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Abstract: In this article, the side-entry agitator commonly
used in the wet desulfurization absorption tower of a
300 MW thermal power unit was taken as the research
object, and the gas-liquid two-phase flow field in the
stirring tank was numerically simulated by using the
two-fluid model based on Euler—Euler method. The ver-
tical and horizontal velocity field distribution and gas
phase distribution in the stirring tank were studied. The
results showed that the side-entry agitator formed a
“fountain” circulating flow in the stirring tank. The high-
speed region of the liquid flow was mainly concentrated
near the mixing blade and the bottom banded region. The
range of large changes in the fluid velocity was mainly
concentrated from the bottom of the mixing tank to 2-3m
from the bottom. The distribution of the oxidizing air was
concentrated in the middle of the stirring tank. The mixing
effect of two phases in the stirred tank was good, and the
oxidizing air was fully diffused. The numerical study in this
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article has reference significance for in-depth understanding
of the flow field and mixing effect of the side-entry agitator.
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1 Introduction

The rapid development of the electric power industry has
also brought about problems such as environmental pol-
lution. Thermal power plants have always been a major
emitter of greenhouse gases [1], especially the emission
of SO, has caused a bad impact on the atmospheric envir-
onment. In order to effectively control the emission of air
pollutants in the thermal power industry, China has car-
ried out ultra-low emission transformation for the thermal
power industry, among which the desulfurization of thermal
power plants has become the key to control air pollution [2].
Limestone wet flue gas desulfurization is a relatively mature
and widely used desulfurization technology [3,4]. The lime-
stone slurry is used for countercurrent washing of the flue
gas in the absorption tower to absorb sulfur dioxide in the
flue gas, and undergo a series of reactions and dehydration
treatments. A powdery gypsum with water content of about
10% is produced. In the absorption tower, the side-entry
agitator located in the slurry tank is an important compo-
nent to maintain the normal operation of the wet flue gas
desulfurization system, and it is also the most commonly
used stirring method [5]. It has the functions of precipita-
tion, strengthening oxidation air diffusion, and limestone
dissolution.

The side-entry agitator of the absorption tower is a
kind of mechanical agitation. The liquid is propelled by
the stirring blades to generate three basic flows: axial
flow, swirling flow, and turbulent flow. Decompose these
three flows into an axial part (axial flow) and a non-axial
part (rotational or helical flow), as shown in Figure 1. The
spiral high-speed axial flow enables the liquid in the low-
speed flow area to be carried into the high-speed liquid
flow area, so as to play a mixing role, and the non-axial
flow formed by the normal thrust will cause the liquid to
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Figure 1: Flow curve of sideway agitator fluid [6]. (a) Non-axial flow (rotating or helical flow); (b) axial flow.

swell up and down, so that the slurry pool can achieve
uniform mixing and prevent the accumulation of sedi-
ment at the bottom of the tank.

The stirring performance and flow characteristics of
side-entering agitators have been studied by some researchers.
For the study of two-phase flow, many scholars use computa-
tional fluid dynamics (CFD) method for numerical simulation
to explore the characteristics of internal two-phase flow field.
Gomez et al. [7] investigated the flow in a reduced size rectan-
gular tank equipped with a side-entering axial flow impeller in
the laminar regime (18 < Re < 120) by using particle image
velocity and CFD. Havryliv et al. [8] used the Ansys Fluent 17.0
to model and simulate the mixing process in an industrial-
scale vessel with a side-entering agitator. The results
showed that mesh size and time step size played a key
role for transient CFD simulation and it was very important
to find these proper values. Fathonah et al. [9] studied the
hydrodynamics in side-entering stirring tanks with similar
geometric ratio using CFD methods and evaluated the
effect of the constant propeller rotational speed and con-
stant tip speed on the pumping capacity and fluid velocity
profile in the discharge stream area as well as the flow
pattern in the whole tank. Fathonah et al. [10] studied
the effect of stirred entry angle on the hydrodynamic char-
acteristics in an agitated tank with side-entering mixing
tank using the CFD simulation method. The results showed
that the average velocity in the tank tended to increase
as the stirred entry angle increased. In addition, Al-Kouz
et al. [11] analyzed the magneto two-phase nanofluid
flowing in double wavy enclosure comprehending an adia-
batic rotating cylinder by Galerkin finite element. Manzoor
et al. [12] studied the drag reduction on a square rod
detached with two control rods at various gap spacing
via Lattice Boltzmann Method. For the experimental study
on two-phase flow of side-entry agitator, Kehn [13] compared
the top-entering versus side-entering agitator performance in

