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ABSTRACT: In this study, we conduct simulation research on simultaneous
desulfurization and denitrification in a multistaggered baffle spray scrubber. By
employing two-phase flow simulations within the Euler−Lagrange framework and
calculating the gas−liquid mass transfer rate with user-defined functions, we
comprehensively analyzed the effects of various operational parameters. Initially, we
validated our simulation model by comparing the simulation results with
experimental data. Under conditions of a 0.2 mm droplet diameter, a liquid-to-
gas ratio (L/G) of 12 L/m3, and a gas flow rate of 5 CMM using a full cone nozzle,
the simulation indicated a desulfurization efficiency of 99.90 versus 99.84% obtained
experimentally and a denitrification efficiency of 92.01 versus 90.67% obtained
experimentally. This comparison confirmed the reliability of the simulation model.
Our findings indicate that a droplet size of 2 mm is optimal, enhancing the
desulfurization efficiency from 99.90 to 99.98% and the denitrification efficiency
from 92.01 to 99.76%. However, when the droplet size exceeds 2 mm, efficiencies marginally decrease. Increasing the liquid-to-gas
ratio to 16 L/m3 further improves desulfurization and denitrification efficiencies to 99.98 and 99.80%, respectively. In contrast,
higher inlet flue gas flow rates reduce these efficiencies, with a decline observed from 100% to as low as 93.90% for denitrification
with 2 mm droplets. Additionally, the use of a swirl cone nozzle, compared to full or hollow cone nozzles, better disperses droplets,
enhancing the gas−liquid contact and achieving efficiencies of 99.99% for desulfurization and 99.81% for denitrification with 2 mm
droplets. These insights are valuable for optimizing operational conditions in industrial-scale spray scrubbers, significantly
contributing to mitigating the environmental impacts of industrial emissions.

1. INTRODUCTION
SO2 and NO emissions are important contributors to air
pollution. These emissions have negative effects on human
health, particularly on the respiratory system.1−3 Furthermore,
SO2 and NO are responsible for acid rain and ozone
depletion.4 Increased environmental consciousness and world-
wide sustainable development have led to increasingly strict
industrial emission requirements. Currently, the methods
widely utilized in the industrial emission treatment include
the optimized combustion technology,5,6 selective catalytic
reduction (SCR),7,8 adsorption,9 absorption,10−12 and electron
beam technology.13,14 However, each of these methods has
limitations owing to the various requirements for gas
management under different industrial settings, operating
conditions, and running costs.11

SCR is a posttreatment method for the efficient control of
NO emission.8 It cannot be used to control SO2 in exhaust gas;
therefore, large industrial facilities usually employ combined
SCR and flue gas desulfurization (FGD) systems to achieve
simultaneous sulfur and nitrogen removal. Additionally,
activated carbon is another option, capable of adsorbing SO2

and NO with high efficiency from exhaust gases. However, the
efficiency of the material decreases during continuous
absorption, and treating exhaust gases from large industrial
facilities is impossible.15 Compared with other technologies,
traditional wet scrubbing techniques are less efficient and
require a scrubbing solution, which is considered a secondary
pollutant. However, the simplicity of such techniques with
regard to the structure and operating environment renders
them suitable for high-flow exhaust gases and capable of
simultaneously treating NO, SO2, and particulate matter in
exhaust gases.16−19

Qu et al. simulated the wet flue gas desulfurization (WFGD)
scrubber system of a 330 MW coal-fired unit to increase its
operating efficiency through optimization.17 Their findings
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indicated that compared with single-direction injection, dual-
direction injection was advantageous for achieving a uniform
flow and enhancing mass transfer. Additionally, the authors
compared the ideal plug flow with a nonideal flow and found
that under the ideal plug flow, the desulfurization efficiency
increased with a reduction in the spray droplet size. In contrast,
under the nonideal flow, an optimal droplet size was observed.
They also proposed a design layout that combined full and
hollow cones to increase the overall desulfurization efficiency
of the unit. Droplets played an essential role in the flue gas
absorption process, and changing the droplet diameter, nozzle
type, and injection direction, among other methods, was both
efficient and cost-effective. However, most studies have
focused on vertical injection with limited exploration of lateral
nozzles. And studies on the alteration of the nozzle swirl
fraction are lacking. Another method for enhancing mass
transfer is to optimize the internal structure of the scrubber.
Chen et al. established a pilot-scale experimental facility to
evaluate the WFGD of a 600 MW coal-fired power plant at a
1:15 scale.18 The authors added baffle plates to avoid local

