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Abstract
Spraying flue gas desulfurization (FGD) wastewater into the flue duct is a promising technology
to achieve zero emission of wastewater by evaporation in thermal power plants. To deal with the
scale and corrosion on flue gas duct walls resulted from the incomplete droplets evaporation, a
substantiated combined Eulerian-Lagrangian model was developed to reveal the thermo-fluid
behavior of the FGD wastewater in the flue gas. The influences of relating factors under various
operating conditions were conducted by numerical simulations with experimental verifications.
Considering numerous parameters have complex influences on the spraying evaporation of
wastewater in flue gas duct, the LSSVM model based on the numerical data is employed for
forecasting the droplet evaporation rat. Seven dominate factors, including that of ???, were
analyzed to reveal their impacts on the droplets sprayed evaporation rate and distance, respectively.
It is conclude that the spray direction of nozzles should be selected to enhance the relative
movement between atomized droplets and flue gas, as well as good dispersion of the droplets, to
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assure sufficient heat exchange with the flue gas in a specified distance and time and achieve the
maximum evaporation. By considering all the influencing factors, the LSSVM prediction model on
droplets evaporation has a high accuracy and can be carried out for the optimization of FGD
wastewater droplets spray treatment technology under practical operating conditions in power plant.
Keywords: flue gas desulfurization wastewater treatment, spray evaporation, atomized droplets,
Least-Square support vector machine (LSSVM) model
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Nomenclature
Ad

Droplet surface area (m2)

BM

Mass Spalding number

BT

Thermal Spalding number

CD

Drag coefficient

cp

Specific heat (J kg-1 K-1)

Dm

Diffusion coefficient (m2 s-1)

dd

Droplet diameter (μm)

E

Internal energy (J kg-1)

F

Forces acting on droplet (N)

FD

Drag force (N)

g

Acceleration of gravity (m s-2)

hc

convective heat transfer coefficient (W m-2 K-1)

hi′

Sensible enthalpy of species i′ (J kg-1)

Ji′

Diffusing flux of species i′ (kg m-2 s-1)

kf

Thermal conductivity of flue gas (W m-1 K-1)

kc

Mass transfer coefficient (m s-1)

Lh

Latent heat of water vaporization (J kg-1)

md

Droplet mass (kg)

Nu

Nusselt number

Pr

Prandtl number

P

Pressure (Pa)

Re

Reynolds number

S

Source term

Se

Source term of energy (W m-3)
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Sm

Source term of mass (kg m-3 s-1)

Smo

Source term of momentum (kg m-2 s-2)

Sc

Schmidt number

Sh

Sherwood number

T

Temperature (K)

uf

Flue gas velocity (m s-1)

ud

Droplet velocity (m s-1)

ui uj uk

Flue gas velocity components (m s-1)

Yi′

Mass fraction of species i′

Greek symbols
ρ

Density (kg m-3)

δij

Mean strain tensor (s-1)

μ

Dynamic viscosity of flue gas (kg m-1 s-1)

Φ

Viscous dissipation (W m-3)

Subscripts
d

droplet

eff

effective

f

flue gas

i,j,k

Cartesian coordinate directions

i′

species

n

nozzle

t

time

s

surface
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1. Introduction
Limestone-gypsum wet flue gas desulfurization (WFGD) process is commonly used in the flue
gas desulfurization (FGD) systems of coal-fired power plants [1], which periodically discharges a
certain amount of wastewater [2]. FGD wastewater is high contaminative and must be treated
separately before discharging [3-6]. With the national increment of Hg as well as other heavy metal
pollutants emissions and the gradually increasing environmental standards, zero discharge of FGD
wastewater has attracted widely attention recently [1,7]. However, among the conventional FGD
wastewater treatment methods, the traditional chemical precipitation method cannot effectively
remove the high concentration of chloride contained in FGD wastewater. And the costs of advanced
treatment process, such as biological treatment and steam concentration evaporation, are too high
for sustainable operation. Besides, the evaporation pool needed in these processes is limited by
regional climate and land area.
After chemical precipitation and concentration reduction, spraying FGD wastewater in flue duct
and then evaporating by absorbing the residual heat of flue gas is an effective and economic
treatment technology. Fig. 1 shows the process of spraying FGD wastewater in flue duct
evaporation treatment technology. Firstly, compressed air is used to atomize FGD wastewater to be
treated into droplets through nozzles. And then, the droplets are sprayed into the flue duct between
the air preheater and precipitator and absorb the waste heat from flue gas to evaporate rapidly. After
the complete droplets evaporation, the chemical content of atomized FGD wastewater droplets
crystallizes as remaining suspended mini solid particles and are captured and removed by the
follow-up dust collector, achieving the nearly zero emissions of FGD wastewater.
The wastewater sprayed evaporation technology has advantages such as sufficient heat exchange
between droplets and flue gas, short time-consuming, energy saving and environmental friendly.
However, it has been found that the non-fully evaporated atomized FGD wastewater droplets may
contact with the flue duct walls or move to the downstream devices in some practical engineering
5

applications. The long-term operation with incomplete droplets evaporation can cause serious
corrosion or severe fouling on flue duct, which may endanger the operation of boiler. Therefore, to
obtain safe and effective long-term operation, it is imperative to determine the moving trajectory
and evaporation characteristics of atomized FGD wastewater droplets injected into the flue duct.
The key parameters include that of the time and distance required for complete droplets evaporation
under different operating conditions.

Fig. 1. The process of spraying FGD wastewater in flue duct evaporation treatment technology.

