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Abstract: The desulfurization wastewater evaporation technology with flue gas has been widely
applied to dispose of desulfurization wastewater. This paper investigates the effect of flue gas flow
rate and temperature, wastewater flow rate and initial temperature, and droplet size on the evapo-
ration performance of the desulfurization wastewater in a spray drying tower without deflectors.
The results show that the flue gas flow rate and temperature affect the evaporation performance of
desulfurization wastewater. The larger flow rate and higher temperature of flue gas correspond to the
faster evaporation speed and the shorter complete evaporation distance of the wastewater droplet.
Decreasing the flow rate and increasing the initial temperature of the desulfurization wastewater is
advantageous to enhance the evaporation speed and shorten the complete evaporation distance of the
wastewater droplet. Reducing the droplet size is beneficial to improve the evaporation performance
of the desulfurization wastewater. The orthogonal test results show that the factors affecting droplet
evaporation performance are ranked as follows: flue gas flow rate > wastewater flow rate > flue gas
temperature > wastewater initial temperature > droplet size. Considering the evaporation ratio and
the complete evaporation distance, the optimal setting is 14.470 kg /s for flue gas flow rate, 385 °C for
flue gas temperature, 0.582 kg /s for wastewater flow rate, 25 °C for wastewater initial temperature,
and 60 um for droplet size. These studied results can provide valuable information to improve the
operational performance of the desulfurization wastewater evaporation technology with flue gas.

Keywords: desulfurization wastewater evaporation technology; evaporation performance; orthogo-
nal test; simulation

1. Introduction

In China, wet flue gas desulfurization technology is widely applied to coal-fired
thermal power plants to remove SO, in the flue gas because it has the advantages of
high efficiency, low operating cost, and high reliability [1-4]. However, this technology
produces large quantities of desulfurization wastewater, which contains many acidic ions,
heavy metal ions, and suspended solids [5-7]. Releasing desulfurization wastewater into
the environment is strictly prohibited [8,9]. Therefore, the methods for desulfurization
wastewater disposal have gained extensive research interest in recent years [10].

Some technologies have been proposed to dispose of the desulfurization wastew-
ater, such as chemical precipitation, membrane separation, evaporative crystallization,
electrodialysis technology, etc. [11-14]. Of these desulfurization wastewater disposal tech-
nologies, desulfurization wastewater evaporation technology is an effective method to
achieve zero-emission of desulfurization wastewater [14-17]. Significantly, flue gas after
the air preheater is the best choice as a heating source to evaporate the desulfurization
wastewater, as shown in Figure 1 [18]. The flue gas is injected into the spray drying tower
through a special-designed channel, and the desulfurization wastewater is sprayed into a
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spray drying tower through a high-speed rotating atomizer, and then evaporated under
the preheating effect of the flue gas. The residual solid particles after evaporation are
expected to be captured [19]. To improve the evaporation performance of desulfuriza-
tion wastewater, some efforts have been performed. Liang et al. [20] investigated the
evaporation and crystallization behaviors of the desulfurization wastewater droplet using
thermogravimetric analysis. They found that the increase in heating rate can promote
evaporation and crystallization rates simultaneously, while the final temperature has a
limited effect on these rates. Deng et al. [21] numerically studied the effect of the position
and number of nozzles, droplet size, and flue gas temperature on evaporation performance.
Ma et al. [8] simulated the evaporation behavior of desulfurization wastewater and found
that smaller droplet size, and higher flue gas flow rate and temperature could benefit the
complete evaporation of the desulfurization wastewater. Zheng et al. [22] explored the
chlorine migration of various chlorine salt solutions and typical desulfurization wastewa-
ter at high temperatures during the evaporation process of concentrated wastewater by a
laboratory-scale tube furnace and a pilot-scale system. Although numerous efforts have
been devoted to studies of the desulfurization wastewater evaporation, there are still few
works that comprehensively investigate the desulfurization wastewater evaporation.
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Figure 1. The desulfurization wastewater evaporation technology with flue gas.

This work is aimed to comprehensively investigate the effects of flue gas flow rate,
flue gas temperature, wastewater flow rate, initial wastewater temperature, and droplet
size on the desulfurization wastewater evaporation performance. These studied results
can give more helpful information to guide the desulfurization wastewater evaporation
technology with flue gas.

