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The experiments were conducted to focus on the desulfurization and evaporation characteristics of lime
slurry droplets at 298–383 K. We designed an evaporation-reaction chamber with quartz glass windows.
The monodisperse slurry droplet stream was injected into the evaporation reaction chamber, and the
inlet gas components (air, air + SO2) were introduced into the chamber. We applied the magnified digital
in-line holography to measure the droplet parameters and calculated the evaporation rate. The effects of
temperature, droplet concentration, and SO2 concentration on the evaporation rate of Ca(OH)2 droplets
were discussed. Moreover, the Ca(OH)2 droplets under different experimental conditions were sampled,
and the droplets were observed and analyzed using an off-line microscope. The evaporation rate of the Ca
(OH)2 droplet increased at first, and then decreased during the falling process, and remained constant at
last. The average evaporation rate of the Ca(OH)2 droplets increased significantly with the temperature
increasing.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction

Coal-fired power plants normally use flue gas desulfurization
(FGD) methods. It mainly contains wet flue gas desulfurization
(WFGD), dry sorbent injection (DSI), spray dryer absorption
(SDA). WFGD is widely applied due to high SO2 removal efficiency,
reliability with less resource consumption [1]. In the WFGD pro-
cess, limestone slurry is the absorbent; the flue gas enters the
SO2 absorption tower and contacts the absorbent within the tower
in reverse. Subsequently, the SO2 is captured in a liquid or water
suspension of the active absorbent and reacts with the limestone
slurry to form CaSO3. Thereafter, CaSO3 reacts with O2 in the air
to produce CaSO4�2H2O, which is the byproduct of the desulfuriza-
tion reaction. Finally, the flue gas is discharged into the atmo-
sphere after defogging and removing SO2. The major reactions
involved in the WFGD method are as follows:

CaCO3 þ 2SO2 þ H2O ! Ca HSO3ð Þ2 þ CO2 ð1Þ

Ca HSO3ð Þ2 þ 1=2O2 þ H2O ! CaSO4 � 2H2O þ SO2 ð2Þ

Ca2þ þ SO2�
4 þ 2H2O ! CaSO4 � 2H2O ð3Þ
The DSI method involves uniformly spraying a high-efficiency
absorbent into the flue duct; NaHCO3 or Ca(OH)2 is often used as
the absorbent. First, the absorbent is thermally activated in the flue
duct such that its specific surface area increases rapidly. Second,
the absorbent contacts the acidic flue gas sufficiently and reacts
with the acidic substances. Third, the dried powder-containing flue
gas after chemical reaction goes to the dust collector for further
desulfurization and dust removal. Lastly, the eliminated flue gas
goes to the atmosphere with an induced draft fan. For example,
when NaHCO3 is used as the absorbent, the major reactions
involved in the DSI method are as follows:

2NaHCO3 þ SO2 þ 1=2O2 ! Na2SO4 þ 2CO2 þ H2O ð4Þ

2NaHCO3 þ SO3 ! Na2SO4 þ 2CO2 þ H2O ð5Þ

NaHCO3 þ HCl ! NaCl þ CO2 þ H2O ð6Þ

NaHCO3 þ HF ! NaF þ CO2 þ H2O ð7Þ
The SDA method is often regarded as the trend of future devel-

opment and offers benefits such as low initial investment, low
operating cost, no corrosion, no heating of the flue gas after desul-
furization, and high desulfurization efficiency; thus, it has become
the most widely used desulfurization method, with the exception
of WFGD [2–4]. In the desulfurization process of the SDA method,
the lime slurry is atomized into microdroplets with particle sizes of
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20–50 lm under the action of the centrifugal force of a rapidly
rotating atomizer; many Ca(OH)2 particles are distributed in the
lime slurry droplets. The SO2 in the flue gas dissolves in the dro-
plets and reacts with Ca(OH)2 to produce CaSO3. Simultaneously,
the droplets evaporate under the action of the hot flue gas. Lastly,
the CaSO3 reacts with O2 in the air to produce CaSO4∙2H2O. The
major reactions involved in the SDA method are as follows:

CaðOHÞ2þ SO2þ H2O ! CaSO3 � 2H2O ð8Þ

CaSO3 � 2H2O þ 1=2O2 ! CaSO4 � 2H2O ð9Þ
Several studies have been conducted to assess the desulfuriza-

tion and evaporation characteristics of lime slurry droplets in the
SDA method. On the one hand, models have been developed in
some studies to investigate the transformation of the heat mass
of the flue gas/lime slurry droplets [4–7]. On the other hand, exper-
imental investigations have been reported on the gas–liquid
absorption reactions of lime slurry droplets [8–13]. The effects of
inlet gas temperature, the flow rate of the slurry, the mean diam-
eter of the spray droplets, and the inlet concentration of SO2 on
the desulfurization efficiency have been discussed [8–11]. Liu
et al. [12] and Dagaonkar et al. [13] reported the effects of adding
fly ash or solid particles to the lime droplets on the gas–liquid
absorption reaction rates. Previously, the experiments were mainly
conducted with fixed bed reactors or pilot-scale spray drying
absorbers; in these approaches, it is difficult to focus on the desul-
furization characteristics of the individual slurry droplets to show
the mechanism of the desulfurization reaction process.

The free-falling method [14] involves studying the evaporation
of the droplets; in this method, monodisperse droplets are gener-
ated and allowed to fall freely in the evaporation chamber. The
evaporation process of the droplets is similar to that in the SDA
method. Furthermore, the free-falling is fitted for studying the
evaporation of droplets under small diameters (�50 lm), which
are similar to the diameters of the lime slurry droplets after
atomization. Consequently, the free-falling method is used to
investigate the evaporation and gas–liquid absorption reaction
processes of lime slurry droplets of diameters �50 lm.

From a measurement perspective, the study of droplet evapora-
tion essentially relies on the three-dimensional positions, particle
sizes, and velocities. A more widely used technique is the phase
doppler anemometry (PDA) [15], whose advantages include high
accuracy, high spatial resolution, wide measurement range, and
fast dynamic response. However, the PDA only provides a single-
point measurement, i.e., only one location in space can be mea-
sured at any given moment. To track the particle size over the
entire droplet trajectory, an automatically controlled scanning
measurement is required, which is a lengthy procedure. The digital
in-line holography (DIH) is an efficient technique to measure the
droplet parameters over the entire measurement area [16–18]; it
is a secondary imaging technique that uses the interference princi-
ple of light to record and reproduce the phase information of the
object light accurately. The droplet size and spatial distribution
can be derived by analyzing the captured hologram. Based on an
extension of the DIH, a technique with high magnification of the
lens mechanism is introduced, which is known as magnified digital
in-line holography (MDIH) [17]. The MDIH not only improves the
accuracy of measurement of small-sized droplet particles but also
increases the depth of field and allows a longer distance between
the object and measurement element.

In this study, we conduct experiments to focus on the desulfu-
rization and evaporation characteristics of lime slurry droplets
from 298 to 383 K. We designed an evaporation reaction chamber
with quartz glass windows; the monodisperse slurry droplet
stream was injected into the evaporation reaction chamber, and
the inlet gas components (air, air + SO2) were introduced into the
reactor. We applied the MDIH method to measure the droplet
parameters and calculated the evaporation rate. The effects of
temperature, droplet concentration, and SO2 concentration on the
Ca(OH)2 droplets evaporation rates were discussed. Moreover,
the Ca(OH)2 droplets were sampled under different experimental
conditions, and the droplets were observed and analyzed using
an offline microscope.
2. Experimental

2.1. Materials

The saturated Ca(OH)2 solution was prepared at 298 K, with a
solubility of 1.6 g�L�1 [19]. To study the effect of Ca(OH)2 concen-
tration on the evaporation process, Ca(OH)2 solutions with mass
fractions of 0.16% and 0.08% were prepared, corresponding to sat-
urated and unsaturated Ca(OH)2, respectively. Ca(OH)2 (analytical
reagent, purity �95.0%; Sinopharm Chemical Reagent Co., Ltd.,
China) was weighed using an electronic balance and dissolved in
deionized water (DI) to prepare solutions. Electronic balance:
Mettler Toledo AL204 (Switzerland), the accuracy of 0.1 mg. The
Ca(OH)2 was slightly dissolved in DI water. To prevent contamina-
tion or clogging of the nozzle by the incompletely dissolved
Ca(OH)2, the solution was extracted 24 h after preparation and
filtered by a 0.22 lm syringe filter.
2.2. Experimental apparatus and conditions