Over the past decades, many efforts have been made on droplets evaporation both numerically
[8-13] and experimentally [14-17]. The influences of different parameters were investigated,
including that of air velocity, air temperature and droplet size distribution. For example, Montazeri
et al. [9] analyzed the impact of physical parameters on the performance of the water spray cooling
system, and concluded that the cooling performance of the system is enhanced for wider drop-size
distributions. Alkhedhair et al. [11-12] found that the spray dispersion is a major factor on the
evaluation of a spray cooling system and described clear trends of cooling enhancement with low
air velocity or small droplet size distribution. Kim et al. [18] studied the influence of ambient
pressure on the evaporation of a spray, and reported that increasing the ambient pressure yields the
6

enhancement of a spray evaporation. Ashgriz et al. [19] proposed the regulars of convective motion
between droplets and flue gas based on the atomized droplets evaporation characteristics, and found
that low air velocity is benefit to the dispersion as well as the evaporation time of droplets.
However, literature review found that there were seldom researches on droplets evaporation
aimed at improving the operation of spraying FGD wastewater evaporation in flue duct. Moreover,
during the practical application, numerous parameters may influence the evaporation characteristics
of atomized FGD wastewater droplets, such as the flow rate and spray direction of a spray nozzle.
Since it is inconvenient and unrealistic to measure the droplet evaporation rate along the practical
flue duct and take all the influencing factors into consideration simultaneously, it is difficult to
optimize the spray evaporation.
The Least-Square Support Vector Machine (LSSVM) is a nonlinear, black-box regression method
based on the structural risk-minimization principle [20]. By solving a set of linear equations instead
of a convex quadratic programming problem for standard Support Vector Machines (SVMs), the
LSSVM greatly simplifies the optimization processes under multi constraint conditions and reduces
the computational burden. With the advantages of good robustness, high accuracy and excellent
generalization, the LSSVM is suitable for small samples, nonlinearity, and high-dimensional data
series forecasting in different applications [21-23]. However, it is seldom that the LSSVM model
was used on forecasting the evaporation rate of droplets for spraying FGD wastewater in flue gas
treatment process.
In the present study, a substantiated combined Eulerian-Lagrangian mathematical model is
developed to calculate the thermo-fluid behavior of the FGD wastewater in the flue gas during
evaporating process. The influence of the factors will be analyzed, such as the droplets size
distribution, the flue gas velocity as well as the flow rate, full cone angle and spray direction of a
spray nozzle. An optimized arrangement of spray nozzles is proposed to improve the droplets
evaporation rate. Based on the achieved numerical results, a LSSVM model is introduced to
7

expeditiously predict the evaporation rate of droplets along the flue duct. The results can be used to
guide the design of spraying FGD wastewater treatment technology.

2. Mathematical model and numerical approach
According to the application shown in Fig. 1, take the straight rectangular flue duct as the present
physical model. The FGD wastewater to be treated is atomized into droplets by compressed air and
sprayed into the flue gas flow through nozzles. The physical model is established based on a 300
MW coal-fired power generating unit. The domain for the computational investigation is based on
the flue duct between the air preheater and dust collector. As shown in Fig. 2, for a single spray
nozzle, the 3-D physical model is simplified as the channel size of 5 m long and 1×1 m2 cross
section. The coordinate of the model is established 0.5 m from the inlet at the center of the cross
section. A single nozzle with a solid cone spray is simulated at the origin of coordinate and
atomized droplets discharged from this nozzle travel in three dimensions in the model. The angle
between nozzle spray direction and flue gas flow direction is defined as α.

Fig. 2. Physical model.

2.1 Governing equations
For spray modelling purposes, the Eulerian-Lagrangian approach is used to describe the thermofluid behavior of atomized droplets in flue gas, by which the turbulent flow heat transfer of the
continuous phase (flue gas) is described by the Eulerian framework and the evaporation of the
8

dispersed phase (water droplets) is described using the Lagrangian framework.

2.1.1 Continuous phase (flue gas)
The turbulent flow heat transfer of flue gas is described by the Eulerian approach. Some
sensitivity analyses have been already performed to investigate the performance of turbulence
models on the simulations results of water spray systems [24-25]. Li et al. [24] conducted a
sensitivity study on CFD modeling of cocurrent spray-drying based on experiment, and the standard
k-ε turbulence model was proved to be more accurate and suitable than other turbulence models on
descripting gas flow turbulence in water spray systems. Montazeri et al. [25] studied a sensitivity
analysis focused on the impact of the turbulence model for the continuous phase, and found that the
realizable k-ε turbulence model was also considered suitable for modeling the continuous phase
turbulence in a water spray system. Considering the reasonable accuracy of numerical results at low
computational cost, the time-averaged Navier-Stokes conservation equations combined with the
standard k-ε turbulent model are used to model the flue gas turbulence effects in this study. Due to
the injection of a large number of atomized droplets into flue gas, it is required to consider the
influence of evaporative droplets on the flue gas flow by introducing the mass, momentum and
energy source terms of droplets into the respective governing equations of flue gas. The controlling
equations of the flue gas phase are set up as follows,
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where Ji′,i is the diffusion flux of species i′ , and the parameters Sm, Smo and Se represent the mass,
momentum and energy sources terms of atomized droplets, respectively. Taking the influence of
droplets on flue gas into account, these source terms are calculated by the Lagrangian framework in
an alternate process through the volume averaging method and then incorporated into the Eulerian
flue gas equations.

2.1.2 Discrete phase (water droplets)
Water sprayed from the nozzle will be disintegrated quickly into atomized droplets. A saturated
flue gas-vapor layer will be formed on the surface of atomized droplets when droplets contact with
unsaturated flue gas and the coinstantaneous heat and mass transfer will take place on the interface
of the ambient flue gas and droplets. The heat and mass transfer between flue gas and droplets will
occur due to the temperature difference existed between the droplet surface temperature and the flue
gas dry-bulb temperature, while the vapor concentration gradient happened between the film of
saturated air-vapor and the surrounding flue gas, respectively. It can be considered that the
mechanism of heat and mass transfer in droplets evaporation is coincident with the single droplet
evaporation mechanism with the assumption that the internal thermal resistance of droplets can be
neglected. Thus, the rate of energy absorbed by each droplet can be described as,

md cp

dTd
dm
 hc Ad (Tf  Td )  d Lh
dt
dt

(5)

where md is the droplet mass, cp is the specific heat of droplet, Td is the droplet temperature, Ad is
the droplet surface area, Lh is the water latent heat for vaporization and Tf is the flue gas
temperature. hc is the convective heat transfer coefficient between flue gas and atomized droplets.
Based on the sensitivity study on CFD modeling of cocurrent spray-drying, the Ranz-Marshell
empirical equation was proved to be more accurate on modeling water droplet evaporation [24].
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Considering that the evaporation of droplets has great influence on the results, a corresponding
Nusselt number Nu is used to describe droplets heating in the presence of evaporation. The Nusselt
0.5

number is expected to be proportional to Red Pr

0.33

[26] and the most widely used value of the

coefficient is 0.6 [27]. Thus, hc can be obtained by the Ranz-Marshell empirical equation for Nu
[28],