2. Physical Model and Numerical Method
2.1. Spray Drying Tower Description

The schematic diagram of a spray drying tower without deflectors is shown in Figure 2.
The height is 17.9 m, and the diameter is 7.2 m. The flue gas is injected into the spray
drying tower through a specially-designed volute structure. In the atomization process, the
desulfurization wastewater is firstly sent to the atomizer by the metering pump. The motor
drives the atomizing disc to rotate at high speed, and the desulfurization wastewater is
thrown out from the channels, thus atomizing into droplets. The droplets are then evapo-
rated under the preheating effect of the flue gas. In this study, the complete evaporation
distance (as shown in Figure 2) is defined as the maximum distance from the atomizer
in the vertical direction when the droplet particle mass is zero. Table 1 lists the physical
parameters of flue gas under full load.
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Figure 2. Schematic diagram of spray drying tower without deflectors.

Table 1. Physical parameters of flue gas in actual operation under full load.

Item Value

Volume flow of flue gas (Nm?3/h) 32,315
Temperature (K) 638
Density (kg/ m?3) 1.24

viscosity (kg/m-s) 3.22 x 107°
Specific heat capacity at constant pressure (J/kg-k) 1159.2
Components (%)

N, 73.00
Oy 3.00

CO, 13.00

HyO 11.00

2.2. Numerical Method

In this work, commercial software (Ansys Fluent version 16.0) is adopted to perform
this simulation. The continuous phase of drying gas is treated by an Eulerian approach,
and a standard k-e¢ model is utilized for the turbulence description.

Continuity and momentum equations [23]:
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where p and v are drying gas density and velocity, and S, is the mass source term. p§ is
—

the gravitational force, F is the sum forces exerted by particles on the gas phase, y is the
drying gas effective viscosity, I is the unit tensor.
The standard k-¢ is adopted to describe the flow. The turbulence kinetic energy and its
rate of dissipation are obtained from the following transport equations [24]:
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where Gy represents the generation of turbulence kinetic energy due to the mean velocity
gradients, G is the generation of turbulence kinetic energy due to buoyancy, Yy, is the
generation of turbulence kinetic energy due to buoyancy.Cy,, Cz, and Cs, are constants.
0r and 0, are the turbulent Prandtl numbers for k and e. S; and S, are user-defined
source terms.

The trajectory of a discrete phase droplet integrates the force balance on the particle,
which is written in a Lagrangian reference frame [25,26]. This force balance equates the
droplet inertia with the forces acting on the droplet and can be written as:

du Slop—p) 2
e N 1 O a2 A 5)
dt op
_ 18p CaReyp
Fp = ppd2 24 (6)
— —
pdp|up,—u

where ﬁp is the droplet velocity, FD(z — ;t)p) is the drag force per unit droplet mass, u

is the fluid phase velocity, p, is the density of the droplet, p is the fluid density, ? is an
additional acceleration (force/unit droplet mass) term, y is the molecular viscosity of the
fluid, Re is the relative Reynolds number of gas and liquid. C; is the drag coefficient.

The droplet temperature is updated according to a heat balance that relates the sensible
heat change in the droplet to the convective and latent heat transfer between the droplet
and the continuous phase [27]:

aTy,
dT dm
mpCpr = hAp(Too — Tp) + Ttphlg Tvap < Tp < pr (9)
d(d 4k Teo — T,
(dy) _ _ 4k (1+0.23,/Rep)In |1+ eps(Te ~Ty) Ty < Tp (10)
dt ppcpgdp Ig

where my, ¢,, Ty, and A, are the mass, specific heat capacity at constant pressure, temper-
ature, and surface area of droplet particles, Te is the temperature in the flue gas, Ty, pis
the droplet vaporization temperature, T, is the boiling temperature of the droplet, i,
is the latent heat of the droplet vaporization, cy ¢ is the heat capacity of the gas, p is the
droplet density, k¢ is the thermal conductivity of the gas.  is the convective heat transfer
coefficient, which is calculated with a modified Nu number as follows [28]:
Nu = hd?’ — 1/2p,1/3
u= = 2.0+ 0.6Re, “Pr (11)
(o0]

where ko is the thermal conductivity of the continuous phase, Re; is the Reynolds number,
and P, is the Prandtl number of the continuous phase.

