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Abstract: In this paper, the separation characteristics of mist remover in a wet flue gas
desulfurization system are numerically simulated, and the separation mechanism in the
channel of mist remover is analyzed considering the influence of droplets on wall recombi-
nation, diffusion, and splash. Considering the influence of re-entrainment, a gas-liquid
separation model was established to reflect the coupling effect of air flow, droplets, and
liquid film in the process of defogging. A computational model based on the energy loss
coefficient x was established, and the numerical simulation of flue gas flow in a single chan-
nel of a baffle demister was carried out using the computational fluid dynamics method.
The effects of plate distance, plate angle, droplet diameter, and flue gas velocity on the
separation efficiency were simulated and analyzed. Based on the response surface method,
the model for separation characteristics and structure optimization design of the demister
is established, and the influence level of each factor is analyzed.

Keywords: baffle plate demister; separation characteristics; computational fluid dynamics;
re-entrainment; response surface method

1. Introduction

The demister is a key device for gas-liquid separation after the reaction zone of the
absorption tower in the limestone/gypsum wet desulfurization system (WFGD) of a coal-
fired power plant [1,2]. Its function is to capture the gypsum slurry mist droplets carried in
the flue gas. If the mist demister performs abnormally, the gypsum slurry will be taken
out of the chimney with the wet flue gas, which will cause secondary pollution problems
such as gypsum rain in the surrounding area of the power plant [3,4]. The gas-liquid
separation technology represented by the wave plate channel commonly used in demisters
has also been widely used in other fields such as power [5], the chemical industry [6],
desalination [7], and nuclear energy [8].

During the movement of the droplets in the channel of the demister wave plate,
the interaction among the gas flow, the slurry droplets, and the adherent liquid film is
extremely complicated [9,10]. The droplet movement in the wave plate is shown in Figure 1.
Numerous studies have shown that the two main reasons for the droplets are the splash
caused by the impact of the droplet on the liquid film (Phenomenon 3) [11] and the rupture
of the liquid film caused by the shearing of the gas stream (Phenomenon 4) [12]. The
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collision of liquid droplets with the liquid film is the main cause of secondary liquid
droplets. Therefore, the gas-liquid fluid flow behavior mechanism in desulfurization
and the demister is one of the key basic research contents [13,14]. It is indispensable
for establishing a gas-liquid flow characteristic model in the demister considering the
re-entrainment.

Figure 1. Schematic diagram of droplet movement in wave plate.

Currently, there are experimental methods and numerical simulation methods for the
research of demisters [12-15]. Traditional experimental methods have been continuously
modified through numerous experiments [16,17] and empirical modifications [18,19] to find
suitable structural parameters. However the performance of demisters is affected by many
factors, and it is difficult to determine the optimal parameters through experiments [20].
With the popularization of computer applications, numerical simulation methods of com-
putational fluid dynamics (CFD) could predict the movement of droplets and the flow
characteristics of flue gas in the demister channel and obtain more comprehensive results.
Increasing numbers of researchers have introduced CFD technology into the internal flow
analysis of the demister and have studied the separation performance and influencing
factors of the demister [21,22]. Some scholars have conducted relevant research on the
wall-impact model, and the applicability of the model and the judgment of the criterion
number also have a certain development. Naber and Reitz [23] developed a model to study
spray impact using KIVA code. Models have three forms, namely the adhesion model
(impact droplets adhere to the wall surface), the rebound model (droplet elastic reflection),
and the ejection model (assuming that the droplet moves along the wall at the same velocity
amplitude before the impact) [24-26]. The main problem of the model is that it ignores
the phenomenon of droplet fragmentation under high collision energy and kinetic energy
loss of impact droplets. James [27] and Park [28] proposed that the submodels would
be different from the Naber and Reitz models. The transition criterion of both models
under the bounce and scattering mechanisms is described by Weber number 80. Based
on previous studies, a new wall-crashing model based on the energy loss coefficient « is
proposed, and the droplet movement laws are analyzed between different zones.

Based on the above, this paper conducts numerical simulation research on the baffle
plate demister commonly used in power plant desulfurization systems and establishes
a gas-liquid separation model that reflects the interaction among airflow, droplets, and
liquid films in the demister. When the droplet hits the wall, three collision mechanisms
will occur, as follows: bounce, spread, and splash. This premise is consistent with the
actual conditions in the demister, and the numerical simulation is used to analyze the
separation efficiency and pressure drop of the demister. Finally, a characteristic model and
structure optimization design method of a demister based on the response surface method
is established.

2. Numerical Calculation Method
2.1. Principle Geometry

Due to the same structure of each channel of the demister, this article only analyzes the
flow field in a single channel of the demister. The physical model is established according
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to the structural parameters of the baffle demister. The plate configuration is shown in
Figure 2. The flue gas entrained with liquid droplets enters from the inlet and passes
through the turning channel, and the defogging efficiency and pressure drop are affected
by the velocity of the flue gas and the diameter of the droplets, as well as the height of the
straight section of the demister. In addition, the height of the curved section and structural
parameters such as the turning angle of the mister and the distance between the demister
plates are also closely related.