high-speed flow and enhance gas−liquid interactions. Kurella
and Meikap found that a multistage dual-flow screen plate
scrubber was advantageous for increasing the contact time and
interface area between the gas and liquid phases.21,22 Tran et
al. conducted laboratory-scale experiments on a simulated wet
scrubber-based filtered containment venting system and found
that the baffles blocked the upward flow of gas, increased the
gas residence time, and suppressed the entrainment of liquid
droplets from the spray scrubber.23 Diversion plates, screen
plates, and baffles not only serve as flow directors but also
effectively extend the flue gas residence time, enhancing gas−
liquid interactions.24,25 However, research on baffle-type spray
scrubbers is lacking.

In this study, a novel multistaggered baffle spray scrubber
was developed, which enhances the residence time of flue gases
through the use of baffles and broadens the spray coverage by
employing both lateral and longitudinal bidirectional spraying
to enhance gas−liquid contact. This study represents the first
attempt to simulate the absorption of SO2 and NO by
Fe(II)(EDTA) solution droplets using user-defined function

Figure 1. Schematic of the experimental setup of the multistaggered baffle spray scrubber system (green and red arrows indicate the directions of
gas and solution movement, respectively).

Figure 2. Schematic of the multistaggered baffle spray scrubber and the layout of each stage.
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(UDF) codes within the framework of the Euler−Lagrange
computational fluid dynamics model. We also investigated the
effects of particle size, liquid-to-gas (L/G) ratio, inlet gas flow
rate, and nozzle type on the efficiencies of simultaneous
desulfurization and denitrification. The findings provide
valuable guidance for the scale-up and design of wet scrubbers.

2. EXPERIMENTAL SECTION
2.1. Experimental Procedure. Figure 1 shows the

experimental system used for simultaneous wet desulfurization
and denitrification. The experimental setup consisted of three
main parts. First, in the exhaust gas zone (a), the mixed
experimental gases flowed into the heat exchanger for
temperature adjustment. Subsequently, in exhaust gas removal
zone (b), SO2 and NO were introduced into the scrubber for
capture. Subsequently, the purified gas was expelled from the
gas outlet, and the gas concentration was measured using a gas
analyzer (testo 350 K). The washing solution containing
Fe(II)(EDTA)-NO was discharged from the lower part of the
scrubber and entered the absorbent zone (c). Finally, the
solution was recycled into the spray scrubber through
continuous filtration for reuse.
2.2. System Description. Figure 2 presents the working

principle and internal structure of a multistaggered baffle spray
scrubber. Polluted flue gas first enters from the bottom inlet of
the desulfurization scrubber and then flows upward along the
baffles. During the ascent, the flue gas encounters liquid
droplets sprayed from nozzles, coming into contact with them
in the reaction zone and undergoing purification. The cleaned
flue gas is then discharged from the top of the scrubber, while
the cleaning solution used is drained from the bottom. The key
part of the scrubber is a six-segment main reaction area, with
each segment consisting of baffles, cleaning water, and solution
tubes. The pipes are rectangular, and each face is fitted with
full cone nozzles: there are four nozzles on each horizontal face
and five on each vertical face. This arrangement facilitates
effective contact between the spray and flue gas. During the
operation of the scrubber, the horizontal inward and vertical
downward nozzles are opened. Conversely, the nozzles
directed toward the wall and those oriented vertically upward
are engaged exclusively when the scrubber is not operating,
serving to cleanse residues within the spray tower. Figure 3
depicts the simulated computational domain, including the

main reaction area and the inlet and outlet sections with the
dimensions and specifications of the spray tower marked.
Table 1 presents the experimental conditions on which the
simulation studies were based.