low viscosity blending by quantifying their power require-
ments of reaching the same mixing time. Grenville et al.
[14] measured blend times in a vessel agitated by side-
entering agitators using the experimental technique devel-
oped by Wesselingh [15] to compare the performance of four
common commercially available agitators. Most of the above
literatures study the flow field of the stirring tank equipped
with a single side-entering agitator, and there are relatively
few studies on the internal flow field of the side-entering
agitator of the flue gas desulfurization tower.

In order to further study the flow characteristics of
the internal flow field of the side-entry agitator, numer-
ical simulation of the flow field in the stirring tank with
side-entry agitator was carried out, and the internal flow
field velocity distribution and gas phase distribution were
analyzed.

2 Numerical simulation method of
side-entering agitator

2.1 Simulation working condition of side-
entering stirring device

The numerical calculation model in this article was sim-
plified from the actual structure size of the slurry pool at
the bottom of the absorption tower for wet desulfuriza-
tion of 300 MW thermal power unit, as shown in Figure 2.
The stirring tank had a flat bottom with a diameter of
T =11.63m and a liquid level of H = 8.79 m. At the bottom
of the stirring tank, four side-entry agitators were evenly
arranged along the circumference of the tank. The agi-
tator blades were installed in the slurry pool of stirring
tank, and the stirring shaft formed a certain inclination
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Figure 2: Structure diagram of mixing tank [16]. (a) Main view; (b) top view.

angle with the horizontal line and the center line of the
tank, respectively, which is marked as § = 10° and 6 = 7°.

The paddle type is a four narrow blade detachable
rotary paddle agitator [17], as shown in Figure 3. The
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Figure 3: Structure of four narrow blade detachable rotary paddle
agitator.

agitator consists of four blades spaced 90° apart. In
order to enhance its axial flow performance, the blade
placement angle was f§ = 45°. The diameter of the paddle
is D = 1 m, the width of the paddle is W = 0.2m, and the
thickness of the paddle is 6 = 0.012m. The ratio of tank
diameter to paddle diameter is T:D = 9:1. The stirring
shaft diameter is d = 0.1 m, and the extension length is
[ = 0.8 m. The lateral installation height of the agitator is
h =1.41m and the speed of the agitator paddle is 194 rpm.
The stirring effect requires that when one agitator is not
working, the inlet of the pump cannot be blocked, the
oxidized air diffuses evenly, and the slurry is stirred
evenly and suspended far from the bottom of the tank.
The stirring slurry is limestone slurry with a suspended
solid volume fraction of 15%, density of p = 1,150 kg/m3,
viscosity of y = 2 x 10> Pas, particle diameter of 4 x 10 m,
and pH between -5 and —6.

2.2 Governing equation of side-entering
stirring device

In this article, a two-fluid model based on Euler—Euler
method was used to simulate the gas-liquid two-phase
flow field in stirring tank. The Euler—Euler method regards
the dispersed phase and fluid such as bubbles and parti-
cles as continuous medium. The dispersed phase and the
continuous phase coexist and penetrate each other. Both
phases are processed in the Euler coordinate system, so
they have the same form of governing equations. This
model requires less calculation and is the main simulation
method for multiphase systems at present [18-20]. The
basic equations of the model mainly include the continuity
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equation and the momentum conservation equation. This
article focused on the flow characteristics in the stirring
tank, so the temperature change of gas-liquid two-phase
flow is not considered. The governing equation of the
model is as follows:

The continuity equation [21,22]:

%(Pkak) + V(o W) = O, 1

where p,, ax, and 7;: are the phase density (kg/m?),
phase fraction, and phase average velocity (m/s), respec-
tively. The subscript k indicates the liquid phase (1) or gas

phase (g).
The momentum equation:

)
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where p is the pressure acting on the two phases, Teg  iS
the Reynolds stress under the average velocity gradient,
Ry is the momentum exchange term, and the interphase
momentum exchange is mainly due to the action of the
interphase force, which includes drag force, additional
mass force, etc. Fy is the volume force.