Nu 

hc dd ln(1  BT )

(2  0.6 Red0.5 Pr 0.33 )
kf
BT

(6)

where Nu and Pr are the Nusselt number and Prandtl number of flue gas, respectively. kf is the
thermal conductivity of flue gas, dd is the instantaneous average diameter of droplet, and Red is the
droplet Reynolds number based on the relative velocity of droplet with respect to flue gas and the
droplet diameter. BT is the thermal Spalding number while BM is the mass Spalding number, both of
which can be written as,

BT  BM 

Yi,s  Yi,f
1  Yi,s

(7)

where Yi′,s is the vapor mass fraction of component i’ on the surface of droplet while Yi′,f is the vapor
mass fraction of component i’ in the surrounding flue gas. dmd/dt is the mass flow rate of droplet
transferred to flue gas by evaporation, which indicates the droplet evaporation rate and can be
expressed as [28],

dmd
 kc Ad f ln(1  BM )
dt

(8)

where ρf is the density of flue gas. kc is the mass transfer coefficient, which can be obtained by the
empirical Sherwood correlation [29-30],

Sh 

kc d d
 2  0.6 Red0.5 Sc0.33
Dm

where Sh is the mass transfer Sherwood number, Sc is the Schmidt number, and Dm is the vapor
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(9)

diffusion coefficient.
The trajectory and evaporation of atomized droplets are described utilizing the Lagrangian
method by integrating the motion equations complied with Newton’s second law and including the
impact of the relevant forces from the flue gas. The forces acting on droplets from flue gas are so
many including drag force, gravity, buoyancy, Magnus force, Saffman force and pressure gradient
forces such as Basset effect and thermophoresis, etc. Based on the assumptions that all droplets are
of independent properties and in a uniform spherical shape, changes in the velocity and direction of
droplets in flue gas are mainly caused only by drag and gravity in the simulations, ignoring the
effects of other forces on flow conditions. Thus, the instantaneous motion equation of a single
droplet can be expressed as [31-32],

uur
ur
uur uur
dud
g ( d  f )
 FD (uf  ud ) 
dt
d

(10)

uur uur

ur

where g is the acceleration of gravity, FD (uf  ud ) is the drag force per unit droplet mass,
which can be written in terms of the drag coefficient as [33],

FD 

18 CD Red
d dd2 24

(11)

where CD is the drag coefficient. According to the different range of Reynolds number, CD can be
expressed as [34],

Re >1000
0.424

CD   24  1 0.67 
 Re 1  6 Re  Re  1000

 

(12)

The Rosin-Rammler model is used to model the size distribution of droplets [9, 35]. This model
assumes an exponential relationship between the droplet diameter dd and the mass fraction of
droplets with diameters greater than dd, which can be written as,
n
 d d
Yd  e  d d 

12

(13)

where Yd is the mass fraction of droplets with diameters greater than dd. n is the spread parameter as
an indicator of the distribution width, which can be derived from Eq. (13) for each diameter group
by averaging over the values. d d is the mean diameter, the value of which equals dd when Yd=e-1.
Yd can be obtained from the mass density distribution fM(dd), which can be expressed as [36],

f M  dd  

N0m
f N  dd 
M0

(14)

where fN(dd) is the number density distribution related to fM(dd), m is the mass of a single droplet of
diameter dd and density, N0 and M0 are the total number and total mass of the sample droplets,
respectively.
In this study, the smallest and largest droplet diameter to be considered in the size distribution of
the Rosin-Rammler model are 20 μm and 100 μm, respectively. Four groups of the mass density
distribution are acquired based on an experiment with Phase Doppler Anemometer (PDA) system
by the manufacturer of the nozzle. Thus, four groups of the Rosin-Rammler distribution of droplet
size can be obtained through Eq. (13) and Eq. (14). The Parameters of Rosin-Rammler model used
to describe the size distribution of droplets are presented in Table 1.

Table 1. The Parameters of Rosin-Rammler model used to describe the size distribution of droplets.
Parameters

Distribution 1 Distribution 2 Distribution 3 Distribution 4

the mean diameter (μm)

24.79

45.08

64.05

84.84

the spread parameter

1.27708

2.38151

3.23307

3.55871

The O’Rourke’s method is used to consider the droplet collisions of the spray calculation by a
stochastic estimate [37-38]. This algorithm makes the assumption that two parcels may collide only
if they are located in the same continuous-phase cell. The method of O’Rourke is second-order
accurate at estimating the chance of collisions. The probability distribution of the number of
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collisions follows a Poisson distribution, which is given by

P  n   e n

nn
n!

(15)

where n is the number of collisions between a collector and other droplets.

2.2 Boundary conditions and operating parameters
Under the condition of engineering requirements, the model contains the assumptions that the
influence of both the solid particles contained in FDG wastewater atomized droplets and the fly ash
in flue gas on droplets evaporation are all neglected. But the collisions and clusters between
wastewater droplets are taken into consideration. The boundary conditions and operating parameters
of the continuous phase and discrete phase are described respectively.

2.2.1 Continuous phase (flue gas)
In this paper, the flue gas between the air preheater and the dust collector of a 300MW boiler tail
flue duct is studied. The temperature and velocity of flue gas are Tf=393.15 K ~ 403.15 K and uf=9
m/s ~ 10 m/s, respectively. Considering the practical operating conditions and parameters of
thermal power plant boilers, the extended flue gas temperature and velocity are set at Tf=393.15 K ~
453.15 K and uf=6 m/s ~ 15 m/s, respectively. The specific thermal physical properties of flue gas at
different temperatures are presented in Table 2 [39].