3. MATHEMATICAL METHODS
3.1. Assumptions. The gas- and liquid-phase flow fields of

the multistaggered baffle spray scrubber were computed within
the computational domain of the Euler−Lagrange framework.
The simulation calculation areas are shown in Figure 3a,b. A
realizable k-epsilon model was employed to calculate the
turbulent viscosity. To increase the computational accuracy,
hexahedral meshes were primarily used in the core reaction
zone where the main chemical reactions occurred. The
simulation adopted a model consisting of 502,205 elements.
Given the complexity of the spray scrubber’s structure, which
involves intricate flow fields and the mass transfer, heat
transfer, and chemical reactions between the two phases, it is
highly challenging to accurately simulate all these processes.
Therefore, according to the literature, the following
assumptions were made to simplify the model:17,20,26

A. The gas phase was considered an incompressible
Newtonian fluid.

B. The chemical reaction processes within the scrubber
were neglected.

C. Each liquid droplet was treated as a nonrotating rigid
sphere. Collisions and coalescence between the droplets
and wall film were ignored.

3.2. Continuous Phase. Within the spray scrubber, the
flue gas is treated as a continuous phase and is calculated

Figure 3. Geometries for simulation and data selection (unit: mm).

Table 1. Experimental Operating Conditions

parameter value parameter value

continuous phase (flue gas) dispersed phase (slurry droplets)
flow rate (CMM, dry
basis)

2400 total flow rate (LPM) 60

inlet temperature (K) 313.15 droplet diameter distribution
(μm)

200

inlet NO concentration
(ppm)

300

inlet SO2 concentration
(ppm)

699
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according to the conservation laws of momentum, energy, and
mass for the continuous phase. The governing equations for
the flue gas are presented in Table 2.19,20,27,28

3.3. Dispersed Phase. In the Lagrangian framework, the
motion of liquid droplets is calculated by using the discrete
phase model. The equation describing the motion of an
individual droplet is defined by eq 5, and the governing
equations for the droplets are presented in Table 3.7,17,19,29

3.4. Two-Phase Transfer. In this study, we primarily
considered the processes of SO2 and NO absorption by a
solution, neglecting water evaporation. The equations for the
two-phase transfer are presented in Table 4. Consequently,

only SO2 and NO are present in the gas−liquid mass transfer
process, and the mass source term can be represented by eq 9.
The mass transfer process between the gas and liquid phases is
influenced by the partial pressures of both phases. Following
the dual-mode theory, the mass transfer rates of SO2 and NO
can be expressed by eq 10.17,19,20,26,30 Considering gravity and
resistance as two key forces in a two-phase flow, the
momentum source term, which refers to Crowe’s formulation
in eq 8, can be expressed as eq 11.20,29 Here, Cd is the drag
coefficient, which depends on the Reynolds number of the
liquid droplets and is calculated using the correlation
established by Morsi and Alexander.31 The mass and heat
transfer processes of SO2 and NO in the liquid phase were
coupled by using UDF codes.
3.5. Chemical Reactions in the SO2 Absorption

Process. KSOd2,tot is the total mass transfer coefficient, which
is expressed as17,32

=k
K

H

E K
1

SO ,tot
so2,g

so

so so2,l

0.5

2

2

2

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ (12)

where kSOd2,l is the liquid-phase mass transfer coefficient for the
physical absorption process,17,19,20,33 which is expressed as
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and kSOd2,g is the gas-phase mass transfer coefficient, which is
determined using the modified Ranz−Marshall equation17,34
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3.6. Chemical Reactions in the NO Absorption
Process. The mass transfer coefficients in the gas and liquid
phases can be calculated using eqs 15 and 16, respectively.35,36

In these equations, KCOd2,l and KCOd2,g are the mass transfer
coefficients of CO2 in the liquid and gas phases, respectively,
DNO−Hd2O and DCOd2−Hd2O are the liquid diffusion coefficients of
NO and CO2 in H2O, respectively, and DNO−N2 and DCOd2−NO

are the gas diffusion coefficients (m2/s) of NO and CO2 in N2,
respectively (see ref 35 for the calculation method).
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4. RESULTS AND DISCUSSION
4.1. Experimental Validation of Simulation Results.

