1021/acsomega.3c07288?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07288?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07288?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07288?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

/gg =~ fgk

A~

%m\\ 7 \/ﬁﬁ?\

d

7 ) A NN
2 RN

Figure 7. Four distribution schemes of injection source. (a) Scheme 1, (b) Scheme 2, (c) Scheme 3, and (d) Scheme 4.

and the collision of the two clusters of the reductant droplet flow
cancels part of the kinetic energy, thus reducing the perturbation
of the flue gas flow field.

3.3. Optimization of the Relative Positions of the
Injection Sources. Considering that the flow field is greatly
influenced by the injection source, it is possible that the jet
direction of the injection source is orthogonal to the flue gas flow
direction, which has a large disturbance. Therefore, we try to
change the injection direction and the relative position of the
injection source to reduce the disturbance and improve the
mixing uniformity of the reducing agent and flue gas. Four
distribution schemes were set up, and the area-weighted
uniformity index of NH; at the inlet of the central cylinder
was used as the evaluation criterion for the homogeneity of the
reductant mixture. The parameters of the four distribution
scheme positions are shown in Table 9, and each separator is set
up with two injection sources, six in total, with a jet angle of 60°,
a flow rate of 50 m/s, and a flow rate of 0.24 kg/s. The rest of the
parameters are the same as before, and the specific distribution
positions are shown in Figure 7.

In order to avoid the reaction of NH; from urea
decomposition with other gas components in the model,
which affects the accuracy of the simulation, it is necessary to
turn off the NO, generation model and modify the inlet
boundary conditions so that the incoming gas is only N, that will
not react with the reductant, which will also reduce the
computational load and make the iterative calculation converge
faster. The four distribution schemes are set up separately, and
the area mass integral uniformity index of NHj at the inlet of the
central cylinder is used as the evaluation criterion for the
uniformity of the reductant mixture. Among them, the scheme 1
arrangement is similar to Sections 3.1 and 3.2 as the control
group, the remaining three injection directions are parallel to the
flue gas velocity direction as the experimental group, and the
simulation results of the four groups are shown in Table 10.

From the above-mentioned table, it can be seen that the
uniformity of the NH; distribution obtained by the rest of the
injection source arrangement is improved to some extent
compared to Scheme 1. This proves that the mixing effect of the
reductant and flue gas is stronger when the injection direction is
the same as the flue gas flow direction than when they are
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Table 10. NH; Uniformity of Center Cylinders under
Different Injection Source Distributions

NH; distribution uniformity

(%) Scheme 1 Scheme 2 Scheme 3 Scheme 4
left-center cylinder 9L.1 96.1 99.4 94.2
intermediate-center cylinder 92.8 94.4 98.5 94.5
right-center cylinder 88.1 96.4 93.4 98.7

orthogonal. The slightly lower uniformity of Scheme 4
compared to Schemes 2 and 3 is due to the fact that the two
injection sources in the inlet pipe of the same cyclone are on the
same Y-axis, and the injection cone angles are overlapping on the
orthogonal projection of the flue gas velocity, so that at the same
diffusion velocity, the reductant injected by the two injection
sources located on different Y-axes has a larger distribution range
in the Z-direction, resulting in a higher uniformity.

3.4. Optimizing Applications. Based on the above-
mentioned analysis, the optimal spray source layout is selected
as NSR = 1.25, with each of the six spray sources having a flow
rate of 0.078125 kg/s, and the location distribution is Scheme 3.
The data obtained from numerical simulation and practical
boiler applications are listed in Table 11.

During the actual operation of the boiler, there will be
fluctuations in the flue gas flow rate, temperature, oxygen
content, and nitrogen oxide concentration within a certain
range, which can affect the mixing effect of the reducing agent,
resulting in differences between the simulation results and the
actual results. On the other hand, during the actual operation,

Table 11. Comparison between Numerical Simulation and
Actual Boiler Data

numerical practical boiler
project simulation applications
temperature (K) 1200 1221.15
O, volume fraction (%) 4.065 2.4
NO, concentration 134.3 128.5
(mg/m?)
NSR 128 128
denitration efficiency (%) 83.4 74.2
ammonia escape (mg/m®) 1.1 2.7
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the gas composition generated by the boiler is complex, and
there may also be oxidizing substances in the circulating ash
unique to the circulating fluidized bed, which lead to additional
consumption of reducing agents. This also leads to a lower actual
decommissioning efliciency than the simulation results.
However, overall, after optimization design, the boiler
denitrification efficiency has been significantly improved, and
the nitrogen oxide emissions and ammonia escape meet ultralow
emission standards.

4. CONCLUSIONS

(1) In the numerical simulation of flue gas SNCR method
denitrification using Fluent, the injection volume can be
optimized according to the NO and NHj distribution
clouds in the simulation results. Therefore, in this
experiment, the reductant injection with an NSR of 0.5,
0.75, 1, 1.25, 1.5, 1.75, and 2 gradient flow rates was
selected to investigate the effect of injection volume on
reduction efficiency and ammonia escape. Before the NSR
increased to 1.25, NO reduction efficiency and NH3
increased with the increase of the reductant, and after
NSR > 1.25, the effect of the continued increase of the
reductant on denitrification efficiency and ammonia
escape rate was no longer obvious, so the optimized
ammonia-to-nitrogen ratio was set to NSR = 1.25.

(2) Appropriate adjustment of the number of injection
sources can improve the flue gas flow field. When the
amount of the reductant required for the SNCR reaction
is too large, too few injection sources and too large
injection volume will produce more obvious disturbance
to the flue gas flow field; at this time, the number of
injection sources can be appropriately increased and the
flow rate of each injection source can be apportioned to
reduce its disturbance to the flow field.

(3) Changing the direction of injection and the distribution of
injection sources can be appropriate to enhance the
uniformity of the reductant mixture. Changing the
direction of injection from perpendicular to the flue gas
velocity to parallel and the line of injection sources at a
certain angle to the direction of the flue gas velocity, both

help the diffusion of the reducing agent.

(4) Selecting NSR = 1.25 and arranging the injection source
as Scheme 3, the boiler was retrofitted to achieve an actual
denitrification efliciency of 74.2% and an ammonia escape
rate of 2.7 mg/ m?, meeting the ultralow emission
requirements.
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