Table 2. Thermal physical properties of flue gas at standard atmospheric pressure [39].
Physical parameters

Temperature Density

Unit

T, K

ρ, kg·m-3 cp, J·kg-1·K-1

λ, W·m-1·K-1

flue gas

393.15

0.9096

1073.8

3.306×10-2

flue gas

413.15

0.8692

1079.6

3.482×10-2
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specific heat

thermal conductivity

flue gas

433.15

0.8288

1085.4

3.658×10-2

flue gas

453.15

0.7884

1091.2

3.834×10-2

The continuous phase is regarded as an ideal flue gas mixture containing water vapor, oxygen
and nitrogen. The mass fractions of the components are ωCO2 = 0.13, ωH2O = 0.11 and ωN2 = 0.76,
respectively. The inlet boundary condition for flue gas is set as velocity inlet condition, ensuring the
inlet flue gas flow has a uniform and steady velocity. The temperature and velocity values of inlet
flue gas calculated in the simulations are set independently under different conditions. While the
outlet boundary condition is specified as fully developed outflow condition and the exit flow
pressure is assigned at atmospheric pressure. The gravitational acceleration is set at -9.81 m/s2 in
the positive direction of y-axis. All the computational domain side walls are prescribed as adiabatic
walls with no-slip velocity boundary condition.

2.2.2 Discrete phase (water droplets)
Based upon the operating parameters from a 300 MW power plant, the temperature, density and
total solids content of FGD wastewater are 323.15 K, 1074 kg/m3 and about 0.80%, respectively.
Droplets are injected by an individual spray nozzle (Type ST-1/8) with radius 0.02 m in a solid
cone. This type of nozzle is suitable for viscous liquid and can finely adjust the flow rate, droplet
size, spray distribution and coverage by adjusting the independent gas and liquid atomization lines.
Moreover, the flow rate, spray full cone angle and spray direction of nozzle in the simulations are
set independently under different conditions. The droplets are tracked in terms of parcels of
droplets. In order to accurately characterize the droplets evaporation, a total of 300 specified parcels
representing atomized droplets are set to describe the spray adequately and accurately, each of
which contains a number of particles with the same characteristics in size, shape, speed,
temperature, etc. And the turbulent dispersion of atomized droplets is taken into account by
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implementing a stochastic trajectory tracking method with 5 tries for each parcel. The droplets are
assigned with a uniform temperature 323.15 K while the initial average diameter and velocity of
droplets in the numerical computations are set independently under different conditions. The
distribution of droplets size obeys the Rosin-Rammler distribution. Moreover, based on a sensitivity
analysis, 20 diameters are assumed to be sprayed from each droplet stream into the computational
domain. The inlet and exit boundary condition for droplets are both set as “escape” while the wall
boundary condition is defined as “trap”, which means that the simulation of droplets will be
terminated and excluded from further calculation once the droplets hitting the walls.
Additionally, the evaporation process of atomized droplets is simplified as follows. Droplets have
spherical shape and remain spherical during the entire evaporation process. Once collisions and
clusters are taken place between wastewater droplets, it is assumed that a new spherical droplet
forms according to the total volume. The vaporization latent heat, specific heat capacity and other
parameter values of droplets are all change with droplets temperature, respectively. The impact of
radiation heat transfer between flue gas and droplets on droplets evaporation can be ignored.

2.3 Numerical approach and validation
2.3.1 Numerical method
A staggered grid solution method is used with the SIMPLE algorithm for the pressure and
velocity coupling. The spatial discretization scheme utilized is the second order upwind for more
reliable and robust results in simulation.
The flue gas is modelled as a steady, incompressible and turbulent flow and water droplets as
steady flow. The whole simulation is divided into two steps. Firstly, the flue gas flow field is
calculated before adding the injection source. After obtaining a stable flue gas flow field, atomized
droplets are then sprayed into the flue gas for further calculation. In the simulation, the interphase
coupling method is used to calculate the influence of heat and mass transfer on flue gas due to the
16

evaporation of atomized droplets and vice versa. Through the interaction between flue gas and
droplets, the force, trajectory and particle size distribution of droplets in flue gas flow field are
calculated to further determine the key technical parameters that affect the movement and
evaporation of droplets. The maximum iteration step is set at 50000 steps to obtain converged
results in simulation. The continuous-phase flue gas flow field is calculated 10 steps per iteration
while the atomized droplets are added into the flue gas and performs one step iteration calculation.
The gas-liquid two-phase flow are alternately calculated until the monitoring parameters reach the
convergence criterion.

2.3.2 Grid dependency validation
GAMBIT software is used to mesh the physical model and the computational grid is a mesh
made from hexahedral elements. The grid refinement is constructed near the nozzle (the spray area)
and along the channel (the atomized droplets diffusion area) to allow more accurately simulating
where the exchange of momentum, mass and heat between flue gas and droplets is the largest.
Several sized grids are carried out to examine the model grid dependency. A grid independence test
is studied to investigate the cell edge lengths in the range 0.005-0.1 m in the direction of x-axis. Fig.
3 shows the effect of the number of cells on the evaporation rate of droplets at x=3 m cross section.

Fig. 3. Effect of the number of cells on droplets evaporation.
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The data from Fig. 3 manifests that the evaporation rate of droplets rises up at the beginning with
the increase of grid numbers and remains stable afterwards within a certain range of grid numbers.
In unsteady simulations, the detailed calculating results will be influenced by mesh encryption,
while the overall trend of iteration results will not change significantly. Since the evaporation rate of
droplets at x=3 m cross section is selected as the grid validation index in the present study, there is a
case where the detailed result is fluctuate. However, although the evaporation rate of droplets
changes by about 4% with the number of cells from about 4 million to about 5 million, this
fluctuation value is within the allowable error range for the complex two-phase flow in a spray
system in engineering applications. In addition, with a further increase in the number of cells over
about 5 million, the trend of the simulation results is consistent with that of fewer number of cells.
It can also be seen from the figures that the evaporation rate of droplets is similar when the number
of cells is within 1 250 000 to 4 210 000. Moreover, the maximum relative error of droplets
evaporation rate in this range of cells number does not exceed 0.41%.
To achieve a good balance between simulation accuracy and computational effort, the model is
meshed with the grid size of 0.01 m in the direction of both y-axis and z-axis, while the cell edge
length in the direction of x-axis is 0.1 m in inlet domain and about 0.02 m in refined regions,
respectively. Consequently, there will be a total of 2 500 000 cells in the model. Fig. 4 presents the
global and local resulting grid structure of the computational model.

18

Fig. 4. Grid structure of the computational model.