The feasibility of the model was verified by comparing the
experimental smoke concentrations obtained at the outlet of
the spray scrubber to the simulation results. Efficiency was
defined as follows

= ×
C C

C
100%i

i i

i

.inlet ,outlet

,inlet (17)

where ηi represents the desulfurization or denitrification
efficiency, Ci,inlet represents the inlet concentration of a gas,
and Ci,outlet represents the outlet concentration of the gas.
Table 5 presents a comparison between experimental measure-
ments and simulated values. As shown, the simulation results
were similar to the experimental outcomes.

Table 2. Governing Equations for the Flue Gas

continuity
+ · =

t
u S( )g g g mass (1)

momentum + · = + · + +
t

u u u p g S( ) ( )g g g g g g mom (2)

energy + · = · + · + · +
t

e eu p u k T u h J S( ) ( ) ( )k kg g g g eff eff g en (3)

species + · = · +
t

Y u Y j S( ) ( ) k kk g g k ,mass (4)

Table 3. Governing Equations for the Droplets

equation of motion for a single droplet
=x

t
ud

d d (5)

mass =m
t

S
d
d k

d
,mass (6)

force = +m v
t

S m gd
d kd ,mom d (7)

energy =m c
T
t

S
d
d kd d

d
,en (8)

Table 4. Equations for the Two-Phase Transfer

mass source term = +S m mi ,mass SO no2 (9)

mass transfer rate of
gas into droplets

= =S J K A P C H( / )g g g,tot d g l g (10)

momentum source
term = | | +S u u u u C A m g1

2
( )i ,mom g g d g d d d d (11)
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4.2. Effect of Liquid Particle Size. In a counter-current
scrubber, reducing the diameter of spray droplets can increase
the gas−liquid contact area, increasing the mass transfer
efficiency. However, reducing the droplet size will reduce the
terminal velocity of the droplets,16 which reduces the relative
slippage speed between the gas and liquid phases, reducing the
momentum source terms (eq 11).19,37−39 Additionally,
increasing the droplet diameter, although beneficial for
improving the uniformity of the airflow, reduces the gas−
liquid contact area, reducing the mass transfer rate (eq
10).16,19,40,41 In fact, there is an optimal droplet diameter that
maintains stable droplet motion while balancing the relation-
ship between momentum transfer and mass transfer efficiency,
thus increasing the efficiency of the scrubber.19,41

In this study, to further investigate the specific impact of the
droplet diameter on the efficiency of the scrubber, seven
different droplet sizes of 0.2, 0.4, 0.8, 1, 2, 3, and 4 mm were
selected for examination. Figure 4 presents the efficiencies of

desulfurization and denitrification at the outlet of the scrubber
for different droplet sizes, and Figure 5 shows the variation in
the desulfurization and denitrification efficiencies with different
droplet sizes as the height of the scrubber increases. Within the
range of 0.2−2 mm, the efficiencies of both desulfurization and
denitrification increased, with the desulfurization efficiency
slightly increasing from 99.90 to 99.98%. In comparison, the
efficiency of denitrification increased from 92.01% at a droplet
diameter of 0.2 mm to 99.76% at 2 mm, corresponding to an
increase of >7%. However, as the droplet diameter increased
from 2 to 4 mm, slight reductions were observed: the
desulfurization efficiency decreased from 99.98 to 99.78% and
the denitrification efficiency decreased from 99.76 to 98.95%.
Despite these reductions, the efficiency of desulfurization
remained comparatively high. Furthermore, the efficiencies of
desulfurization and denitrification at various heights in the
main reaction area were consistent with the final outlet results,
indicating an efficiency peak at a droplet size of 2 mm.

Figure 6 illustrates the droplet movement trajectories,
further revealing this phenomenon. Droplets with a diameter
of 0.2 mm had unstable trajectories owing to airflow
disturbances, leading to turbulence and collisions with the
tower walls and baffles. When the diameter increased to 0.4
mm, some droplets were still affected by the airflow. However,
starting from 0.8 mm, as the droplet diameter increased, the
movement trajectory of the droplets gradually became more
stable. Unsteady motion of droplets adversely affected the
efficiencies of the desulfurization and denitrification pro-
cesses.19 However, there was no occurrence of droplets being
entrained out of the spray tower, indicating that the
multistaggered baffles can effectively prevent droplet entrain-
ment, which is consistent with the findings of previous
research.23 However, as the droplet diameter continued to
increase from 2 to 4 mm, the motion of the droplets stabilized.
The increase in the droplet diameter reduced the gas−liquid
contact area, weakening mass transfer.