G0

=

(b)

Figure 2. Baffle demister plate configuration: (a) Schematic diagram; (b) Engineering appearance.

The flow field of the demister is originally three-dimensional, but the regular structure can simplify it
to two-dimensional flow. Entrances and exits are denoted by IN and OUT, respectively. The baffle
plates are relatively parallel, and the spacing of the plates is L. The entry and exit segments are
both H1 in length and H2 in distance from each other. The length of the middle segment is H3.
The entrance section and the exit section are, respectively, connected with the middle section by a
diagonal channel, and the angle between the two diagonal channels is o.

2.2. Calculation Model

During the operation of the demister, the flow of the gas stream containing droplets
within the curved channel constitutes a three-dimensional, unsteady, and compressible vis-
cous fluid flow process. Owing to the symmetry and spatial repeatability of the demister’s
working area, the simulation process can be simplified by selecting only one defogging
channel as the subject for two-dimensional numerical simulation. For the gas phase field,
the SST x-w turbulence model, which is based on the Reynolds time-average equation to
close the Navier-Stokes equation, is applied. The SST x-w model combines the robustness
and accuracy of the x-w model in the near-wall region with the x-¢ model’s capabilities
in handling high Reynolds number flows in the outer region. This makes it particularly
well-suited for flows with complex geometries and strong shear layers, which are prevalent
in our baffle plate demister simulation. The model has been widely used and validated
in various industrial applications, including the flow over airfoils, turbines, and heat ex-
changers, demonstrating its applicability and accuracy in predicting turbulent flows. It
is believed that the SST x-w model’s ability to capture the fine details of the flow field,
such as the vortex structures and turbulent kinetic energy distribution, is essential for
understanding the performance and efficiency of the baffle plate demister. Additionally,
the Discrete Phase Model (DPM) based on the Euler-Lagrange method is employed to
calculate the droplet phase, considering gravity and the interaction between the gas and
liquid phases. Furthermore, the generation of secondary flow significantly influences the
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separation efficiency of droplets in the demister. Therefore, it is essential to analyze the two
flow behaviors: liquid film entrainment and droplet splashing. In this paper, the governing
equation is utilized to describe the flow of the liquid film phase.

2.2.1. Governing Equation of Gas Field
The conservation of mass is expressed by the continuity equation [29], as follows:

Jux | Oy

5% 3y =0 (1)

The conservation of momentum is expressed by the two-dimensional NS equation, as
follows:

9 2 2
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The momentum equation is solved by the SST x-w numerical method [30], as follows:
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where « and w are the kinetic energy of turbulence and specific dissipation rate, respectively;
Gy and G, represent the generation of k¥ and w, respectively; I', and I, are the effective
diffusion terms of x and w, respectively; and Y; and Y, are the divergent terms of x and
w, respectively; S is the source term; and G, and G, are both buoyancy effect. This set of
equations takes into account the orthogonal divergence term D,,, which makes the equation
suitable for both near- and far-wall surfaces.

2.2.2. Droplet Control Equation

The droplet is mainly affected by drag and gravity in the demister. Thus, the balance
equation [1] can be expressed as Cartesian coordinates as follows:

du

where Fp (# — 1) is the drag force per unit mass of the droplet, Fp = (18j1/p,D,?)(CpRe/24),
5

F is the additional force per unit mass, and, for p,/p > 1, only Saffman lift can be con-
sidered; u and p are the velocity and density of the gas phase; uy, dp, and p;, are the
velocity and particle size of the discrete phase and density; Re is the relative Reynolds
number between the droplet and the gas phase, which is defined as Re = pd, |u, — u|/y;
and the resistance coefficient Cp is directly related to Re, which can be expressed by the
following equation:
2

%:G+T>§,mgmo )

Cp = 0.424, Re > 1000

2.2.3. Liquid Film Control Equation

When the liquid droplets hit the plate wall surface, a liquid film is deposited on the
wall surface, which further evolves into the interaction between the gas flow and the liquid
film, the liquid droplet, and the liquid film. The Euler liquid film model is applied to
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describe the surface distribution of the thin liquid film along the wall under the action of
gravity, shear force, and pressure gradient, and the process of liquid film separation.
The mass conservation equation of a thin liquid film [16] is as follows:

dorh - .

B V- (ohV1) = i ©)
where p; is the liquid density; / is the liquid film thickness; V; is the surface gradient
operator; V] is the average liquid film velocity; and mi; is the change in liquid film quality
per unit wall surface due to liquid film peeling and splashing.