2.3.3 Experimental validation using single droplet evaporation
An experiment on the evaporation of a single water droplet suspended in dry air was conducted
by Ranz and Marshall in 1952 [30]. Evaporation rates and heat transfer of the single water droplet
were obtained by a micro-technique in which the droplet with 110 μm diameter was suspended
upward-flowing stream of air. The droplet with decreasing diameters was evaporated in hot air
streams and the rate of evaporation was observed through a microscope and recorded on motion
picture film. Based on the assumption that the internal thermal resistance of droplets can be
neglected, it can be considered that the mechanism of heat and mass transfer in droplets evaporation
is coincident with the single droplet evaporation mechanism. Therefore, in order to validate the
confirmation of mathematical model and numerical approach, the spray of a single droplet with 110
19

μm diameter is simulated under the numerical conditions set to be consistent with the experimental
conditions. The numerical results are compared with the experimental data in Ref. [27] as shown in
Fig. 5. It can be seen that both the numerical and experimental data show the same result that the
diameter of the single droplet gradually decreases with the increase of time. Moreover, the trend of
simulation results is in keeping with the experimental results, and the maximum relative error
between the numerical and experimental data does not exceed 10%, validating that the calculation
model can accurately and credibly capture the evaporation rate of the single droplet.

Fig. 5. Comparison of the single droplet diameter between experimental data and simulation results.

3. Least-Square Support Vector Machine prediction model
The basic prediction principle that is based on the LSSVM regression can be described as
follows. Take the data from the numerical cases as the training data and test data, respectively.
Consider a given set of N training samples  xi , yi i 1 , where xi  R n is an n-dimensional input
N

training sample and yi  R n is the output for training samples. And the training data needs to be
linearly normalized to value between 0 and 1 before training the prediction model as follows,

xi 

xi  xmin
xmax  xmin

(16)

where xmax and xmin are the maximum and minimum training data, respectively. xi is the processed
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data.
The Gauss radial basis function (RBF) is selected as the kernel function in this paper and can be
denoted by,

 x x
i
j
K  xi , x j   exp  
2

2

where

2






(17)

 represents the width of the RBF kernel function.

The objective optimization function of the LSSVM algorithm can be expressed as [20],

where

1
1 N
min J  ,b, e    T     ei2
 ,b ,e
2
2 i 1

(18)

s. t. yi  F  xi   T  xi   b  ei , i  1,2,L , N

(19)

 is the regularization coefficient for controlling the fitting error of the regression function,

ei is the prediction error,    : R
high-dimensional space, and

n

 Rnh is a nonlinear function of mapping the input data to a

  Rnh

is the weight vector. The prediction error and the bias value

satisfy ei  R and b  R , respectively.
The LSSVM model can be obtained at a new point xi by,
N

y  x    i K  x, xi   b

(20)

i 1

where

 i is the corresponding sample (xi, yi), which is called a support vector and is nonzero in all

support vector coefficients.
The average relative error (ARE) and the root mean square error (RMSE) are regarded as the test
criteria for performance measures of the prediction models. The ARE and RMSE can be calculated
respectively by,

1 N yi  yˆi
ARE  
 100%
N i 1 yi
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(21)

N

  y  yˆ 
RMSE =

i

i 1

N

i

2

 100%

(22)

where yi denotes the actual droplet evaporation rate, yˆ i is the predicted droplet evaporation rate,
and N is the total number of data points.

4. Results with analysis
The properties of atomized wastewater droplets, flue gas and nozzle are the main parameters
affecting the droplets evaporation. By using controlling single variable method, this study conducts
numerical simulation researches on influencing factors of droplet evaporation rate, including that of
the diameter and velocity of droplets, the velocity of flue gas as well as the spray flow rate, spray
full cone angle and spray direction of nozzle. The droplet evaporation rate at various distances
along the computed domain is investigated respectively under different inlet flue gas temperatures.
The parameters values of the reference cases studied are presented in Table 3. It should be noted
that the droplets diameter obeys the Rosin-Rammler distribution, of which the average diameter of
each distribution was displayed in Table 3.

Table 3. The parameters values of the reference cases.
Parameters

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

64.05

64.05

64.05

64.05

64.05

24.79, 45.08,
Droplets diameter (μm)
64.05, 84.84
Droplets velocity (m/s)

15

10, 20, 30,
40, 50, 60

15

15

15

15

Flue gas velocity (m/s)

9

9

6, 9, 12, 15

9

9

9

flow rate of a spray

30

30

30

10, 20, 30,

30

30
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nozzle (L/h)

40, 50, 60
30°, 40°, 50°,

full cone angle of a
30°

30°

30°

30°

60°, 70°, 80°,

30°

spray nozzle
90°
0°, 30°, 45°,
Nozzle spray direction

0°

0°

0°

0°

0°
60°, 90°

4.1 Outline descriptions of wastewater droplets evaporation in flue duct
Fig. 6 shows the temperature fields of flue gas at different cross sections in the computational
domain. The temperature and velocity of inlet flue gas are Tf=393.15 K and uf = 9 m/s, respectively.
The initial temperature, diameter and velocity of atomized droplets sprayed parallel to the flow
direction of flue gas are Td=323.15 K, dd=64.05 μm and ud = 15 m/s, respectively. The full cone
angle and flow rate of a spray nozzle are β=30 ° and Ln=30 L/h, respectively.
It can be seen that the temperature in the center is the lowest and gradually increases to both
sides. This is mainly because that the concentration of droplets sprayed conically from the nozzle is
much higher and the droplets evaporation is faster and greater in the middle of the channel than that
of other regions, causing that the temperature of flue gas in the middle region drops more greatly.
What’s more, it also can be found that the minimum temperature of flue gas at the central area in the
computational domain exit section is 385.33 K and the descent range of temperature does not
exceed 10 °C in the whole domain, of which the temperature is higher than that of the acid dew
point of the flue gas. Obviously, it can prevent the scale and corrosion on duct walls and subsequent
equipment of boiler tail duct.
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Fig. 6. The temperature field of flue gas during wastewater droplets evaporation.

The flow field of the evaporated droplets in flue duct is shown in Fig. 7. It can be seen that the
droplet velocity is the fastest when they are ejected from the nozzle, and then the droplet velocity
decreases rapidly to that of the flue gas along the duct. This is because the inertia of atomized
droplets with tiny size is relatively small. In the flue gas flow, the droplet velocity will quickly
decay to the flue gas velocity and then droplets are entrained by flue gas until they completely
evaporate. It can also be seen that the trajectory of atomized droplets is biased slightly in the
negative y-axis direction along the flue duct, owing to the effect of gravity.