The gas phase is described using the species transport model. The atomization model
of the droplet adopts the hollow cone model. The atomization angle and inner diameter
are 89° and 0.23 m, respectively. The droplet after atomizing follows the Rosin-Rammler
distribution with the constant distribution coefficient (1.2). Different parts are meshed
separately to attain a high-quality grid, as shown in Figure 3. After performing grid-
independence tests, the mesh with 650,000 cells was finally used in the simulation study.

The simulated cases are listed in Table 2. Cases 1, 2, and 3 are used to study the
influence of flue gas flow rate on evaporation performance. Cases 1, 4, and 5 are used to
discuss the effect of flue gas temperature on evaporation performance. Cases 1, 6, and 7 are
used to discuss the effect of wastewater flow rate on evaporation performance. Cases 1, §,
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and 9 are used to discuss the effect of the initial temperature of wastewater on evaporation
performance. Cases 10, 11, and 12 are used to discuss the effect of the droplet size of
wastewater on evaporation performance. Cases 13-30 are the orthogonal test cases of
evaporation performance.

Figure 3. Grid division of this spray drying tower without deflectors.

Table 2. Case setting.

Flow Rate of Temperature of Flow Rate of Initial Temperature Droplet Size
Cases Flue Gas Flue Gas Wastewater of Wastewater P
kg/s K kg/s K pm

1 11.131 638 0.832 298

2 14.470 638 0.832 298

3 7.792 638 0.832 298

4 11.131 658 0.832 298 size range: 10-200 um,

5 11.131 618 0.832 298 an average diameter: 60 pm,

6 11.131 638 1.082 298 spread parameter: 1.2

7 11.131 638 0.582 298

8 11.131 638 0.832 323

9 11.131 638 0.832 348

10 11.131 638 0.832 298 5 um

11 11.131 638 0.832 298 60 um

12 11.131 638 0.832 298 150 um
13-30 Orthogonal test of evaporation performance

2.3. Validation of the Simulated Results

To verify the model’s reliability, the measured and simulated temperatures, HZO(g)
concentration at the outlet are compared, as shown in Table 3. The simulated results are
consistent with the measured, proving that the model has high reliability and is acceptable
in engineering.

Table 3. Comparison between the simulated and measured results.

Item 100% Load (600 MW) 66% Load (400 MW)
Flue gas temperature (K) 638 610
Operation parameter Flow rate of wastewater (kg/s) 0.832 0.582
Inlet wastewater temperature (K) 298 298
Simulated 460 446
Temperature at the outlet (K) Measured 453 430
Simulated 17.5 16.9

H,O(g) concentration at the outlet (%)

Measured 17.1 16.3
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3. Results and Discussion
3.1. Effect of Flue Gas Flow Rate on the Evaporation Performance

Figure 4 shows the turbulence kinetic energy under different flue gas flow rates. By
increasing the flue gas flow rate, the turbulence kinetic energy in the mixing zone of the flue
gas and the droplets gradually increases, which indicates more vigorous mixing between the
flue gas and the droplets. Figure 5 displays temperature under different flue gas flow rates. A
larger flue flow rate corresponds to more heat, which is advantageous to droplet evaporation.

Il T I

| 5 10 15 20 25 30 35 40

Case-3 Case-1 Case-2
7.792 kg/s 11.131 kg/s 14.470 kg/s

Figure 4. Turbulence kinetic energy under different flue gas flow rates (m?/s?).

350 400 450 500 550 600

Case-3 Case-1 Case-2
7.792 ke/s 11.131 kg/s 14.470 kg/s

Figure 5. Temperature under different flue gas flow rates (K).