The momentum conservation equation of a thin liquid film [16] is as follows:

MV, -
S+ Ve (V) = -

hVsPp - 3 = 3y
+hgr+2plrfs Plhv+q (7)

O1

where P = Pggs + P, + Py; Pgas is the pressure of the gas flow; Py, is the pressure gen-
erated by the gravity component of the liquid film perpendicular to the wall surface,
P, = fph(ﬁg) ; Py is the pressure component generated by the surface tension,
P, = —0V,:(Vs); the first term on the right represents the effect of the total pressure
of the liquid film P;; the second term represents the effect of gravity in the direction of the
parallel liquid film; the third and fourth terms represent the viscous shear forces at the
gas-liquid film and wall-film interfaces, respectively; and the fifth term represents the role
of the momentum source .

2.2.4. Collision and Fragmentation of Droplets

The liquid droplets move with the gas flow in the demister channel. Colliding with
the wall surface, the liquid droplets may coalesce, bounce, and break splash. In this paper,
a model using the energy loss coefficient « as the criterion is applied [31], as follows:

When « is larger than 57.7, the secondary droplet motion parameters of the splash
need to be calculated due to the occurrence of the splash mechanism.

k = Oh - Rel?

_ PdDgvpy
Re = (454" ®)
Oh = Yd

v/ PaoaDy

where « is a dimensionless parameter and represents the degree of energy loss. The
subscript d represents the physical parameters of the droplet, among which <, is the
viscosity of the droplet and oy is the surface stress of the droplet.

1.  When 0 < «x < 3, adhesion occurs.
2. When 3 < x <57.7, rebound occurs.

The velocity of the bounced liquid droplets is determined by the method of the liquid
droplets impinging on the wall surface, as shown in Equation (9), as follows:

3. When « >57.7, a splash occurs.

Vat = 5L7ht
Van = —eVpy 9)

e =0.993 — 1.766; + 1.5607 — 0.4967

For discussion and modeling convenience, we first make the following simplified
assumptions for the splash model:
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Liquid droplets that collide with the wall surface generate two sets of secondary drops
with equal mass, and the diameter, velocity, and angle of each set of drops are the same.
The two sets of secondary droplets splashing form an inverted cone, as shown in Figure 3.

Figure 3. Schematic diagram of droplets forming two types of secondary droplets against the wall.
The dashed line is the normal direction of the wall.

The ratio of the splashing mass to the total incident mass is shown as follows:

P = = = 02+ 09RN(0,1) (10)
1
where the subscript i is the incident droplet, and the subscript s is the splash droplet (which
is the same in the following equation). RN(0,1) is a random number between 0 and 1, where
it can be seen that r;,;, may be greater than 1, which is also reasonable. When the droplet
hits the liquid film on the wall, it may impact the liquid film and carry the droplet splash
out. The size and number of the secondary droplets splashed can be determined by the
following equation:
D, = CyDy

Neject = 0.187Wey,, — 4.45 (1)

1
— T'm 3
Cw - ( Neject )

The diameter of the splashed secondary droplet can be obtained by the conservation

of mass, as follows:
Ny + No} = rpd? (12)

The drop collision energy equation is given as follows:

ms (VP + V3)

1 - mf(Nld% — deﬁ)a = Eps (13)

where Ey ¢ = Ej — Ej . is the splash energy; Ex = 3pds (3 + u2) /8 is the kinetic energy of
the incident droplet; and E; . = (We2 /12) ntod? is the critical splash energy.
The velocity of the secondary droplets in the two groups can be determined as follows:

i ln(%)
v~ ln(%> (14)

The angle after collision can be obtained from the tangential momentum conservation
equation, as follows:

msVicosbls;  mgVohcos Bgn
2 2

= cfml-Vcos 91‘ (15)
where ¢ is the surface coefficient, and the value is 0.6~0.8. The angle is chosen as follows:

0, = (gl +0.344n> +RN(=1,1) x % (16)
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The normal and tangential velocities of the two sets of droplets can be obtained
as follows:
Uy = VlsiTIQSl
U1 = Vqcosfs
: (17)
Uy, = Vosinbs

Urr = Vhcosbsn

The efficiency 7 can be expressed by the ratio of the mass of the adsorbed droplets to
the total mass of the droplets at the entrance.

2.3. Calculation Details

The gas-liquid two-phase flow process in the demister channel is an unsteady, viscous
flow. Due to the limitation of calculation conditions, within the allowable error range, the
model is reasonably simplified as follows, according to the actual situation: (1) the main
gas flow can be regarded as a constant incompressible flow; (2) the water drop is used
instead of the gypsum slurry droplet; and (3) it ignores the effects of temperature changes
and the heat transfer during the process.