2.2.1. Experimental equipment
It is a schematic experimental system in Fig. 1. It mainly con-

tains one heating furnace, one droplet generation system, one gas
supply system, one gas distribution system, and anMDIHmeasure-
ment system. The reaction chamber with the size of
200 mm � 200 mm � 1000 mm has two of 4 mm thick, 100 mm
wide, and 800 mm high S1 square quartz windows. A sampling
port is set at the bottom of the reaction chamber, and droplets
under different experimental conditions are sampled using slides
and analyzed using an off-line microscope. The chamber is electri-
cally heated using a PID controller with an accuracy of ±1 K. Three
thermocouples are mounted at 100 mm (marked as A), 400 mm
(marked as B), and 700 mm (marked as C) from the top of the evap-
oration chamber. The reaction temperature was controlled pre-
cisely. The heating power of the evaporation chamber is adjusted
by the PID controller, and the temperature of the thermocouple B
is the setting temperature. Two ALICAT (USA) mass flow controllers
(MFC) with an accuracy of ±0.5% are used to control the gas flow
rates. The airflow is preheated in an industrial heater before enter-
ing the chamber, and then passes through the rectifier structure
and heating furnace. Lastly, the airflow is discharged from the fur-
nace through the induced draft fan. A valve is set in the front of the
induced draft fan to control the gas velocity, and the gas flow rate
in the chamber is set to 2.7 m�s�1.

The monodisperse slurry droplets are generated using a piezo-
electric injection device manufactured by MicroFab Technologies
(MicroFab Inc., Plano, Texas, USA). According to the work of
Chareyron [20], the monodisperse droplets are stable. Its diameters
are approximately the same as the nozzle orifice. The standard
deviation of the droplet diameters from the nozzle orifice diameter
is 0.5 lm [20]. The nozzle is protected from high-temperature
damage by a cooling aluminum with internal cooling water. Elec-
trical pulse signals of frequency 1000 Hz were applied to the nozzle
using a Jet Drive V controller (MicroFab). To produce stable and
reproducible droplets, the optimal waveform for the 0.16% (mass)
Ca(OH)2 solution is shown in Fig. 2. A pressure controller
(MicroFab) was used to adjust the pressure of the nozzle. The solid



Fig. 1. The schematic diagram of the experimental system.

Fig. 2. The waveform parameter for Ca(OH)2 droplets.
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particles in the Ca(OH)2 solution were filtered using a disposable
(pore size is 0.22 lm) syringe filter. Images of injecting the 0.16%
(mass) Ca(OH)2 droplets, which were captured using a charge-
coupled device (CCD, MicroFab), are shown in Fig. 3. It is observed
that the shape of the droplets during the fall is approximately
spherical. The solution is then stored in a reservoir.

2.2.2. MDIH measurements
The measurement of the MDIH technique includes the record-

ing process and reconstruction process of the hologram. The
recording progress can be expressed as:
Fig. 3. Images of th
H x; yð Þ ¼ R x; yð Þ þ Oðx; yÞ ð10Þ

where H(x, y) is the hologram wavefield; R(x, y) and O(x, y) are ref-
erence beam wavefield and object beam wavefield, respectively.

Supposing the light intensity on the particle plane is P(x, y), the
light intensity on the recording plane Iz (x, y) can be expressed as:

Izðx; yÞ ¼ 1� 2
kz

P x; yð Þ � sin½p
kz

ðx2 þ y2Þ� ð11Þ

where z is the distance between the particle plane and the recording
plane; k is the laser wavelength; � is the convolution operation.

The arrangement of the MDIH optical system comprising a
532 nm laser beam (Laserwave Optoelectronics Technology Co.,
Ltd., Beijing, China), a spatial filter, a lens, a combined camera lens,
and a high-speed CCD camera (AOS S-PRI plus), as shown in Fig. 1.
The combination lens comprises a micro-zoom lens (LMZ45T3,
KOWA, Japan) and a 5 � magnification lens to provide magnifica-
tion. The power of the laser was set to 1.0 W. The resolution of
the high-speed CCD camera is 800 � 600 pixels (14 lm�pixel�1),
the frequency of the camera is 1250 frames per second, and the
camera exposure time is 10 ls. To perform the measurements of
droplet parameters along the centerline of the chamber, a high-
precision motorized vertical stage (PSA400-11-Z, Zolix Instruments
Co., Ltd., China) is used to adjust the height of the laser. A tripod is
used for the camera in order to match the parallel beam. Finally,
the captured holograms are post-processed to obtain the relevant
droplet parameters. More detailed information about hologram
post-processing could be found in our previous work [21].

The magnification of the combined lens was calibrated with a
micrometer, which has a calibration target with a graduation every
100 lm. During the magnification calibration process, the microm-
eter was placed on the optical rail 100 mm away from the lens. By
e droplet jet.



