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An underfeed circulating spouted bed (UCSB) reactor was used as a desulfurization apparatus. In this
study, an attempt was made to build a mathematical 3D model which couples the complicated flow
and chemical reactions in the interest of system analysis and sulfur removal data analysis. A simplified
reaction model was developed to describe the SO, absorption process. Humidifying, evaporation, neu-
tralization reaction have been considered in the model while the dissolution and ionization of calcium
hydroxide are neglected. The effect of operating parameters including feed style, injecting velocity, jet
water flow rate, humidifying style on sulfur removal efficiency were investigated. The results show that
the calculation gives a good description of the experimental data under the range of operating conditions.
It indicates that the model is successful in predicting the desulfurization efficiency of the UCSB system.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The underfeed circulating spouted bed (UCSB), which feeds the
sorbent particles by spouting, is designed as a dry desulfurization
reactor. The main objective of the technology is to improve particle
distribution and strength solid mixing in the riser. Compared with
conventional fluidized bed which feeds the sorbent particles from
the side of the riser, the gas-solid contact in the UCSB can be more
uniform and sufficient. The intense solid mixing not only provides
the even choice for gas-solid contact, but also removes the product
layer of recycling material. This will be of great benefit to advancing
the desulfurization efficiency and calcium utilization.

A large number of studies were performed to develop
mathematic model to predict the desulfurization efficiency by
dry/semi-dry absorption with calcium hydroxide agent [1-3].
Neathery [4] proposed a semi-empirical model based on the
assumptions of isothermal and the plug flow in the reaction bed.
Tan et al. [5] applied a mathematic model by means of infinitesimal
method to simulate the evaporation process during the desulfur-
ization. Yan et al. [6] proposed a model to simulate the process
characteristic of circulating fluidized bed-flue gas desulfurization
(CFB-FGD) and conducted a detailed analysis to investigate the
influences of operating parameters on the sulfur removal efficiency.
However, most of the models neglect the complex flow behavior in
the riser. Wang et al. [7] deduced a particle-flow-passage model to
simulate the impaction humidification process between particles
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and droplets in the desulfurization process. A comprehensive 3D
model was established with the models of gas phase turbulence,
heat and mass transfer, and the chemical reactions being consid-
ered. However, this method of microcosmic modeling is overloaded
with details and might be inefficient for engineering prediction.
Therefore, the aim of our work is to develop a simplified model that
can simulate the flow behavior as well as the desulfurization reac-
tion in the reactor more efficiently. In this study, the prediction is
compared to the experimental results to validate the improvement
on desulfurization efficiency by the underfeed style. The model will
be useful for prediction and analysis of the desulfurization perfor-
mance and as a tool for design and optimization of the flue gas
desulfurization processes.

2. Experimental system

The experiments were conducted in an underfeed circulating
spouted bed-flue gas desulfurization (FGD) system, which con-
sists of seven major sections: (1) flue gas generation system; (2)
reaction bed; (3) humidifying system; (4) underfeed system; (5)
recycling system; (6) separation system; (7) measurement system.
The experimental setup of the UCSB-FGD system is shown schemat-
ically in Fig. 1. The reaction bed consists of an insulated steel pipe
0.6 min diameter and 15 min length. A total of 6 sampling ports are
positioned at the reactor wall throughout the height of the riser. The
inlet and outlet concentrations of SO, were measured by a flue gas
analyzer (SAE19, MRU). And the gas temperature was investigated
through thermocouples.

Flow through the system is maintained by two blowers, one
located upstream of the reaction bed and the other downstream
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Fig. 1. Schematic diagram of the underfeed circulating spouted bed-flue gas desulfurization system.

of the bag filter. This ‘push-pull’ arrangement is used to mini-
mize excessive pressure or vacuum within the riser. The flue gas
generation system provides heated simulated flue gas through
the combustion of diesel oil in the burner. Sulfur dioxide may be
injected to the simulated gas at any desired concentration. The
composition of original flue gas is shown in Table 1. For humidify-
ing, domestic water was applied and added by two-fluid sprayers.
The sprayers are located at heights of 1.0, 3.0, 5.0 and 7.0 m above
the venture tube, respectively and the jet water flow rate is con-
trolled by a calibrated rotameter. The droplet diameter is between
20 and 150 pm.