2.3.1. Grid Division

The mesh of the demister structure is discretized. The basic unit of the mesh is
the hexahedron, and the near-wall surface is subjected to grid encryption. After grid
independence verification, the two-dimensional model of the demister uses ICEM CFD
19.2 software as the preprocessor to mesh it. In the mainstream area, unstructured grids of
consistent size are used for partitioning, with a size of approximately 2 mm. In the vicinity
of the wall, it is necessary to consider droplet collision and liquid film flow, so the boundary
layer mesh is encrypted. The final total number of grids is 45,000.

2.3.2. Calculation Conditions

The continuous phase medium is set as air with a density of 1.225 kg/m?® and a
dynamic viscosity of 1.79 x 107> N-s/m?. It is assumed that the velocity of the gas phase
is uniformly distributed at the inlet cross-section, u = 2~8 m/s; the turbulence intensity is
5%; the pressure outlet condition is applied; and the reference pressure is set to 0 Pa. The
discrete phase medium is water droplets with a density of 1000 kg/m?®, and the particle size
is mainly concentrated in the range of 10~50 pm. The droplets are uniformly distributed
on the inlet cross-section, and the initial velocity is consistent with the gas inlet gas velocity.
This article applies trap and wallfilm types for the wall conditions, respectively. The former
captures the droplets once they hit the wall, while the latter considers that, when the
droplets hit the wall, the effects of re-entrainment are considered to analyze the interaction
between the droplet and the wet liquid film on the wall. It is found that a liquid film is
formed on the wall surface when adhesion occurs, and rebound and fragmentation occur
with a larger incident angle and higher velocity.

In the above assumptions, the separation model is simplified into a two-dimensional
model, as shown in Figure 2. The air passes through the inlet at a constant flow rate, and
the droplets are evenly dispersed on the inlet surface, having the same initial velocity as
the air. The wall surface is non-slip for air, and the behavior of the droplet after hitting
the wall is calculated using a user-defined function. The exit is velocity-gradient-free. The
simplified demister parameters mainly include plate spacing, turning angle, and plate
height. When a certain demister whose structure is determined is working, the factors that
greatly affect the defogging performance are droplet size and gas velocity. Thus, when
analyzing the defogging performance, the test conditions are designed by the structural
parameters and operating parameters. The main influencing factors considered in this
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paper and the specific values are shown in Table 1. Initially, the velocity in the basin is zero,
and no droplets are present. When the calculation of the air converges, it is switched to the
transient state. At the same time, liquid drops are injected into the inlet. The time step of
the transient state is 0.2 s.

Table 1. Calculation conditions.

Calculation Variables Parameter Value
Plate spacing (L)/mm 25~45
Gas flow velocity (1)/m-s~! 2~8
Droplet diameter (D)/pum 10~50
Turning angle (x)/° 60~140

The method of calculating grid independence is as follows: we make several sets of
calculation grids with different densities, perform calculations under the same working
conditions, and consider the change rate of outlet velocity and pressure. When the grid
density reaches a certain level, continuing to increase the grid density will have very little
impact on the calculation results. At this time, it can be considered that the impact of the
increase in the number of calculation grids on the calculation results can be ignored.

In order to verify the accuracy of the model and parameters used, this study conducts
the simulation according to the structural and operating parameters in Ref. [32], with the
angle set at 75° and the particle size at 50 um. The comparison between the simulation
results and the experimental data is shown in Figure 4. The good agreement between
simulation and experiment indicates that the model and parameters used can be used to
simulate the demister.

0.97 4

0.96

0.954

< 0.94 1

0.93 1

0.921 - Experiment
-8 Simulation
T T T
3.0 3.5 4.0 4.5 5.0
u (m/s)

0.914

Figure 4. Comparison of experimental data and simulation results.

3. Calculation Results and Analysis
3.1. Flow Field Analysis in the Demister Channel

Figures 5-7 have the following working conditions: plate spacing L = 40 mm, plate
turning angle o = 90°, droplet diameter D = 40 pum, gas flow rate u =2m/s, 4 m/s, 5m/s,
velocity distribution map, pressure distribution map, and trajectory map of droplet tracking
during calculation when the wall condition is trap model. In the demister channel, the
gas flows perpendicularly to the inlet and then reaches the first turning point on the wall.
Due to the blocked flow, the fluid continues to flow along the turn of the flow channel and
then reaches the second turning point on the wall, and the flow is blocked again. Finally,
it reaches the outlet after turning. The kinetic energy and pressure energy plus a small
part of the lost energy are the total energy of the fluid. The kinetic energy and pressure
energy are converted during the flow. Therefore, the velocity distribution diagram and
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pressure distribution diagram can represent the entire flow state of the fluid. From the
velocity distribution cloud diagram in Figure 5 and the pressure distribution cloud diagram
in Figure 6, the distribution of velocity and the pressure field in the demister channel is
similar with different gas velocities. The velocity and pressure distribution of the inlet
section of the demister is uniform, and the pressure is relatively high compared to that of
other regions. It shows a downward trend of pressure in the flow process. On the contrary,
the velocity shows an overall upward trend.