The main purpose of using the gas and liquid turbu-
lence models is to solve the turbulent viscosity, and then
obtain the effective viscosity of the fluid in the two-fluid
model, so that the two-fluid model is closed. Generally,
the k—¢ turbulent model is used to calculate the contin-
uous-phase turbulent viscosity [23]. The standard k-¢
two-equation turbulence model is a model close to the
steady state of turbulent flow in the Reynolds time-aver-
aged method of turbulence calculation method. Consid-
ering the calculation cost and calculation accuracy, the
standard k-¢ turbulence model was used in this article
[24], the transport equation of turbulent kinetic energy k
and dissipation rate € of turbulent kinetic energy is:

a(pk) . a(pku;)
ot aXi
0 M\ ok )
= — (y+—‘)— + G+ Gy — pe — Yy + Sp,
aXi Ok aX]
Ape) | dpew) _ 0 [(, m\2e
ot ox; ax; 0; ) 0X; )

£ 2
+ ClsE(Gk + C3£Gb) - CZSP? + Ss;

where u; denotes the component of fluid velocity along i
direction, k denotes the turbulent kinetic energy, € denotes
the turbulent dissipation rate, y; is the turbulent viscosity
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coefficient, and y, = pC,—, C, is the empirical constant. Gy
denotes the turbulent kinetic energy generated by laminar
velocity gradient, G, denotes the turbulent kinetic energy
generated by buoyancy, Y, denotes the contribution of
fluctuating expansion to the total dissipation rate in com-
pressible turbulence, o, and o, are the Prandtl numbers
corresponding to the turbulent kinetic energy and dissipa-
tion rate, respectively. S, and Sy are user-defined, Ci, Co,
and Cs, are empirical constant. In the standard k—¢ turbu-
lence model, the value of each model constant is C;, = 1.44,
Cy:=1.92, C, = 0.09, 0y = 1.0, and 0, = 1.3, according to the
recommended value of Launder and Spalding [25] and
subsequent experimental verification.

k2
€

2.3 Computing domain and grid division

Due to the geometric symmetry of the stirring tank, a
quarter of the stirring tank was selected as the computa-
tional domain in order to simplify the calculation. For the
side-entering stirring device, the computational domain
was divided into two parts, as shown in Figure 4(a), due
to the existence of rotating dynamic boundary and sta-
tionary static boundary. One part (a) contained the moving
blades and the other part (b) contained the stationary
baffle and tank. Two reference frames were used for the
calculation of two regions. The rotating reference frame
was used in the area where the blades were located, and
the stationary reference frame was used for the other part.
At the interface of two reference frames, the flow was
assumed to be steady, i.e., the velocity at the interface
must be the same for both reference frames. However, the
cell node was static throughout the calculation. When using
the above method to divide the dynamic and static areas, it
must be ensured that the normal velocity of the nodes on
the interface is zero, i.e., the top view of the interface must
be circular rather than quadrilateral or other shapes.

In this article, the pre-processing software Gambit was
used to generate grids. The computational domain was
large and irregular, so the method of combining structured
and unstructured grid was used to divide the grid into
blocks, and the computational domain was divided into
three parts: the rotating part of blades, the stationary region
at the bottom of the stirring tank, and the stationary region at
the upper part of the stirring tank. The stationary region at
the upper part of the stirring tank was regular in shape,
so the structured grid was divided by hexahedral mesh.
The structure of the blade rotation area and the static area
at the bottom of the stirring tank was more complex, so the
adaptable tetrahedral unstructured mesh was used to divide
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(b)

Figure 4: Computational domain structure diagram (a) and meshes of the symmetric model (b).

the geometry. The method of combining unstructured grids
of different sizes was used to divide the rotating part of the
blade and the static part at the bottom of the stirring tank into
grids, respectively. The rotating part of the blade adopted a
relatively fine tetrahedral grid, while the stationary part at the
bottom of the stirred tank adopted a slightly larger tetrahe-
dral grid. The rotating part of the blade, agitator shaft, and
the stationary part at the bottom of stirring tank were meshed
encrypted to increase the calculation accuracy. The total
number of grids was about 970,000, and the distribution of
grid nodes is shown in Figure 4(b).