For smaller droplets (with diameters ranging from 0.2 to 2
mm), the mass transfer efficiency was primarily influenced by
the airflow. In this case, the droplets experienced an uneven
distribution and were more susceptible to being carried along
with the airflow, resulting in collisions with the walls and

Table 5. Simulation and Experimental Results

desulfurization
efficiency

denitrification
efficiency

experimental results (%) 99.84 90.67
simulation results (%) 99.90 92.01
error (%)a 0.06 1.48
aError = (calculated − measured) × 100/measured.

Figure 4. Simultaneous desulfurization and denitrification efficiencies
of the scrubber as a function of droplet size.

Figure 5. Simultaneous (a) desulfurization and (b) denitrification efficiencies obtained from the scrubber at different heights and droplet sizes.
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baffles and reductions in the absorption efficiency for SO2 and
NO. When the diameter of the droplets exceeded 2 mm, the
desulfurization and denitrification efficiencies were predom-
inantly influenced by the mass transfer rate; i.e., an increase in
particle size reduces the effective reaction surface area,
reducing the absorption efficiency of the scrubber. Therefore,
the optimal droplet diameter for the spray scrubber, which can
be adjusted by modifying the spray nozzles to control the
droplet size, is 2 mm.
4.3. Effect of the Inlet Gas Flow Rate. Given that the

flue gas emissions at the outlet of experimental and industrial
equipment are not always uniform, it is important to study the
effects of the flue gas flow rate on the simultaneous
desulfurization and denitrification efficiencies of the scrub-
ber.27 The flow rate of the flue gas directly affects the
absorption rate of the scrubbing liquid on the flue gas, which
determines the purification efficiency of the flue gas. The
effects of different flue gas flow rates on the removal rates of
SO2 and NO are shown in Figure 7. As the inlet flue gas flow

rate increased, the simultaneous desulfurization and denitrifi-
cation efficiencies decreased from 100 to 99.64% and from 100
to 93.90%, respectively, for droplets with a diameter of 2 mm.
For droplets with a diameter of 0.2 mm, the simultaneous
desulfurization and denitrification efficiencies decreased from
100 to 97.74% and from 98.19 to 80.25%, respectively. When

the inlet flue gas flow rate was increased, the efficiencies of
desulfurization and denitrification decreased. This was due to
the increased flow rate, resulting in a lower molar ratio of the
flue gas to the scrubbing solution, which reduced the
simultaneous removal efficiency of SO2 and NO. Second, as
indicated by the velocity streamlines shown in Figure 8a,c, an
increase in the inlet flue gas flow rate accelerated the flow of
the flue gas through the scrubber. This reduced the residence
time of the flue gas within the scrubber, reducing the removal
rates of SO2 and NO. Moreover, the gas flow speed was higher
at a droplet size of 0.2 mm than that at 2 mm. This suggests
that larger droplet sizes are beneficial for slowing the gas flow,
which can extend the gas−liquid contact time and con-
sequently increase the efficiencies of desulfurization and
denitrification.

Finally, an increase in the flue gas velocity disrupted the
movement trajectory of the spray droplets. Figure 8b,d shows
the movement trajectories of droplets with diameters of 0.2
and 2 mm, respectively. As the inlet flue gas flow rate increased
from 2.5 to 10 CMM, the droplet movement trajectory became
turbulent. In particular, at inlet flue gas flow rates of ≥7.5
CMM, numerous droplets collided with the walls and baffles as
they flowed; some droplets were even carried out of the
scrubber (when the droplet diameter was 0.2 mm). However,
when the droplet diameter was 2 mm, the droplets maintained
a uniform flow within the spray scrubber, even with increases
in the inlet flow rate. These findings indicate that larger
droplets result in a more stable flow field.

Increasing the inlet flue gas flow rate is equivalent to
increasing the reactant concentration and increasing the flow
velocity, both of which reduce the residence time of the flue
gas within the spray scrubber and the absorption efficiencies of
SO2 and NO. They may also lead to disrupted droplet
movement trajectories, adversely affecting flue gas absorption.
Therefore, a low inlet flue gas flow rate is favorable for
capturing SO2 and NO. If increases in the inlet flue gas flow
rate are necessary, then the use of larger droplets may be
considered to mitigate the adverse effects of this parameter and
maintain effective absorption.