(b)

Figure 5. Velocity distribution in the demister channel with different inlet flow rates: (a) 2 m/s;
(b)4m/s; (c) 5m/s.

Figure 6. Pressure distribution in the demister channel with different inlet flow rates: (a) 2 m/s;
(b)4m/s; (c) 5m/s.

6.80x10-*

(b)

Figure 7. Trajectory of droplet movement in demister channel with different inlet flow rates: (a) 2 m/s;
(b)4m/s; (c)5m/s.
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At the first turning point, the flow direction changes after the gas hits the wall. A
small part of the liquid droplets carried by the gas impact the wall surface due to inertia
and adhere to the wall surface to form a smaller range of liquid film. At the second turning
point, the gas hits the upper wall surface and then turns. Some of the liquid droplets
cannot follow the gas due to the large inertia, thereby forming a large-scale liquid film.
Combining the velocity and pressure clouds, it can be seen that the area on the left side of
the second turning point is a high-pressure, low-velocity area. The fluid flow is extremely
unstable, the turbulent dissipation is large, and a backflow area is formed. The existence
of the backflow area reduces the flow area, and the velocity will increase according to
the continuity equation. After flowing through the turning area, the velocity decreases as
the fluid area recovers. At the channel outlet, the velocity and pressure distribution are
relatively uniform.

From the droplet trajectory diagram in Figure 7, it can be seen that when the droplet
velocity is low, a considerable part of the droplet reaches the outlet to escape the flow
channel. When the droplet velocity gradually increases, the droplet will hit the wall surface,
causing most of the droplets to be captured. Therefore, within a certain range of variation,
the greater the droplet velocity, the higher the defogging efficiency. At the first turning
point, the droplets have good followability and are hard to capture. However, the droplets
near the right wall surface can easily hit the wall surface and adhere to it, and the entrance
position also has a certain effect on defogging efficiency. At the second turning point, most
of the droplets with a low velocity cannot be captured and escape. However, as the velocity
increases, most of the droplets are captured on the wall.

3.2. Analysis of Factors Affecting Defogging Efficiency
3.2.1. Effect of Gas Velocity

Figure 8 shows the relationship between the inlet gas velocity and the defogging
efficiency when the plate turning angle « = 90°, the plate spacing L = 40 mm, and the
droplet diameter D is between 10 and 50 um. It can be seen that the relationship between
the defogging efficiency and the flow velocity shows the general trend is increasing with
different particle sizes. That is, the greater the gas velocity, the higher the separation
efficiency. The problem of secondary carrying is not considered in the trap model, so the
main reason is that the gas with high velocity collides with the wall, which causes the
degree of deflection of the fluid to increase. Droplets farther from the wall hit the wall more
easily. When they are caught by the wall, the efficiency increases.

1.00
—a— 10um
—e— 20um
—4A— 30um

0.75
—v— 40um
—&— 50um

f=y
0.50
0.25

N 4
IS
o
o 4

u (m/s)

Figure 8. Effect of gas velocity on defogging efficiency.
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In addition, when comparing the trend graphs of different droplet sizes, it can be
seen that the efficiency is relatively low with small droplet sizes. However, the efficiency
increases with bigger droplets. For example, the efficiency is close to 100% at a low velocity
when the droplet diameter is 50 um. When the free flow against the wall is blocked, the
inertial force is also greater, because that larger droplet has greater inertia.

3.2.2. Effect of Plate Spacing

As shown in Figure 9, under the given conditions of the turning angle o« = 90° and
the fluid velocity u = 3 m/s, different droplet sizes (between 10 and 50 um) are selected,
and the plate spacing affects the defogging efficiency. Under different droplet sizes, the
defogging efficiency generally decreases with the increase in the plate spacing. When there
is more space between the plates, the fluid flow space increases. The degree of resistance
and the deflection of the gas flow decrease when it hits the wall surface. Therefore, the
droplets are less likely to have a large deflection and reach the wall surface. In addition,
due to the larger width of the flow space, a considerable number of the liquid droplets
keep a large distance from the collision wall surface during the flow process. Therefore, it
takes more time for the liquid droplets to impact the wall surface under the action of inertia.
Meanwhile, when the plate spacing increases, a small part of the gas flow in the middle
of the inlet can directly flow to the outlet, and the carried droplets will escape from the
outlet. As the plate spacing increases continuously, the share of unobstructed airflow in the
middle is greater, and the defogging efficiency decreases continuously. It can be seen that
the defogging efficiency is high when the plate spacing is small, while the plate spacing
cannot be reduced infinitely. As the plate spacing decreases, the flow resistance increases.
When the plate spacing reduces to a certain degree, it may cause blocked flow, causing
safety issues with the demister.