2.4 Numerical calculation method of side-
entering stirring device

Fluent software was used to simulate the two-phase flow
field in the stirring tank. The multi-reference frame (MRF)
method was used to deal with the interaction between the
moving blade and the stationary slot wall. The rotational
coordinate system was adopted for the blade and its
nearby fluid region, and the stationary coordinate system
was adopted for other regions. The momentum and energy
exchange in the two different regions were realized through

the interface conversion. The steady-state implicit separa-
tion algorithm was used in the solution process.

The fluid in the moving region (i.e., blade region) was
set to rotate at the same speed as the stirring blade due to
the MRF method used for simulation, while the fluid in
the stationary region (i.e., other regions in the tank) was
static. The wall of stirring tank was defined as the boundary
condition of static wall, while the agitator shaft and agitator
paddle were defined as the boundary condition of moving
wall. The stirring shaft was in the static fluid region and
moved relative to the fluid in the region, the paddle was in
the moving fluid region and moved at the same speed as the
surrounding fluid, so it was stationary with respect to the
fluid in the region. Because the agitator blades were far from
the free liquid surface, there is almost no liquid movement
at the free liquid surface. Therefore, the free liquid surface
can be defined as a symmetric boundary condition, so as to
ignore its influence on the whole mixing process. The
rotating periodic boundary without pressure drop was
used for a pair of quarter cross-sections divided in the
tank body, while the interface between the blade area
and other areas in the tank was defined as Interface after
the surface was bonded in the grid division module.

The finite volume method was used for calculation,
the delay modified QUICK difference was used to discrete
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the continuous phase, and the second-order upwind dif-
ference scheme was used for the diffusion phase. The
pressure relaxation factor was set as 0.3, the momentum
relaxation factor as 0.7, the Kkinetic energy relaxation
factor as 0.8, and the dissipation rate relaxation factor
as 0.8. SIMPLE algorithm was used for pressure-velocity
coupling. Due to the use of unstructured grid, a second-
order upwind difference scheme was used to improve the
calculation accuracy.

3 Analysis of numerical simulation
results of side-entering agitator

3.1 Analysis of macro-flow field simulation
results

From the simulated flow field distribution, it can be seen
that the high-speed zone of liquid flow was mainly con-
centrated near the agitator blade and the banded region
formed below it, and the maximum velocity appeared
near the agitator blade end, which was 10 m/s. The
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Figure 5: Velocity cloud in y = 0 plane.
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velocity near the blade area was large and decreased
rapidly with the increase of the distance from the blade
area. Figures 5 and 6 show the simulated macroscopic
velocity fields in different planes. As shown in Figure 5,
the rotating impeller produced an axial flow with a cer-
tain downward angle, which flowed to the center of the
tank. Part of the fluid turned to flow along the tank
bottom to the tank center after hitting the tank bottom.
Because four agitators were evenly arranged in the tank,
the four streams of fluid collided with each other in the
center of the tank and formed a strong axial liquid flow,
rising up to the liquid surface. Then they turned into a
radial flow to the tank wall, and flowed down to the
bottom of the tank along the tank wall, forming an
obvious up and down circulating flow in the tank.

The horizontal cross-section flow field at the axial
height z = 1.4 m is shown in Figure 6. Due to the 7° incli-
nation angle to the right when the agitator was arranged,
the axial flow generated by the four blades formed a
counterclockwise circular flow around the tank axis on
the horizontal plane. The flow in the center of the tank
was mainly upward along the axial direction of the stir-
ring tank, so the horizontal flow was not obvious. A small
vortex in a clockwise direction was formed near the wall
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Figure 6: Velocity cloud in plane z = 1.4.

of the tank between each two blades, which was gener-
ated by the partial liquid flow outside the large circula-
tion under the action of the adsorption force at the rear
end of the blade. The flow pattern of the upper part of the
tank was relatively simple, and the flow field was like a
fountain. The fluid in the center of the tank flowed
upward from the bottom of the tank to the liquid surface,
while the fluid around the tank flowed down from the
liquid surface to the bottom of the tank. The fluid flow
velocity in the center of the tank was slightly larger than
that in the surrounding tank wall, but the horizontal flow
velocity was relatively slow overall after reaching a cer-
tain height, and the velocity was about 0.2-0.4 m/s.