Fig. 7. The flow field of evaporated droplets along the flue duct.

Fig. 8 indicates the concentration distribution of atomized droplets at different evaporation
distances in the x-axis direction under this condition. It can be seen that the atomized droplets
24

diffuse gradually and evaporate rapidly with increasing distance, leading to the gradually decreased
droplets concentration.

Fig. 8. The concentration fields of droplets at different cross sections.

Fig. 9 shows the Sauter mean diameter distribution of atomized droplets along the flue duct.
Considering the influence of droplet collisions, it can be seen that the Sauter mean diameter of
droplets decreases at first and then increases and then finally decreases. The result of droplet
collisions depends on the Weber number of the droplet. Droplets with higher velocity have larger
Weber number and smaller surface tension, resulting in break up after droplet collisions. Due to the
high Weber number, droplets mainly break up after collisions at the initial atomization, resulting in
a drop in the Sauter mean diameter of the droplets. And due to the small inertia, droplets with small
diameter will reach to the flue gas velocity and be entrained by the flue gas rapidly. Thus droplets
with smaller Weber number mainly coalesce after collisions, leading an increase in the Sauter mean
diameter of the droplets. Droplets absorb the heat of the flue gas during the progress of evaporation,
making the Sauter mean diameter of the droplets decrease eventually.
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Fig. 9. The Sauter mean diameter distribution of atomized droplets.

4.2 Effects of influencing factors
4.2.1 Initial diameter of atomized droplets
The initial average diameter of atomized droplets is a key parameter of spray characteristic and
affects the droplets evaporation significantly. The reference case has already been introduced in
Table 3 as Case 1. The droplets evaporation at various distances along the computed domain
obtained for various droplet sizes under different inlet flue gas temperature conditions are shown in
Fig. 10.

(a) Tf=393.15 K

(b) Tf=413.15 K

26

(c) Tf=433.15 K

(d) Tf=453.15 K

Fig. 10. The evaporation rate of atomized droplets with different diameter.

It is evident that the distance required to achieve complete evaporation of atomized droplets with
identical diameter is reduced as the inlet flue gas temperature increases. Moreover, atomized
droplets with smaller diameter need shorter distance for complete vaporization at the same inlet flue
gas temperature, contributing to higher evaporation rate. For instance, atomized droplets of 24.79
μm to 64.05 μm in diameter can all evaporate completely within the flow length of 5 m with inlet
flue gas temperature 393.15 K as shown in Fig. 10. The main reason of these phenomena is that
atomized droplets with smaller diameter have larger specific surface area, which can contribute to
stronger convective heat transfer between flue gas and droplets when the gas-liquid two-phase flow
moves relatively. Due to the intense heat transfer, it is more favorable for atomized droplets to
absorb the heat from flue gas to evaporate rapidly.

4.2.2 Velocity of atomized droplets
The reference case has already been introduced in Table 3 as Case 2. The effect of droplet
velocity is investigated by comparing six droplet velocities under different inlet flue gas
temperature conditions.
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(a) Tf=393.15 K

(b) Tf=413.15 K

(c) Tf=433.15 K

(d) Tf=453.15 K

Fig. 11. The evaporation rate of atomized droplets with different initial injection velocities.

The same regularity of droplets evaporative rate with different inlet flue gas temperature is
illustrated in Fig. 11. In the velocity range from 10 m/s to 30 m/s, the evaporation rate of atomized
droplets decreases significantly with the increase of droplet spray velocity. This is primarily because
that the droplet residence time in flue gas is shortened within this spray speed range, reducing the
total quantity of heat exchange between flue gas and droplets and resulting in a drop in the droplet
evaporation rate.
However, it can also be seen from Fig. 11 that the droplets evaporation is improved when the
initial spray velocity of atomized droplets is further increased within the spray speed range from
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more than 30 m/s to 60 m/s. This is due to the fact that the diffusion of atomized droplets is the
major factor affecting droplets evaporation within this range of jetting velocities. Theoretically, the
droplet residence time in flue gas is relatively short when the initial spray velocity of atomized
droplets is high enough. Nevertheless, since the initial droplet velocity is high enough to make the
spraying conical surface sufficiently large, the atomized droplets with a good dispersion ability
resulting in a more effective mixing can fully contact and exchange heat with flue gas within a
specified distance and time, which is beneficial to the improvement of droplets evaporation.
In summary, different initial droplet spray velocities will have a certain impact on droplets
evaporation but the effect can be ignore. The excessive low injection speed will reduce the droplet
evaporation rate to a certain extent. Thus, selecting the appropriate type of nozzle to increase the
initial spray velocity of atomized droplets can ensure the dispersion of droplets, achieving better
droplets evaporation.

4.2.3 Velocity of flue gas
The reference case has already been introduced in Table 3 as Case 3. The effect of the velocity of
flue gas is studied comparing four flue gas velocities under different inlet flue gas temperature
conditions. The droplet evaporation rates are shown in Fig. 12.

(a) Tf=393.15 K

(b) Tf=413.15 K
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(c) Tf=433.15 K

(d) Tf=453.15 K

Fig. 12. The evaporation rate of atomized droplets at different flue gas velocities.

It can be seen from Fig. 12 that the maximum droplets evaporation can be achieved at a flue gas
velocity of 9 m/s. This is due to the fact that the relative motion and the convection heat transfer
intensity between flue gas and droplets are the major factor affecting droplets evaporation under this
value of flue gas velocity. When the flue gas velocity is in the range from 6 m/s to 9 m/s, the
increase of flue gas velocity not only has an influence on the trajectory of atomized droplets but
also strengthens the relative motion and the convection heat transfer intensity between flue gas and
droplets, improving the droplets evaporation. In addition, the flue gas flow rate will rise up with the
appropriate increase of flue gas velocity when the flow area of duct is constant. Thus, the flue gas
with lower humidity comes into contact with the droplets, which can also contribute to enhance the
relative movement between flue gas and droplets and improve the droplets evaporation. Hence,
improving the flue gas velocity within a certain range can be beneficial to shorten the complete
evaporation time and achieve better droplets evaporation.
However, it can also be seen from Fig. 12 that when the value of flue gas velocity exceeds 9 m/s,
the droplet evaporation rate will decrease significantly with the flue gas velocity increased
excessively. This is primarily because that the droplet residence time in flue gas is the key
influencing factors on droplet evaporation rate under this range of the flue gas velocity. Due to the
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high flue gas velocity, atomized droplets with small diameter and inertia will reach to the flue gas
velocity and be entrained by flue gas rapidly. Thus, the value of droplets evaporation constant will
be decreased and the convection heat transfer of two-phase flow will be weakened, which will
reduce the total quantity of heat exchange between flue gas and droplets. Therefore, the droplet
residence time in flue gas is shortened, deteriorating the evaporation of droplets resulting in a drop
in the droplet evaporation rate.
In summary, different flue gas velocities will have a certain impact on droplets evaporation. The
excessive flue gas velocity will reduce the droplet evaporation rate to a certain extent. Thus,
spraying the flue gas desulfurization wastewater at a position where the flue gas velocity is low in
the duct is advantageous for the complete evaporation of droplets and the implementation of this
technology.