1.0

0.8

0.6

0.4

0.2 4

20 50

L (mm)

Figure 9. Effect of plate spacing on defogging efficiency.
3.2.3. Effect of Turning Angle

Figure 10 shows the relationship between plate turning angle and defogging efficiency
in the case of plate spacing L = 30 mm, gas velocity # = 3 m/s, and droplet diameter D
between 10 and 50 pm. It can be seen from Figure 10 that the defogging efficiency decreases
as the plate turning angle increases. As the turning angle increases, the degree of bending
of the demister channel decreases, and the angle change in the airflow direction decreases,
which reduces the inertial force of the droplets. Therefore, more droplets follow the gas
flow out of the channels, reducing the defogging efficiency. It can also be seen that the
defogging efficiency with larger droplets decreases at a lower rate than the small-diameter
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droplets as the turning angle increases. The reason for this is that the centrifugal force is
directly proportional to the diameter of the droplet. The inertia force of the small droplet is
small, which makes the gas flow change direction more easily.

1.04

0.8

0.6

0.4 1

0.2

0.0 1

T T T T T T T

60 70 8 90 100 110 120 130 140
a(®)
Figure 10. Effect of plate turning angle on defogging efficiency.

3.2.4. Effect of Droplet Size

Figure 11 shows the relationship between droplet diameter and defogging efficiency
in the case of plate turning angle o« = 90°, plate spacing L = 40 mm, and gas velocity
u=2~8 m/s. Under different gas velocities, the defogging efficiency increases with the
droplet size, and the final efficiency increases to a higher level, which is caused by the
large inertia of the droplets with large particle sizes. The impact force when the airflow
hits the wall is not sufficient to carry large droplets. Due to the change in the direction of
the airflow, the inertia of the droplet varies. The large inertia force causes the droplet to
move until it hits the wall. In addition, droplets with greater diameters also have longer
response times when they are in motion, and the followability is not good. When the fluid
changes the flow direction quickly at the turning point, large droplets collide due to the
existence of a certain response time. The wall surface helps to improve the defogging
efficiency. When the droplet size is small, the defogging efficiency is maintained at a low
level under different flow rates. At this time, the droplet size factor is dominant, which
provides advice for the practical application of the demister. That is, it is extremely difficult
for small droplets to separate. Some measures can be considered to increase the chance of
small droplet polymerization.

1.0
= 0.5
—a— 2m/s
—e—4m/s
—a— 5m/s
0.0 —v— 6m/s
—&— 8m/s
T T T T T
10 20 30 40 50

d (um)

Figure 11. Effect of droplet diameter on defogging efficiency.



Separations 2025, 12, 48

13 of 20

3.3. Impact Analysis Based on Re-Entrainment Model

As in the trap wall conditions analyzed previously, the defogging efficiency remains
close to 100% when the droplet size is large and the gas velocity is high. This is inconsistent
with the actual situation. The probability of collision between the droplets increases with
higher velocity and larger droplet size, and the large droplets may be crushed into smaller
liquids when squeezed during the flow. In addition, when the liquid droplet collides with
the wall surface with the airflow, it will interact with the wall surface and cannot be simply
considered to be captured. When droplets collide with the wall surface, re-entrainment
will occur. The droplets will bounce, spread, or splash after hitting the wall. Therefore,
this paper also studies the wallfilm wall conditions to describe the above re-entrainment
phenomenon. The simulation adopts the non-steady-state method. The simulation time is
set to 10 s and the mass flow rate is 0.2. The relaxation factor is set to 0.4. The influence of
different flow rates on the defogging efficiency under this model is studied.

As shown in Figure 12, under the given conditions of the turning angle o = 90° and the
plate spacing L = 30 mm, when the gas velocity is 8 m/s, the droplets” movement trajectory
of the trap wall condition is analyzed. It can be seen that the droplets are all captured by
the wall at the second turning point, and the defogging efficiency is close to 100%.

6.15%x10-*

0.00

Figure 12. Trajectory of droplet movement under trap wall conditions.

As shown in Figure 13, under the given conditions of the turning angle « = 90° and
the plate spacing L = 30 mm, the liquid film formed under the wallfilm condition when the
gas velocity is 8 m/s. The general characteristic presented by the wallfilm wall condition is
consistent with the trap wall condition. The coloration of the liquid film is distinguished by
the height of the liquid film. It can be seen that the thickness of the liquid film is greater on
the right wall surface of the first turning point compared to that on the left wall surface of
the second turning point. Then, the direction of movement is changed, which is consistent
with the gas current turning situation described by the droplet trajectory diagram shown
in Figure 12.