The sorbent served in the experiment contains 90.39% of cal-
cium hydroxide with an average diameter of 80 wm and density
of 2300 kg/m3. Applying the facefeed style, the calcium hydroxide
agent is added by the screw feeder connecting with the loop seal.
For the underfeed style, the underfeed system is applied. The fresh
agent in the barrel hopper is first translated into the injector. Then
the particles are pushed by high speed gas and finally injected into
the bottom bed from the underfeed nozzle. The underfeed nozzle
used in the experiment contains four orifices of @10 mm. The head
of the nozzles is a taper of 120° so as to avoid particle accumulation.

Table 1
Composition of original flue gas.

Chemical composition Unit Concentration
0, % 20.1

co ppm 5

CO, % 0.6

NOy ppm 3

H,S ppm -

The distance from the center of nozzle to the bottom of divergent
cone can be adjusted at 0.3 or 0.5 m for the pipeline is connected by
the pipe unions which can be moved easily. At default conditions,
the nozzle was located at the height of 0.3 m from the bottom of
divergent cone.

3. Mathematical model
3.1. Basic principles

In the UCSB system, the sorbent powder and the work water
were injected into the reactor, respectively. During the humidi-
fying, the sorbent powder collided with the water droplets and
was then covered by a liquid film. Concentrated slurry droplets
were formed as a result of the inertial impactions between sorbent
powder and water droplets [7]. So the desulfurization and evapora-
tion processes are very similar to the spray-dry method. The sulfur
dioxide absorption process can be schematized as a series of steps
[8]:

(i) Gas phase diffusion of SO, from the gas bulk to the droplets
surface.
(ii) Dissolution of SO, at the droplet surface.
(iii) Formation of sulfurous acid and dissociation into ionic sulfur
species following the scheme:

SOZ(aq) + Hzo = H2503(aq)
H2503(aq) < H* + HSO;,

~ N 5 (aq)
HSOj5,,, & H" + 505,
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(iv) Diffusion of sulfur species towards the droplet center.

(v) Dissolution and diffusion of calcium hydroxide particles in the
droplet.

(vi) Neutralization reaction between acid and alkaline species.

For prediction, it is difficult and time-consuming to simulate
such complicated process involving evaporation, ionization, dis-
solution, neutralization and deposition in the turbulent solid-gas
flow. In order to simplify the calculation, the physical and chemical
process in the riser is generalized by four steps instead.

(i) Evaporation of the droplet, the reaction rate is referred in lit-
erature [9]. The diameter of the droplets is set empirically
according to the droplet size atomized in the reactor:

Hz 0(1) = HzO(g)

(ii) The droplets associates with the calcium hydroxide. Such
combination is able to react with sulfur dioxide and this
step represents the process of dissolution and ionization. The
reaction is considered to be instant and the stoichiometric coef-
ficient of reactant, n, is determined by the solubility of the
calcium hydroxide:

nHZO(l) + Ca(OH)z = Ca(OH)2 -nH,0

(iii) Absorption of SO, by the combination. The calculation of reac-
tion rate is referred in literature [10]:

Ca(OH)z -nHy0 + SO, = CaS03 + (Tl + 1)H20(1)

(iv) The water in the droplets continue vaporizing in the riser, so
this step is necessary. The evaporation rate is equal to the first
reaction:

Ca(OH)2 -nH,0 = Ca(OH)2 + TleO(g)

The following assumptions are considered and have been
involved in the model:

(1) The moisture keeps vaporizing within the riser.

(2) The reaction between solid calcium hydroxide and sulfur
species is very little and can be neglected.