4.2.4 Flow rate from spray nozzle
The reference case has already been introduced in Table 3 as Case 4. The droplet evaporation
rates under different inlet flue gas temperature conditions are shown in Fig. 13 by setting different
nozzle spray flow rates.

(a) Tf=393.15 K

(b) Tf=413.15 K
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(c) Tf=433.15 K

(d) Tf=453.15 K

Fig. 13. The evaporation rate of atomized droplets at different nozzle spray flow rates.

In the present study, the nebulized droplets do not encounter any of the computational domain
side walls within the range of nozzle spray flow rate. As shown in Fig. 13, it is obvious that the
droplet evaporation rate decreases and the droplets evaporation deteriorates as the nozzle jet flow
rate increases. This is mainly because that the number of droplets to be evaporated will increase
with the increasing nozzle spray flow rate, leading to poor droplet diffusion. Thus, the atomized
droplets cannot fully contact and exchange heat with flue gas during the droplets movement along
with the flue gas. Moreover, due to the insufficient heat provided by flue gas, it also shows the
phenomenon of incomplete droplets evaporation within a 5 m evaporation distance under large
nozzle spray flow rate conditions, which means that the distance needed to achieve complete
droplets evaporation with large nozzle jet flow rate should be increased. The results put emphasis
that an improved arrangement of multiple nozzles having small flow rate can be proposed to
achieve better droplets evaporation if the cross-section of flue duct is large enough.

4.2.5 Spray full cone angle of nozzle
The reference case has already been introduced in Table 3 as Case 5. Fig. 14 illustrates the
droplet evaporation rates affected by different nozzle spray full cone angle under different inlet flue
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gas temperature conditions.

(a) Tf=393.15 K

(b) Tf=413.15 K

(c) Tf=433.15 K

(d) Tf=453.15 K

Fig. 14. The evaporation rate of atomized droplets at different nozzle spray full cone angles.

It can be seen from Fig. 14 that the droplet evaporation rate keeps an upward tendency with the
increase of nozzle spray full cone angle, but the change is not obvious. Theoretically, the increase of
nozzle spray full cone angle facilitates the formation of a larger conical spray cone so that the
atomized droplet can fully diffuse in flue gas and thoroughly contact and exchange heat with flue
gas, which contributes to shorter complete evaporation time and better droplets evaporation.
Nevertheless, the present flue gas flow rates have been provided sufficient heat source for
atomized droplets evaporation with the given flue gas velocity and nozzle spray flow rate in the
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studied conditions. Therefore, the improvement on droplet diffusion and evaporation is small with
the increase of nozzle spray full cone angle. Thus, considering that atomized droplets might collide
with the flue duct resulting in scale and corrosion on flue walls, the installation of nozzles with
selected spray full cone angle only need to ensure that this phenomenon will not happen in practical
engineering applications.

4.2.6 Spray direction of nozzle
The spray direction of nozzle plays an important role in droplets evaporation. The reference case
has already been introduced in Table 3 as Case 6. The evaporation effects of atomized droplets
sprayed in different directions under different inlet flue gas temperature conditions are
demonstrated in Fig. 15.

(a) Tf=393.15 K

(b) Tf=413.15 K
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(c) Tf=433.15 K

(d) Tf=453.15 K

Fig. 15. The evaporation rate of atomized droplets at different nozzle spray directions.

It can be seen from Fig. 15 that the evaporation rate of atomized droplets is the highest when the
droplet spray direction is parallel to the flue gas flow direction. And the larger the angle between
nozzle spray direction and flue gas flow direction is, the worse the droplets evaporation effect is.
Theoretically, the droplet residence time in flue gas will increase and the relative movement
between flue gas and droplets will be enhanced with the adding angle between nozzle spray
direction and flue gas flow direction. Thus, the promoted droplet dispersion and the reinforced heat
transfer between flue gas and droplets can result in a wider range of heat exchange and more
efficient droplets evaporation.
However, the nozzle spray direction has a great influence on the spatial distribution of atomized
droplets. Droplets sprayed in an increasing angle between nozzle spray direction and flue gas flow
direction cannot completely diffuse in flue gas within a 5 m evaporation distance, making them
cannot entirely contact and exchange heat with flue gas and resulting in poor evaporation quality.
Taking the condition with 393.15 K inlet flue gas temperature as an example, the temperature
field clouds of flue gas at different sections with different nozzle spray directions are shown in Fig.
16. These figures suggest that atomized droplets sprayed in an adding angle between nozzle spray
direction and flue gas flow direction spread poorly in flue gas. Due to the adverse contact and heat
transfer rate between droplets and flue gas, the evaporation effects are weakened with an increasing
droplet spraying angle.
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(a) α=0 °

(b) α=30 °

(c) α=45 °
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(d) α=60 °

(e) α=90 °
Fig. 16. The temperature fields of flue gas at different cross sections in different nozzle spray
directions.

Based on the above analysis, the spray direction of nozzle should be selected according to the
specified length and shape of flue duct in practical engineering. More importantly, the enhanced
relative movement between flue gas and atomized droplets as well as the droplets complete
diffusion and full contact with flue gas for heat exchange must be taken into account at the same
time, which are both the two crucial factors to heighten the droplets evaporation.