Figure 6 shows the effect of flue gas flow rate on the evaporation performance of the
droplets in the spray drying tower. It can be seen that as increasing the flue gas flow rate
from 7.792 (case-3) to 11.131 kg /s (case-1), the droplet evaporation time in the spray drying
tower significantly decreases, and the distance of complete evaporation greatly decreases
from 6.8 to 4.8 m. This can be explained by considering that the increase of the flue gas flow
rate introduces more heat into the drying tower, which enhances the droplets evaporation
performance. By further increasing the flue gas flow rate from 11.131 to 14.470 kg /s, the
droplet evaporation time changes slightly, and the distance of complete evaporation only
decreases from 4.8 to 4.7 m. Therefore, higher flue gas flow rate corresponds to shorter
droplet evaporation time and shorter complete evaporation distance. Still, if the flue gas
flow rate exceeds a certain level, the improvement of the droplet evaporation performance
is not apparent. In actual operation, taking the evaporation performance and the safety
of boiler operation into consideration, an appropriate amount of flue gas flow should
be chosen.

3.2. Effect of Flue Gas Temperature on the Evaporation Performance

Figure 7 shows the turbulence kinetic energy under different flue gas temperatures. By
increasing the flue gas temperature, the turbulence kinetic energy in the mixing zone of the
flue gas and the droplets changes slightly, which indicates the slight difference in the mixing
intensity between flue gas and droplets. Figure 8 displays temperature under different
flue gas flow rates. Higher flue gas temperature corresponds to higher temperature and
more heat in the mixing zone of flue gas and droplets, which is advantageous to evaporate
the droplets.
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Figure 6. Effect of flue gas flow rate on evaporation performance.
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Figure 7. Turbulence kinetic energy under different flue gas temperatures (m?/s?).

350 400 450 500 550 600
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Figure 8. Temperature under different flue gas temperatures (K).

Figure 9 shows the effect of flue gas temperature on the droplet evaporation perfor-
mance in the spray drying tower. It can be seen that increasing the flue gas temperature
is beneficial for reducing the droplet residence time in the spray drying tower and im-
proving droplet evaporation performance. This is because the higher flue gas temperature
increases the temperature difference between the flue gas and the droplets, enhancing the
diffusion and thermophoretic force effects. As a result, heat and mass transfer become
more vital, and the droplet evaporation speed is accelerated and reduces the complete
evaporation distance.

3.3. Effect of Wastewater Flow Rate on The Evaporation Performance

Figure 10 shows the turbulence kinetic energy under different wastewater flow rates.
By increasing the wastewater flow rate, the turbulence kinetic energy in the mixing zone of
flue gas and droplet changes slightly, which indicates the slight difference in the mixing
intensity between flue gas and droplet. Figure 11 displays temperature under different
wastewater flow rates. The larger wastewater flow rate corresponds with the lower tem-
perature in the mixing zone of flue gas and droplets because the evaporation process of
larger wastewater flow rate absorbs more heat.
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Figure 9. Effect of flue gas temperature on evaporation performance.
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Figure 10. Turbulence kinetic energy under different waste water flow rates (m?/s?).
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Figure 11. Temperature under different wastewater flow rates (K).

Figure 12 shows the effect of wastewater flow rate on the droplet evaporation perfor-
mance in the spray drying tower. With the increase of the wastewater flow rate, the droplet
residence time in the spray drying tower becomes longer and the complete evaporation
distance increases, thus, reducing the wastewater flow rate is beneficial to the evaporation
performance of the wastewater. On the one hand, under the same flue gas flow rate, the
input heat is constant. The larger wastewater that needs to be processed, the more time
it takes to evaporate. On the other hand, the larger wastewater flow rate contains more
large-diameter droplets. For these large-diameter droplets, more time is required for them
to evaporate completely, and the complete evaporation distance is longer. Therefore, it is
necessary to design the wastewater flow rate in a spray drying tower.

3.4. Effect of Wastewater Initial Temperature on the Evaporation Performance

Figure 13 shows the turbulence kinetic energy under different initial wastewater
temperatures. By increasing the initial wastewater temperature, the turbulence kinetic
energy in the mixing zone of the flue gas and the droplets changes slightly. Figure 14
displays temperature under different initial wastewater temperatures. Higher initial
wastewater temperature corresponds to the higher temperature of the flue gas and the
droplets in the mixing zone because the evaporation process of the wastewater droplet
absorbs less heat under the constant input heat.
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Figure 12. Effect of wastewater flow rate on evaporation performance.
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Figure 13. Turbulence kinetic energy under different wastewater initial temperatures (m?/s?).