Figure 6. Trajectories of droplets with different diameters colored by velocity.

Figure 7. Simultaneous desulfurization and denitrification efficiencies
of the scrubber under different inlet gas flow rates.
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4.4. Effect of the Liquid-To-Gas Ratio. The liquid-to-gas
ratio (L/G) is one of the critical factors determining the
removal efficiency of scrubbers. It is defined as the ratio of the
flow rate of the scrubbing liquid (L/min) to the flow rate of
the simulated exhaust gas (Nm3/min) in the scrubber.42 By
keeping the inlet flue gas flow rate constant and adjusting the
flow of the reaction liquid, the L/G ratio can be modified.
Figure 9 shows the effects of different L/G ratios on the
efficiencies of desulfurization and denitrification. Our results

indicated that increasing the L/G ratio increased the
desulfurization and denitrification efficiencies. Specifically, at
an L/G ratio of 16 L/m3 and a droplet diameter of 2 mm, the
desulfurization and denitrification efficiencies reached 99.98
and 99.80%, respectively. The efficiency increased rapidly from
the lower part of the scrubber to the middle part; however, as
the height increased (closer to the outlet), the rate of
improvement decreased. Comparing the SO2 and NO
concentration distributions in Figure 10 reveals that the

Figure 8. Gas flow velocity streamlines and droplet trajectories obtained under different gas flow rates and droplet diameters.

Figure 9. Simultaneous (a) desulfurization and (b) denitrification efficiencies of the scrubber at different heights and liquid-to-gas ratios.
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concentrations of SO2 and NO were relatively high when the
flue gas initially entered the scrubber. As the flue gas rose, it
quickly encountered the reaction solution and was absorbed by
it. As desulfurization and denitrification proceeded, the SO2
and NO concentrations decreased. Increasing the L/G ratio
accelerated the absorption of flue gas by the droplets. Figure 11

shows the efficiencies of desulfurization and denitrification at
the outlet of the scrubber. Because the desulfurization
efficiency was already at a high level, changing the L/G ratio
had a relatively small impact on it. However, there was a
significant increase in the denitrification efficiency.
Increases in the L/G ratio imply an increase in the flow rate

of the scrubbing liquid, which increases the contact area
between the flue gas and droplets. Although the results indicate
that increasing the L/G ratio improves the desulfurization and
denitrification efficiencies of the scrubber, the relative droplet
diameter and inlet flue gas flow rate have a small impact on

these efficiencies. However, increasing the flow rate of the
scrubbing liquid increases the operating cost of the spray
scrubber. Therefore, adjusting the droplet size and reducing
the inlet flue gas flow rate may be cost-effective measures to
improve the desulfurization and denitrification efficiencies of
the scrubber while minimizing operating expenses.
4.5. Effect of the Nozzle Cone Type. In this study, we

used three types of nozzles: a full cone, a hollow cone, and a
swirl cone, to investigate the effects of the nozzle type on the
desulfurization and denitrification efficiencies of the scrubber
through simulations. Figure 12 illustrates how the different

nozzles affect these efficiencies. The results indicate that the
hollow cone’s efficiency was slightly higher than that of the full
cone. However, this efficiency difference was not significant,
suggesting that both nozzle types have similar effects on
desulfurization and denitrification. In contrast, the use of the
swirl cone nozzle led to an overall increase in the absorption
efficiency. In particular, when the swirl cone nozzle was utilized

Figure 10. SO2 and NO concentrations with different liquid-to-gas ratios and droplet diameters.

Figure 11. Simultaneous desulfurization and denitrification efficien-
cies of the scrubber at different liquid-to-gas ratios.