(3) The reaction is activated only in wet condition. In the model,
only combination of calcium hydroxide and liquid water con-
tributes to the sulfur absorption.

Since the encounter of various reactants is necessary to the
absorption, the humidifying style and distribution uniformity of
reactants appear to be very important to the reaction efficiency.
Therefore the model gives stress to the resultant effect of mass
and heat transfer and passes over detailed physical and chemi-
cal steps such as dissolution and ionization. The absorption rate
is generalized and controlled by the third reaction instead.

3.2. Basic fluid flow and heat transfer

The equation for conservation of mass, or continuity equation,
can be written as follows [11]:

ap _
§+V(W)—Sm (1)

The source Sy, is the mass added to the continuous phase.

Conservation of momentum is described by

d(pv)

s+ V(ovn) = ~Vp+ V(D) + pg + F 2)
with [11]
t:M[Vv-i-(Vv)T]—%(V-v)I (3)

where p is the static pressure, t is the stress tensor, pg and F are the
gravitational body force and external body forces, respectively,
is the molecular viscosity, I is the unit tensor, and the second term
on the right-hand side is the effect of volume dilation.

The energy equation is solved in the following form [12]:

HOE) | oo + p) = Vikey VT = S hi + (gl 454 (4)
1

where ke is the effective conductivity, and J; is the diffusion flux

of species i. The first three terms on the right-hand side represent

energy transfer due to conduction, species diffusion, and viscous

dissipation, respectively. S, includes the heat of chemical reaction

and other volumetric heat sources.

The standard k-¢ turbulence model is applied in the calculation.
Itis a semi-empirical model based on model transport equations for
the turbulence kinetic energy (k) and its dissipation rate (&). The k
and ¢ are obtained from the following transport equations:

%(pk)-ﬁ- V.- (pvk)=V-. ((,u + %) Vk) + G+ Gp — pe (5)

2 o)V - (ove) = V. ((1+25) ve) + H(CuGi—Coupe)  (6)

where G represents the generation of turbulence kinetic energy
due to the mean velocity gradients. G, is the generation of turbu-
lence kinetic energy due to buoyancy.

The turbulent viscosity, ¢, is computed by combining k and &
as follows:

kZ
e = pCu=— (7)

The model constants Cyig, Coq, Cy, 0 and o were found to be
1.44,1.92,0.09, 1.0 and 1.3, respectively. These default values have
been determined from experiments with air and water for funda-
mental turbulent shear flows including homogeneous shear flows
and decaying isotropic grid turbulence. They have been found to
work fairly well for a wide range of wall-bounded and free shear
flows.

3.3. Species transport equations

The local mass fraction of each species, Y;, is predicted through
the solution of a convection-diffusion equation for the ith species.
This conservation equation takes the following general form [13]:

a
S (PY)+ V(oY) = =V + R+, (8)
where R; is the net rate of production by chemical reaction and S;
is the rate of creation by addition from the dispersed phase.

In turbulent flows, the mass diffusion is computed in the follow-
ing form:

Ji==(PDim+ &) VY, (9)

where Sc; is the turbulent Schmidt number, w¢/pD;, with a default
setting of 0.7.
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3.4. The generalized finite-rate formulation for reaction modeling

Except the steps of evaporation and neutralization, the reaction
rates that appear as source terms are computed by the finite-rate
model. In the finite-rate model, the effect of turbulent fluctuations
is ignored, and reaction rates are determined by Arrhenius expres-
sions. The net source of chemical species i due to reaction R; is
computed as the sum of the Arrhenius reaction sources over the Ng
reactions that the species participate in:

Ng
Ri=Muiy Ris (10)
i=1

where M,,; is the molecular weight of species i and R,»,r is the Arrhe-
nius molar rate of creation of species i in reaction r. Consider the
rth reaction written in general form as follows:

N N

k,
for
E ‘);',er'_)

i=1 i=1

/!
vi,er

where N is the number of chemical species in the system, v/ . is the
stoichiometric coefficient for reactant i in reaction r, v/ is the sto-
ichiometric coefficient for product i in reaction r, M; is the symbol
denoting species i and kg; is the forward rate constant for reaction
r.
The molar rate of creation/destruction of species i in reaction r
is given by [14-16]
0,

Ny
Rir =), =) | ke [ J1GA (11)
j=1

where N; is the number of chemical species in reaction r, Gj; is
the molar concentration of each reactant and product species j in
reaction r, ”},r is the forward rate exponent for each reactant and
product species j in reaction r.