350 400 450 500 550 600

Case-1 Case-8 Case-9
298 K 323K 348K

Figure 14. Temperature under different wastewater initial temperatures (K).

Figure 15 shows the effect of wastewater flow rate on the evaporation performance
of the droplet in the spray drying tower. It can be seen that as the initial temperature of
the wastewater increases from 298 to 348 K, the complete evaporation distance is reduced
from 4.8 to 4.6 m, which is only 0.2 m. Additionally, there is no significant difference in the
trajectory of the droplets under different initial wastewater temperatures. It can be concluded
that the complete evaporation distance gradually decreases with the increase of the initial
temperature of the wastewater, but the reduction degree is minimal. This is because if the
initial temperature of the wastewater is higher, less heat is needed, and the evaporation
temperature is reached quicker. However, this part of the heat only accounts for a small
proportion of the heat carried by the flue gas, thus, the change of the initial temperature of
the droplet has little effect on its complete evaporation distance. In the actual operation of
the power plant, although the evaporation process of the desulfurization wastewater can be
improved by increasing the initial temperature of the wastewater, its effect is minimal.

3.5. Effect of Droplet Size on the Evaporation Performance

Figure 16 shows the turbulence kinetic energy under different droplet sizes. By
increasing the droplet size from 5 to 60 pum, the turbulence kinetic energy in the mixing
zone of the flue gas and the droplets changes slightly, which indicates the slight difference
in the mixing intensity between flue gas and droplet. By further increasing the droplet size
from 60 to 150 pm, the turbulence kinetic energy in the mixing zone of the flue gas and the
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droplets becomes significantly stronger, and this is because the larger droplet size has a
more substantial rigidity and turbulence. Figure 17 displays temperature under different
droplet sizes, and smaller droplet size corresponds with the higher temperature in the
mixing zone of the flue gas and the droplets because the smaller size droplet has a larger
specific surface area and is sufficiently heated to evaporate.
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Figure 15. Effect of initial wastewater temperature on evaporation performance.
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Figure 16. Turbulence kinetic energy under different droplet sizes (m?/s?).

350 400 450 500 550 600

Case-10 Case-11 Case-12
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Figure 17. Temperature under different droplet sizes (K).

Figure 18 shows the effect of wastewater flow rate on the evaporation performance
of the droplet in the spray drying tower. As the droplet size increases, it can be seen that
the trajectory of the droplets will diffuse toward the tail of the drying tower, the complete
evaporation distance is extended, and the atomization evaporation effect is reduced. When
the droplet sizes are 5 and 60 pm, the difference in the evaporation performance is slight.
Considering the atomization cost and other factors, it is more economical and practical to
choose a droplet size of 60 pm.

3.6. Orthogonal Test of Evaporation Performance

The orthogonal method is adopted to compare the degree of influence of various condi-
tions on the evaporation performance, which includes five factors: flue gas flow rate, flue gas
temperature, wastewater flow rate, initial wastewater temperature, and droplet size. Each
factor is set at three levels with a total of 18 cases. The orthogonal results of each factor on the
droplet evaporation performance are shown in Table 4. The orthogonal test results show that
the evaporation ratio of cases 19, 21, 24, 27, 28, and 29 cannot reach 100%, and the evaporation
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ratio of case-21 is the lowest, only 90.39%. Compared to other cases, this case has the lowest
flue gas flow, the largest wastewater flow rate, the largest flue gas/wastewater ratio, and
the lowest initial temperature of the wastewater. Therefore, the input heat is insufficient, the
evaporation performance is poor, and the desulfurization wastewater cannot be completely
evaporated. According to the comparison of the R-value of the complete evaporation distance
of each case, the factors affecting the droplet evaporation performance are ranked as follows:
flue gas flow rate > wastewater flow rate > flue gas temperature > wastewater initial temper-
ature > droplet size. Considering the evaporation ratio and the complete evaporation distance,
the optimal setting is 14.470 kg/s for flue gas flow rate, 385 °C for flue gas temperature,
0.582 kg /s for wastewater flow rate, 25 °C for wastewater initial temperature, and 60 pm for
droplet size.
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Figure 18. Effect of droplet sizes on evaporation performance.

Table 4. Orthogonal table of each factor.