3.2 Velocity distribution on the central axis
of the stirring tank

The fluid velocity components in the stirring tank included
axial velocity, radial velocity, and tangential velocity. In
this article, the speed direction was specified as follows:
the reference coordinate system was established with the
center of the circle at the bottom of the stirring tank as the
origin. The radial velocity was positive in the positive direc-
tion of the X-axis, and negative in the opposite direction.

Numerical study on flue gas-liquid flow with side-entering mixing =— 699

The axial velocity was positive in the positive direction of
the Z-axis, and negative in the opposite direction. Tangential
velocity was positive in the positive direction of the Y-axis,
and negative in the opposite direction. Figure 7 shows the
combined velocity on the central axis of the stirring tank and
the distribution of each velocity component. It can be seen
from the figure that the main velocity on the central axis of
the stirring tank was axial velocity, and its change trend was
consistent with that of the combined velocity. The axial velo-
city increased from the bottom of the stirring tank with the
increase in the height of liquid level, and reached the max-
imum value about 2m from the bottom, then gradually
decreased to O at the liquid level. There was a certain tan-
gential velocity component near the center of the tank
bottom, but it decreased rapidly with the increase of z value,
indicating that there was vortex in the fluid near the center of
the tank bottom, which was caused by the large cycle formed
in the lower part of the tank.

3.3 Velocity distribution in the vertical plane
of the stirring tank

The purpose of stirring is to make the material have
speed, so the stirring effect was evaluated by analyzing
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Figure 7: Velocity distribution of the center axis of the stirring tank. (a) Velocity distribution on the central axis, (b) radial velocity
distribution along the central axis, (c) tangential velocity distribution on the central axis, and (d) axial velocity distribution along the

central axis.

the velocity distribution of the material flow field. Different x
and z values were taken in the y = O plane to analyze the
axial and radial velocity distributions, respectively. In the
bottom and middle of the stirring tank where the flow field
velocity changed sharply, the value interval was small. In the
part where the flow field changed slightly, the value interval
was large. The values of x were 0.3, 2.0, 3.5, and 5.0 m, and
the values of z were 0.5, 1.5, 4.0, and 8.5 m. The axial velocity
distribution in the plane y = 0 is shown in Figure 8, and the
radial velocity distribution is shown in Figure 9.

It can be seen from Figure 8 that the range that fluid
flow velocity changed largely and was mainly concen-
trated at the bottom of the stirring tank to 2-3 m away
from the bottom, and the change trend was consistent.
The velocity near the tank wall increased sharply at first,
and then decreased after maintaining a section of high-
speed zone. This kind of distribution was mainly caused
by the axial flow with a certain downward inclination
angle generated by the rotation of the stirring blade,

which rushed to the bottom of the stirring tank and
then developed in the radial negative direction of the
stirring tank. The fluid velocity in the middle section of
the stirring tank changed little, and it increased slightly
near the liquid level. With the increase of x value, the
flow velocity at the bottom of the stirring tank increased
until it reached the maximum near the end of stirring
blade. However, the flow velocity decreased gradually
with the increase of x value from the middle of the stirring
tank to the liquid level and increased slightly near the
wall. The velocity near the axis of the stirring tank
changed gently, which indicated that the fluid developed
toward the liquid level after interacting with the other
three axial flows in the center of the stirring tank and
then flowed toward the wall of the stirring tank after
passing through the liquid level. The fluid distribution
presented a “fountain shape.” A circulating flow was
formed on the vertical surface of the fluid stirring tank
to achieve the purpose of stirring.
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Figure 8: Axial velocity distribution in the plane of straight line y = 0. (a) Axial velocity distribution on the line x = 0.3 m, (b) axial velocity
distribution on the line x = 2.0 m, (c) axial velocity distribution on the line x = 3.5 m, and (d) axial velocity distribution on the line x=5.0 m.