The forward rate constant for reaction r, ks, is computed using
the Arrhenius expression [17,18]

kr, = ArTPreErIRT (12)

where A; is the pre-exponential factor, 3, is the temperature expo-
nent, E; is the activation energy for the reaction and R is the
universal gas constant.

3.5. Simulation considerations

The simulation grid is shown in Fig. 2. In the calculation domain,
the number of grids was 107,702. Among these grids, the min-
imum area was 1.310 x 1074 m?, and the maximum area was
3.487 x 10~3 m2. The model was mainly divided with quad shape
grid. The grids were thickened locally at areas near the atomizers
and the underfeed nozzle as shown in the figure.

The model was calculated through commercial CFD code Flu-
ent 6.2. The CFD software provides a user-defined function (UDF),
with which the software can be used in various applications. In this
work, UDF was used to program the chemical reaction rate equa-
tions. For the boundary conditions, we selected the velocity-inlet
condition for the inlet of the reactor and the outflow condition for
the outlet of the reactor. At the walls, a zero gradient condition was
used for the turbulent kinetic energy. The no-slip wall condition
was used for the gas phase [19]. The calculation of species trans-
port and chemical reaction was based on the solution of transport
equations for species mass fractions, with the chemical reaction
mechanism defined. The reaction rates that appeared as source
terms in the species transport equations were computed from

¢ «—Atomizer

Circulating
/ material

4

Underfeed 0o OO X
\Fnozzle | Y VAN

I Flue gas (b) grid near the atomizer

Fig. 2. Picture of the model and simulation grid.

Arrhenius rate expressions. All of the simulations were correspond-
ing to experimental operations. For the evaluation of the convective
terms, the second order QUICK (quadratic upwind interpolation of
convective kinematics) scheme was used. During the calculation,
computational time of about 120 min is required for each operation
condition.

4. Results and discussion
4.1. The influence of feed style on desulfurization efficiency

Fig. 3 shows the simulated results of concentration distribution
of calcium hydroxide in the riser with different feed styles. The
operation parameters of corresponding experiments are listed as
follows: the flue gas flux was 1831 N m3/h. The inlet flue gas was
140°C with SO, concentration of 773.4 ppm and the Ca/S molar
ratio was 1.3. The total jet water flow rates were 52 kg/h and 2-
level humidifying was applied in both feed styles. According to
the calculations, the feed style has obvious influence on species
distribution. As the fresh desulfurization agent is added from the
side face with the facefeed style, the concentration distribution of
calcium hydroxide is dissymmetrical on the section. The agent con-
centrates on the right side especially in the bottom of the riser as
shown in Fig. 4a. This leads to disadvantage to sulfur removal for
the humidifying area in the bottom bed is the main zone where
desulfurization reaction takes place.

Applying the underfeed style, the fresh agent was added from
the underfeed nozzle which located in the center of the riser, there-
fore, the species distribution gets more symmetrical as shown in
Fig. 4b. Meanwhile, the high speed injecting flow near the under-
feed nozzle has a cutting and reforming effect on the flow field. As
a result, the species mixing is strengthened and the removal effect
of SO, gets better as shown in Fig. 5. It is seen in Fig. 6 that the con-
centration distribution of SO, with underfeed style is also glossier
than the facefeed style.