When the wall condition is set as a trap or wallfilm, a consistent flow characteristic in
the plate channel is shown. However, the wallfilm model considers the re-entrainment, and
the specific value of the defogging efficiency is different from the trap model. The specific
diagram and analysis are as follows:

Figure 14 is a comparison diagram of the efficiency of the trap model and the wallfilm
model under the conditions of plate spacing L = 40 mm, turning angle 90°, and incident gas
velocity 4 m/s. It can be seen that the overall trends of the efficiency obtained by the trap
model and the wallfilm model are the same when the droplet size changes. The efficiency



Separations 2025, 12, 48

14 of 20

under the two wall conditions is very close with low gas velocity, and the re-entrainment
phenomenon is not obvious. When the gas velocity reaches a certain value, the phenomenon
of secondary flow carrying is more obvious. The efficiency considering the secondary carry
starts to decrease. The greater the gas velocity, the more efficiency decreases, which is very
different from what occurs when the secondary carry is not considered.

5.00

2.50

9.98x10~

Figure 13. Schematic of droplet stagnation time under wallfilm wall conditions.
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Figure 14. Comparison of efficiency of trap and wallfilm for wall conditions.

In addition, when in a high gas flow velocity, the efficiency of the trap model is close
to 100%, which is inconsistent with the actual situation. However, the efficiency of the
wallfilm model decreases when the flow velocity is high, which is consistent with the
phenomenon that the droplets will interact with the wall surface at a higher velocity.

4. Optimum Design of Demister Structure

When designing the parameters of the demister, it is expected to achieve a high
separation efficiency under a suitable pressure drop. The response combination method
is used to design the test combination. The method is used to find the relevant factors
that affect efficiency and find three levels on each factor, such as the plate spacing, turning
angle, and fluid velocity, which all have a large effect on efficiency. This determination is
carried out in a three-factor, three-level experimental design. Then, according to the test
combination, the efficiency of each group is obtained by numerical simulation, and the
results are analyzed by response surface analysis to find the optimal design.
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4.1. Introduction to Response Surface Method

RSM is a statistical experiment design. The experimental combination is designed
with a certain method, and the continuous variable surface model is established from these
test points. Finally, the impact factors and their interactions are evaluated to determine the
optimal level range.

This paper adopts a quadratic response surface equation and considers the cross terms.
The regression equation is given as follows:

k k k
Y = Bo+ Z [Siixizl- + Z Bixi + Zﬁijxixj +e(xy,x2,..., %) (18)
i=1 i=

1 i<j

where Y is the objective function or response; k is the number of influencing factors; e is
the error; and B;, Bj;, and B;; are the regression coefficients of the primary, secondary, and
interaction terms, respectively.

4.2. Response Surface Test Design

In the design of the demister, the factors that affect the defogging efficiency are
generally considered to be plate spacing, turning angle, gas velocity, and droplet size. It
is necessary to design a reasonable experimental collocation to reduce the consumption
of computer resources. The response surface method can be used to reduce the number
of trials on the premise of ensuring the accuracy of the results. In this paper, a four-factor
three-level BOX (Box-Behnken) design is adopted, and only 27 numerical simulations are
required. The level of each factor range is selected, as shown in Table 2, and the modeling
results are given in Table 3.

Table 2. Selection table of each factor range level.

Elements Minimum Maximum
Turning angle (°) 60 120
Plate spacing (mm) 25 45
Gas flow velocity (m/s) 3 5
Droplet diameter (pm) 10 50

Table 3. Test combination for response surface design and efficiency.

Experiment Turning Angle Plate Spacing  Droplet Diameter Gas Flow Velocity Separation
Number °), x1 (mm), x; (um), x3 (m/s), x4 Efficiency
1 60 35 10 4 0.268
2 60 35 30 3 0.996
3 60 35 50 4 1
4 60 25 30 4 1
5 60 35 30 5 1
6 60 45 30 4 0.99
7 90 35 30 4 0.662
8 90 35 10 3 0.066
9 90 25 30 5 1
10 90 45 30 3 0.39
11 90 35 50 3 0.998
12 90 25 50 4 1
13 90 45 10 4 0.054
14 90 25 10 4 0.142
15 90 35 50 5 1
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Table 3. Cont.
Experiment Turning Angle Plate Spacing Droplet Diameter Gas Flow Velocity Separation
Number (°), x1 (mm), x, (um), x3 (m/s), x4 Efficiency
16 90 35 30 4 0.642
17 90 25 30 3 0.996
18 90 45 30 5 0.638
19 90 35 30 4 1
20 90 35 10 5 0.054
21 90 45 50 4 0.662
22 120 25 30 4 0.588
23 120 35 10 4 0.042
24 120 35 30 3 0.27
25 120 35 50 4 0.794
26 120 35 30 5 0.416
27 120 45 30 4 0.188

4.3. Analysis and Discussion of Optimization Design Results

The stepwise regression method used for selection quadratic polynomial regression
equations is dealt with in DE design. For the analysis of variance of the statistical results,
the model term p = 0.7860 > 0.05 shows that the ratio of the obtained equation to the
abnormal error in the actual fit is small, and the relationship between y and the regression
equation is consistent.