It can be seen from Figure 9 that at the bottom of the
stirring tank, the axial velocity of the fluid increased
sharply due to the rotation of the stirring blades. As the
fluid flowed toward the center of the stirring tank, the
axial velocity changed slightly when it decreased to a
certain value, especially in the high-speed axial flow
area, which also proved that the agitator blade mainly
generated axial flow. The fluid in the middle of the stir-
ring tank flowed upward in the center of the stirring tank
and downward around the tank wall, and the flow velo-
city in the center of the stirring tank was greater than the
flow velocity near the tank wall. The flow velocity from
the tank wall to the center of the stirring tank decreased
first and then increased. The fluid formed a cycle with
high peripheral flow velocity and low internal flow veloc-
ity. The axial velocity near the liquid level changed little
and the fluid near the liquid level was mainly a radial
flow from the center of the stirring tank to the tank wall.

3.4 Gas phase distribution in stirring tank

Through the intermediate transition reaction of oxygen
and sulfite in the flue gas, part of the calcium sulfite is
converted to gypsum, which is chemically called calcium
sulfate dihydrate. The remaining calcium sulfite in the
slurry of the absorption tower is oxidized by the air
pumped in by the oxidation fan to produce calcium sul-
fate. The reaction process is mainly completed by the
reaction of hydrogen sulfite and oxygen. The second pur-
pose of agitation is to enhance the diffusion of oxidized
air, promote the oxidation of calcium sulfite, the growth
of gypsum crystals, and the dissolution of limestone.
Therefore, the more evenly the air diffuses, the better
the oxidation reaction will be. The ventilation device
was located 1.4 m away from the bottom of the stirring
tank, placed 1.8 m away from the tank wall horizontally,
with a diameter of 200 mm and a ventilation speed of
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Figure 9: Radial velocity distribution in the plane of straight line y = 0. (a) Radial velocity distribution on the line z= 0.5 m, (b) radial velocity
distribution on the line z = 1.5 m, (c) radial velocity distribution on the line z= 4.0 m, and (d) radial velocity distribution on the line z= 8.5 m.
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Figure 10: Gas volume distribution in horizontal plane z = 1.4 m.
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Figure 11: Vertical plane gas volume distribution.

7m/s. The volume distribution of gas phase on the hor-
izontal plane of the stirring tank z = 1.4 m is shown in
Figure 10, and the volume distribution of gas phase on
the vertical plane is shown in Figure 11.

It can be seen from Figures 10 and 11 that the oxi-
dized air flowed to the bottom of the stirring tank together
with the fluid under the action of axial flow with a certain
downward inclination angle after being ejected from the
nozzle. It flowed upward after collision with the bottom of
the stirring tank. At this time, it collided with other fluid
flowing to the center of the stirring tank again. Part of the
oxidized air moved upward along the central axis of the
stirring tank under the dual action of buoyancy and fluid,
and part of the oxidized air changed direction on the
horizontal plane to form a bottom circulation. The oxi-
dized air speed decreased gradually when it flowed from
the nozzle to the center of the stirring tank, and part of
the energy was transferred to the surrounding fluid,
which plays a stirring effect at the same time. After the
oxidation air collided in the center of the stirred tank, it
flowed to the liquid surface and diffused along the center
of the stirred tank to the tank wall after obtaining a radial
velocity.
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4 Conclusion

In this article, numerical simulation was carried out on
the side-entering agitator used in desulfurization tower of
power plant. The flow field distribution obtained from
simulation shows that the high-speed zone of liquid
flow is mainly concentrated near the agitator blade and
the belt region formed below it, and the maximum flow
rate is near the end of the agitator blade, which is 10 m/s.
The four streams of fluid generated by the four stirring
blades collide with each other in the center of the tank
and form a strong axial liquid flow, which rises up to the
liquid level, then turns into a radial flow to the wall of
the surrounding tank, and flows down to the bottom of
the tank along the wall. An obvious “fountain” up and down
circulating flow is formed in the tank body to achieve the
purpose of stirring. The intense agitation is beneficial to the
formation of grain, improve the utilization rate of oxygen,
and promote the mixing of slurry and prevent scaling.
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