The simulated results of desulfurization efficiency are shown in
Fig. 7. It is seen from the figure that the removal efficiency (RE) of
SO, with underfeed style is evidently higher than that with face-
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Fig. 5. Molar fraction of SO, on the vertical section. (a) Facefeed and (b) underfeed.

feed style. The calculations also validated the conclusion. It should
be noted that the desulfurization effect of recycling material was
not considered in the model, therefore, the simulation results are
evidently lower than the experimental data.

4.2. The influence of injecting velocity on desulfurization
efficiency

The results of simulations reveal the effect of injecting velocity
(gas velocity at outlet of the underfeed nozzle) on flow field and
species distribution as shown in Figs. 8 and 9. The flue gas flux was
1831 N m3/h. The inlet flue gas was 140 °C with SO, concentration
of 773.4 ppm and the Ca/S molar ratio was 1.3. Two-level humid-
ifying was applied with total jet water flow rate of 52 kg/h. From
the calculations, the flow field changes and the species distribution
improves with higher injecting velocity in the bottom of the riser.
Such effect will be even distinct in the magnification of reactors.
However, the diameter of the studied riser was quite small com-
paring with the engineering application. As aresult, the influence of
injecting velocities on desulfurization efficiency is not very evident.
As shown in Fig. 10, when the injecting velocity increases from 15.0
to 20.0 m/s, the RE increases from 79.7% to 80.0% according to the
experimental data. Two possible reasons are responsible for this
change. One reason is that the mass transfer is more adequate due
to the intense turbulence caused by the injecting flow. It can be
seen from Fig. 8 that the turbulent intensity increases as the inject-
ing velocity advances. The other reason is related to the fact that
species distribution in the riser gets better with higher turbulence.
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Fig. 6. Molar fraction of SO, on the cross-section. (a) Z=1.0m and (b) Z=2.0 m.

The contrast of concentration distribution of calcium hydroxide at
different injecting velocities is evident as shown in Fig. 9. Therefore,
it can be concluded that the high injecting velocity is beneficial to
desulfurization reaction.

In the practical operation, the intense solid mixing in the UCSB
can remove the product layer of recycling material and thus to
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Fig. 7. Experimental and simulated results of desulfurization efficiency with differ-
ent feed styles.

improve the calcium utilization. However, this process was not con-
sidered in the model. As a result, the influence of injecting velocity
on the desulfurization efficiency is undervalued in the calculation.

4.3. The influence of work water flow rate on desulfurization
efficiency

The work water flow rate is one of the most important operating
parameters affecting the performance of the desulfurization. Flue
gas humidifying has distinct effects on advancing the activation
of calcium hydroxide. As the moisture in the droplets exceeds the
critical value, the desulfurization mechanism changes. The desulfu-
rization process turns to ionic reactions between OH-, Ca%*, HSO3~,

(c) v=20.0m/s

Fig. 8. Turbulent intensity near the underfeed nozzle. (a) v;=15.0m/s, (b) v;=17.5m/s, and (c) v; =20.0 m/s.
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Fig. 9. Concentration distribution of Ca(OH), at the height of 2.0 m (kmol/m3). (a) v;=15.0m/s, (b) v;=17.5m/s, and (c) v; =20.0 m/s.
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SO32- and so on in the liquid phase. The desulfurization reaction
becomes more efficient because of the reduced diffusion distance
and diffusion resistance in the droplet.