From the above statistical analysis results, it can be concluded that the response surface
equation is as follows:

Y = —0.28254 + 0.00744722x1 + 0.023225x, + 0.064154x3 — 0.19392x,4
—3.25 x 10~ *x7 x5 + 8.33333 x 10 0x;x3
+1.18333 x 10 3x3x4 + 3.125 x 10 %xpx3 + 6.1 x 10 3xpx4 (19)
+1.75 x 10~ *x3x4 — 5.14815 x 107°x7 — 3.43333 x 10~ *x3
—5.75833 x 10~*x% — 0.012333x3

This equation ignores terms of degree three or higher because the coefficients of
these terms are extremely small. The greater the absolute value of the coefficient from
Equation (19), the greater the influence of this term on separation efficiency, so it can be
determined that the importance of these variables is sorted as x4 > x3 > x2 > x7.

By performing a surface analysis on the above fitting results, a relationship diagram
between the efficiency (1), the turning angle (x), and the plate spacing (L) can be obtained.
A specific curved surface is shown in Figure 15, and an efficiency contour is shown in
Figure 16. The droplet diameter (d) and the velocity (1) are set to 30 um and 4 m/s,
respectively. It can be seen that the defogging efficiency decreases as the turning angle
increases and the plate spacing decreases. The characteristics can also be reflected in
response surface analysis. When the turning angle and the plate spacing are the smallest,
the efficiency is highest; moreover, when the turning angle and the plate spacing are the
largest, the efficiency is the lowest. In addition, the response surface can show the influence
of two factors on the efficiency of defogging.
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12025

Figure 15. Relationship between efficiency, turning angle, and plate spacing.
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Figure 16. Efficiency contour map determined by turning angle and plate spacing.

The relationship between efficiency (7), turning angle («), and fluid velocity (1) can
also be obtained. A specific curved surface is shown in Figure 17, and an efficiency contour
is shown in Figure 18. The plate spacing (L) and droplet diameter (d) are set to 35 mm and
30 pum, respectively. The defogging efficiency decreases as the turning angle increases, and
the gas flow velocity decreases. The characteristics can also be reflected in the response
surface method, and the effect of the two couplings on efficiency is clear and intuitive.
From the efficiency curves shown in Figures 15 and 17, it can be seen that the turning
angle has a greater effect on efficiency. When the turning angle is 60°, its influence on
efficiency is dominant. When the plate spacing or gas velocity changes, the efficiency is
always maintained at a high level.

The response surface analysis method is adopted for the design of the demister so that
an accurate and comprehensive defogging characteristic surface map can be obtained in a
small number of experiments. Meanwhile, it can be known from the efficiency contour map
and curved surface diagram that higher efficiency and smaller pressure drop are not limited
to a certain point but have a certain value change range. Therefore, the same method can
be used to perform response surface analysis on the pressure drop characteristics of the
demister in order to obtain the influence of the interaction of various influencing factors on
the pressure drop. By combining the surface graphs of efficiency and pressure drop, the
two surfaces can be intersected to obtain the optimal design parameters. The optimized
design of the demister based on the response surface method is relatively intuitive and
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comprehensive. Numerical simulation has a strong guiding effect on the actual optimization
design of the demister.

0.97
0.91
0.85
0.80
0.74
0.68
0.62
0.57
0.51
0.45
0.39

120 3.0

Figure 17. Relationship between efficiency, turning angle, and fluid velocity.
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()
Figure 18. Efficiency contour plot determined by angle and inlet velocity.

5. Conclusions

In this paper, the mechanism of gas-liquid separation in the demister channel is
analyzed. There are many collision mechanisms between the droplet and the wall surface.
The SST x-w model is used to simulate the airflow in the baffle channel. The flow of
droplet particles with air is simulated by DPM. After the droplet collides with the defogger
surface, the rebound model and the wall liquid film model are used to calculate the droplet
behavior. The effects of plate spacing, plate angle, droplet diameter, and flue gas velocity
on the defogging efficiency are calculated and analyzed, and the mechanisms of each
influencing factor are compared. Finally, the response surface method is used to design the
test conditions, and it is applied to the optimal design of the demister. The main conclusions
of this study are as follows:

(1) The increase in plate spacing will significantly reduce the removal efficiency of
droplets with a particle size below 50 microns; the increase in plate angle will decrease the
removal efficiency of all droplets; and the increase in droplet diameter and flue gas velocity
will cause more droplets to adhere to the wall.

(2) The established regression model can reflect the characteristics of separation ef-
ficiency more accurately and can be used for the optimal design of the fog eliminator.
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The order of influence level of each influencing factor is as follows: inlet velocity, droplet
diameter, plate spacing, and angle.
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