Figure 12. Simultaneous desulfurization and denitrification efficien-
cies of the scrubber with different nozzles.
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with a droplet diameter of 2 mm, we achieved even higher
simultaneous desulfurization and denitrification efficiencies:
99.99 and 99.81%, respectively. This indicates the effectiveness
of the swirl cone nozzle for optimizing the scrubbing process
under specific conditions. Figure 13 shows the SO2 and NO
absorption rates for the three nozzle types. The full cone and
hollow cone nozzles produced similar spray patterns, but the
hollow cone nozzle exhibited slightly higher absorption rates
due to its better dispersion characteristics. The swirl cone
nozzle, however, generated a broader spray area, enhancing the
gas−liquid contact area and thus improving gas absorption.
Therefore, a swirl cone nozzle is preferable for optimizing
droplet absorption.

5. CONCLUSIONS
This study presents the first attempt to simulate simultaneous
desulfurization and denitrification using a novel multistaggered
baffle spray scrubber with an Fe(II)(EDTA) scrubbing
solution. The effects of the droplet size, inlet flue gas flow
rate, L/G ratio, and nozzle type on simultaneous desulfuriza-
tion and denitrification were explored, and the following
conclusions were drawn.

(1) The simultaneous desulfurization and denitrification
efficiencies of the multistage baffle wet scrubber were
influenced by the flow pattern and mass transfer, which
exerted competing effects. When the droplet diameter
was 2 mm, a balance between these properties was
achieved, leading to optimal simultaneous desulfuriza-
tion and denitrification efficiencies: 99.98% for desul-
furization and 99.76% for denitrification.

(2) Increasing the inlet flue gas flow rate increases the gas
velocity, leading to reductions in the residence time of
the flue gas within the scrubber and potential instability
in the droplet flow; in some cases, it can even lead to the
entrainment of droplets out of the scrubber. Increasing
the flow rate from 2.5 to 10 CMM reduced the
denitrification efficiency from 100 to 93.90%. Therefore,
low inlet flow rates are recommended. If increasing the
inlet flue gas flow rate is necessary in practical
operations, the droplet size should be increased to
maintain a stable droplet flow.

(3) Increasing the L/G ratio in the scrubber can increase the
gas−liquid contact area, increasing the flue gas
absorption efficiency of the droplets. For instance,
increasing the L/G ratio from 12 to 16 L/m3 increased
the desulfurization and denitrification efficiencies slightly

from 99.90 to 99.98% and from 99.76 to 99.80%,
respectively.

(4) Optimizing the nozzle design can enhance spray
dispersion, enhancing the gas−liquid contact. In
particular, compared with other types of nozzles, a
swirl cone nozzle can provide a wider spray pattern,
leading to a larger gas−liquid contact area. The
desulfurization and denitrification efficiencies were
increased to 99.99% and 99.81%, respectively, exceeding
those for full and hollow-cone nozzles.

These findings contribute to a deeper understanding of the
factors influencing simultaneous desulfurization and denitrifi-
cation in multistage wet scrubbers and provide valuable
reference and guidance for the future design and operation of
industrial-scale spray scrubbers.
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Figure 13. SO2 and NO absorption rates in the scrubber with different nozzles.
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■ NOMENCLATURE
Ad surface area of the droplet, m2

Cl gas concentration in the droplets
Cd drag coefficient
DH2O diffusion coefficients in the liquid phase, m2/s
DN2

diffusion coefficients in the gas phase, m2/s
dp diameter of droplet, mm
E enhancement factor
H Henry’s constant, Pa m3 kmol−1

J absorption rate, kmol m−2 s−1 Pa−1

Ktot overall mass transfer coefficient, kmol m−2 s−1 Pa−1

kl mass transfer coefficient in the liquid phase, kmol m−2

s−1 Pa−1

kg mass transfer coefficient in the gas phase, kmol m−2 s−1

Pa−1

m mass, kg
P pressure, Pa
Re Reynold number
R the universal gas constant, 8.314 J/(mol·K)
Sc the Schmidt number
S source term
T temperature, K
u⃗ velocity, m/s

■ GREEK LETTERS
ρ density, kg/m3

σ surface tension of the droplet, N m−1

■ SUBSCRIPTS
d droplet
g gas phase
k gas species
l liquid phase

■ ABBREVIATIONS
SCR, selective catalytic reduction; FGD, flue gas desulfuriza-
tion; WFGD, wet flue gas desulfurization; UDF, user-defined
function; L/G, liquid-to-gas
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