The calculation results of concentration distribution of liquid
water are shown in Fig. 11. The main operation parameters were
the same as above. It is seen that the moisture in the riser ascends
obviously as the jet water flow rate advances and as a result, the
average temperature gets lower in the riser as shown in Fig. 12. As
the temperature descends, the evaporation time of droplets gets
longer and the virtual reaction time between ions is prolonged.
Meanwhile, the solubility of SO, in the droplet increases. This is of
great benefits to the sulfur removal efficiency. Simulated results of
SO, concentration with different jet water flow rates are as shown
in Figs. 13 and 14. It is seen in Fig. 15 that the RE of SO, increases
from 74.1% to 84.8% as the jet water flow rate increases from 42
to 62 kg/h according to the experimental results. The calculation
results accords with the experiments very well.
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Fig. 16 shows the simulated results of concentration distribu-
tion of liquid water in the riser with different humidifying styles.
The main operation parameters were the same as above. The total
jet water flow rate was 52 kg/h and the flow rate of each layer was
the same while multi-level humidifying was applied. The calcu-
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lation indicates that when applying the multi-level humidifying,
the evaporation time of liquid droplets gets longer in the riser. It
is seen from Fig. 17 that the outlet temperature of gas phase is
lower with multi-level humidifying and the change of tempera-
ture is much more tempered. Figs. 18 and 19 shows that the trends
of SO, concentration along the axial direction are similar with the
gas temperature. The SO, concentration drops obviously where the
change of temperature is great. It indicates that flue gas humid-
ifying has distinct effects on advancing the activation of calcium
hydroxide.

As the temperature field was improved by the multi-level
humidifying, the evaporation slowed down and as a result, the
desulfurization efficiency increased. It is seen in Fig. 20 that the RE is
72.8% with 1-level humidifying, while RE of 80.0% and 83.6% can be
reached applying multi-level style according to the experimental
results. The calculations also obtained the same results.

As seen in Table 2, the simulation results are in well agree-
ment with the experimental data (95% confidence interval from
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Fig. 15. Experimental and simulated results of desulfurization efficiency with dif-
ferent jet water flow rates.
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Fig. 16. Concentration distribution of jet water on the vertical section (kmol/m?3).
(a) 1-Level, (b) 2-level, and (c) 4-level.

2.90 to 5.65) and the relative errors are within the range of
9.45%. This agreement confirms the usefulness of the supposed
model as an effective tool for design and optimization. How-
ever, it should be noted that calculation of reaction rate in the
model are partially empirical and therefore do not extrapolate data
well.
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Fig. 17. Change of gas phase temperature along the axial direction.
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Table 2
Comparison of experimental and simulated results.

Sulfur removal efficiency (%) Relative error (%)

Experimental Predicted

72.8 70.02 3.82
74.1 67.10 9.45
76.8 70.32 8.44
79.7 76.32 4.24
80.0 76.58 4.28
80.2 76.65 4.43
83.6 78.71 5.85
84.8 82.13 3.15

5. Conclusions

Dry/semi-dry absorption with calcium hydroxide agent is one of
the key technologies among current flue gas desulfurization tech-
nologies. Numerical simulation is an effective method for scale-up
and optimizing the design and operation. In this article, three-
dimensional CFD modeling of dry-injection desulfurization with
calcium hydroxide in the underfeed circulating spouted bed has
been developed, incorporating with the model of species transport,
gas phase turbulence, and mass and heat transfer. The distribu-
tions of temperature and species composition were presented. The
effects of feed and humidifying style on the desulfurization perfor-
mance were also predicted.

The model shows that the high speed injecting flow near the
underfeed nozzle can optimize the flow field and strengthen the
mass transfer. The species distribution gets more symmetrical and
the sulfur removal efficiency increases when the underfeed style is
applied. Advancing the injecting velocity brings on better advan-
tage for sulfur removal. The jet water flow rate and humidifying
style are very important operating parameters affecting the perfor-
mance of the desulfurization. As the jet water flow rate advances,
the moisture in the droplets increases and the virtual reaction time
between ions is prolonged. Therefore, adequate jet water is crucial
factor for high desulfurization efficiency. Appling the multi-level
humidifying, the change of temperature in the riser is much more
tempered and the RE of SO, increases.

Comparison of the calculation with the experimental data shows
that most of the calculation errors are within the range of 9.45%.
This good agreement indicates that the CFD model is useful for
prediction and analysis of the desulfurization performance and
a powerful tool for design and optimization of the dry/semi-dry
desulfurization processes.
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