Flue Gas Flue Gas Wastewater ~ Wastewater Initial Droplet Size Evaporation The Distance of
Cases Flow Rate Temperature Flow Rate Temperature P Ratio * Complete Evaporation

kg/s °C kg/s °C pm % m
13 14.470 385 1.082 75 150 100 4.774
14 14.470 365 0.832 50 60 100 1.888
15 14.470 345 0.582 25 5 100 2.504
16 11.131 385 1.082 50 60 100 2.021
17 11.131 365 0.832 25 5 100 2.664
18 11.131 345 0.582 75 150 100 3.854
19 7.792 385 0.832 75 5 96.51 -
20 7.792 365 0.582 50 150 100 3.687
21 7.792 345 1.082 25 60 90.39 -
22 14.470 385 0.582 25 60 100 1.780
23 14.470 365 1.082 75 150 100 5.107
24 14.470 345 0.832 50 5 98.68 -
25 11.131 385 0.832 25 150 100 4.480
26 11.131 365 0.582 75 60 100 1.783
27 11.131 345 1.082 50 5 98.34 -
28 7.792 385 0.582 50 5 99.71 -
29 7.792 365 1.082 25 150 97.04 -
30 7.792 345 0.832 75 60 100 2.153
Ky 598.68 596.22 585.77 596.51 597.04 -
K> 598.34 597.04 595.19 596.73 590.39 - -
K3 583.65 587.41 599.71 587.43 593.24 - -
k1 99.78 99.37 97.63 99.42 99.51 - -
) 99.72 99.51 99.20 99.46 98.40 - -
ks 97.28 97.90 99.95 9791 98.87 - -
R 2.50 1.61 2.32 1.55 1.11 - -

* The evaporation ratio is defined as: (11,,; — 1, Flue gas)/ Mapastewater, Where 1, flue gas indicates the mass flow of the flue gas injected

into the spray drying tower, Mot indicates the mass flow of the mixture gas flowing out of the spray drying tower, Muastewater is the mass
flow of the wastewater (liquid) injected into the spray drying tower. K; (i = 1, 2, 3) indicates the test index sum of each factor at the same
level; k; (i = 1, 2, 3) indicates the test index average value of each factor at the same level; R indicates the range, which refers to the difference
between the maximum value and the minimum value of the sum of each level index in the same factor, R = max{ky, k, k3} —min{kq, kp, k3 }

in any column. For more details about the orthogonal test please refer to [29].



Coatings 2021, 11, 1022

12 of 13

References

4. Conclusions

This paper investigates the effect of flue gas flow rate, flue gas temperature, wastew-
ater flow rate, initial wastewater temperature, and droplet size on the desulfurization
wastewater evaporation performance in a spray drying tower without deflectors. These
studied results can provide valuable information to improve the operational performance
of the desulfurization wastewater evaporation technology with flue gas. Some conclusions
are reached:

(1) The flue gas flow rate and temperature affect the evaporation performance of the
desulfurization wastewater. The larger the flue gas flow rate and the higher the flue
gas temperature, the faster the wastewater droplet evaporation and the shorter the
complete evaporation distance. However, if the flue gas flow rate exceeds a certain
level, the improvement of the droplet evaporation performance is not apparent. In
actual operation, the effect of atomization and the safety of boiler operation should be
considered simultaneously, an appropriate amount of flue gas flow should be extracted,
and the wastewater flow of the spray drying tower should be practically designed.

(2) The smaller the wastewater flow rate, the higher the initial wastewater tempera-
ture, the faster the wastewater droplet evaporation, and the shorter the complete
evaporation distance.

(3) Reducing the droplet size is beneficial to improving the evaporation effect of the desul-
furization wastewater. Considering all factors, it is more economical and practical to
choose a droplet size of 60 pum.

(4) The orthogonal test results of various factors show that the factors affecting droplet
evaporation performance are as follows: flue gas flow rate > wastewater flow rate >
flue gas temperature > initial wastewater temperature > droplet size. Considering
the evaporation ratio and the distance of complete evaporation, the optimal setting
is 14.470 kg/s for flue gas flow rate, 385 °C for flue gas temperature, 0.582 kg/s
for wastewater flow rate, 25 °C for initial wastewater temperature, and 60 um for
droplet size.
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