4.3 The LSSVM prediction on wastewater droplets evaporation in flue duct
To provide the basis for the process design and performance regulation of spraying FGD
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wastewater in flue duct evaporation treatment under the comprehensive consideration of all abovementioned factors, a multi-input-single-output least squares support vector machine (LSSVM)
prediction model on droplet evaporation is established. The model can be employed to predict the
droplet evaporation rate at different distances under various operating conditions.
In order to validate the feasibility and validity of the model, a total of 1600 sets of numerical data
based on all the above simulations are taken as the sample data to build the LSSVM prediction
model. Among them, 1200 sets of numerical data are taken as training data while 400 sets are used
as test data. Eight variables, namely the initial diameter and velocity of atomized droplets, the
temperature and velocity of flue gas, the spray flow rate, spray full cone angle and spray direction
of nozzle and different evaporation distances, are selected as input variables. The droplet
evaporation rate at different distances under different conditions is used as an output variable.
Firstly, 1200 sets of training data are used to train rolling for the learning capacity of LSSVM
prediction model on droplet evaporation, balancing the training accuracy and generalization
performance of the model. After rolling optimization, the related parameters of the model can be
obtained by cross validation. The optimization parameters are set to

=10000 and

=0.01

respectively, minimizing the root mean square error. And then, eight input variables mentioned
above are set respectively the same as the simulation conditions and process parameters of 400 sets
of test data, calculating output prediction on droplet evaporation rate at different distances.
The results are illustrated in Fig. 17. Fig. 17 (a) shows the fitting degree between practical value
and estimated value of LSSVM model. It can be seen that the prediction results of the LSSVM
prediction model have a good fit between the practical value and predicted value. Fig. 17 (b) shows
the average relative error between practical value and estimated value of LSSVM model. Among
them, the maximum relative error does not exceed 9% while the average relative error (ARE) is
2.16% and the root mean square error (RMSE) is 1.64%. It can demonstrate that the present
LSSVM prediction model can be used to accurately forecast the droplet evaporation rate at different
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distances under different conditions among the above simulation range.
Due to the high prediction accuracy and good interpolation performance of the present LSSVM
model, the value of input variables can be set the same as the known process parameters under
practical operating conditions in power plant to predict the droplet evaporation rate along the flue
duct of boiler. The present predicting model can be used both for the optimization of nozzle
selection and layout, as well as the technical control of FGD wastewater spray evaporation
treatment in thermal power plants, ensuring the safe and efficient operation.

(a) Fitting degree between practical value and prediction of LSSVM model

(b) Average relative error between practical value and prediction of LSSVM model
Fig. 17. Accuracy of the LSSVM predicting model.

5. Conclusions
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The characteristics of droplets, flue gas and nozzle are the key heat transfer elements affecting
the spraying FGD wastewater evaporation in the flue duct. Based on the combined EulerianLagrangian mathematical model for the thermo-fluid behavior of FGD wastewater sprayed
evaporation in the continuous flue gas, a study on the influencing factors under different operating
conditions has been carried out by numerical simulation. And the LSSVM model is employed for
forecasting the droplet evaporation rate while considering all the factors. The following conclusions
can be obtained.
(1) The flue gas temperature and atomized droplets diameter have the dominating influences on
the full evaporation distance of FGD wastewater in the flue duct, while the initial droplet velocity,
flue gas velocity and spray full cone angle of nozzle all have little influences. The arrangement of
multiple nozzles having small flow rate is proposed to improve the evaporation of atomized
droplets.
(2) The spray direction of nozzles should be selected to ensure that the relative movement
between atomized droplets and flue gas is enhanced, while the droplets with a good dispersion
ability can contact and exchange heat with the flue gas within a specified distance and time,
achieving the maximum evaporation of atomized droplets.
(3) The LSSVM prediction model on droplets evaporation has a high accuracy and can be carried
out for the optimization of FGD wastewater droplets spray treatment technology under practical
operating conditions in power plant.
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Table captions
Table 1. The Parameters of Rosin-Rammler model used to describe the size distribution of droplets.
Table 2. Thermal physical properties of flue gas at standard atmospheric pressure [39].
Table 3. The parameters values of the reference cases.

Figure captions
Fig. 1. The process of spraying FGD wastewater in flue duct evaporation treatment technology.
Fig. 2. Physical model.
Fig. 3. Effect of the number of cells on droplets evaporation.
Fig. 4. Grid structure of the computational model.
Fig. 5. Comparison of the single droplet diameter between experimental data and simulation results.
Fig. 6. The temperature field of flue gas during wastewater droplets evaporation.
Fig. 7. The flow field of evaporated droplets along the flue duct.
Fig. 8. The concentration fields of droplets at different cross sections.
Fig. 9. The Sauter mean diameter distribution of atomized droplets.
Fig. 10. The evaporation rate of atomized droplets with different diameter. (a) Tf=393.15 K. (b)
Tf=413.15 K. (c) Tf=433.15 K. (d) Tf=453.15 K.
Fig. 11. The evaporation rate of atomized droplets with different initial injection velocities. (a)
Tf=393.15 K. (b) Tf=413.15 K. (c) Tf=433.15 K. (d) Tf=453.15 K.
Fig. 12. The evaporation rate of atomized droplets at different flue gas velocities. (a) Tf=393.15 K.
(b) Tf=413.15 K. (c) Tf=433.15 K. (d) Tf=453.15 K.
Fig. 13. The evaporation rate of atomized droplets at different nozzle spray flow rate. (a) Tf=393.15
K. (b) Tf=413.15 K. (c) Tf=433.15 K. (d) Tf=453.15 K.
Fig. 14. The evaporation rate of atomized droplets at different nozzle spray full cone angles. (a)
Tf=393.15 K. (b) Tf=413.15 K. (c) Tf=433.15 K. (d) Tf=453.15 K.
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Fig. 15. The evaporation rate of atomized droplets at different nozzle spray directions. (a)
Tf=393.15 K. (b) Tf=413.15 K. (c) Tf=433.15 K. (d) Tf=453.15 K.
Fig. 16. The temperature fields of flue gas at different cross sections in different nozzle spray
directions. (a) α=0 °. (b) α=30 °. (c) α=45 °. (d) α=60 °. (e) α=90 °.
Fig. 17. Accuracy of the LSSVM predicting model. (a) Fitting degree between practical value and
prediction of LSSVM model. (b) Average relative error between practical value and prediction of
LSSVM model.
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