Fig. 4. The micrometer calibration ruler.
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adjusting the camera lens, the magnification factor and focus can
be changed. When the micrometer image is clearly visible, the
camera lens is fixed, and the position of the micrometer is the
focus. Fig. 4 shows an image of the calibration ruler after magnifi-
cation. The magnification was calculated according to the proce-
dure noted in our previous work [14]. The average magnification
value was 6.30 through 10 times of calibrations. The camera field
of view was 11.2 mm � 8.4 mm, and later it was changed to 1.78
mm � 1.33 mm. The magnification was proximate
2.22 lm�pixel�1.
2.2.3. Experimental procedures
First, the height of the laser was adjusted to the height of top of

the quartz glass for the first measurement. Then, the height was
lowered by 50 mm for the second measurement using the high-
precision motorized vertical stage. Simultaneously, the camera tri-
pod was manually adjusted to align the camera height with that of
the laser beam. By analogy, ten different positions were measured,
450 mm long area was measured. Minimum 15 holograms were
selected and reconstructed at any measurement points. Taken into
consideration that the field of view of the camera was small in the
MDIH optical system, and the droplet size could not change signif-
icantly at each location, the average particle size of all the holo-
grams, therefore, represented the average diameter of the imaged
area. Each point was measured a minimum of 3 times under differ-
ent conditions. Moreover, Ca(OH)2 droplets under different exper-
imental conditions were sampled on the glass at the bottom of the
furnace and analyzed using an off-line microscope. The droplets
were collected on a glass slide, and the temperature of the sub-
strate was 298 K. The images were recorded approximately
2 min after the droplet impacts. The effects of the operating condi-
tions, such as heating temperature, slurry concentration, and SO2

inlet concentration, were investigated. The experimental condi-
tions are summarized in Table 1.
Table 1
Experimental conditions

Influencing factors Temperature/K

Mass concentration of Ca(OH)2 298
Temperature (without SO2) 298, 323, 343, 363, 383
Concentration of SO2 298
Temperature (with SO2) 298, 343, 383
3. Results and Discussion

3.1. Hologram reconstruction

In this work, the hologram is a rigorous solution simulated by
the Lorenz–Mie theory (LMT) [21], which is used for spherical par-
ticles illuminated by the Gaussian beam. There is no accurate solu-
tion to the scattering caused by irregular particles. However,
evaporating falling droplets undergo shape oscillations [22–26].
The shape oscillations have an effect on the evaporation process.
In this work, the morphology of droplets is assumed to be spherical
without deformation. On the one hand, droplets were almost
spherical by observing particle morphology, as shown in Fig. 3.
After binarizing the images, the roundness of the droplets was
measured using ImageJ software. According to the measurement
results, the roundnesses of the droplets were 0.822, 0.988, 0.931,
and 0.941, respectively. We think that the shape oscillation of
the droplet was not obvious. On the other hand, unlike water dro-
plets, there were particles accumulating on the surface of Ca(OH)2
droplets during evaporation. Particles on the droplet surface
reduce the effect of shape oscillations. In addition, the dynamics
of evaporating falling droplets has been studied [22–26]. Balla
et al. [22] and Agrawal et al. [23] investigated the dynamics of
non-spherical droplets falling in air. They found that the shape
oscillation of droplets with a small degree of nonsphericity was
small during the falling process. The droplets with a large degree
of nonsphericity underwent prolate-oblate-prolate deformations
as time progressed. Tripathi et al. [24] used numerical simulation
to study the dynamics of evaporating falling droplets. The results
indicated that the droplets deformed slightly to an oblate shape
during the falling process, as shown in Fig. 5. Balla et al. [25]
numerically studied the dynamics of a hollow water droplet. Agra-
wal et al. [26] investigated the shape oscillation of droplets due to
the propulsive force. The shape of the droplet is either oblate or
prolate. Thus, we think that it is suitable for assuming that the dro-
plets are spherical without deformation. Thus, we think that it is
suitable for assuming that the droplets are spherical without
deformation.

The holographic reconstructed image sequence for a Ca(OH)2
droplet is shown in Fig. 6. First, a hologramwas obtained as a back-
ground image without the droplet. Then, the hologram was cor-
rected from the background image to obtain a background-
corrected hologram without scratches, dust, and other distur-
bances. Finally, the background-corrected hologram was recon-
structed using wavelet transform [27,28].

In the wavelet transform, the wavelet function can be expressed
as:

wkðx; yÞ ¼
1

k2
sinðx

2 þ y2

k2
Þ ð12Þ

where k is the scale parameter, which can be expressed as:

k ¼
ffiffiffiffiffi
kz
p

r
ð13Þ
Mass concentration of Ca(OH)2/% Concentration of SO2/mg�m�3

0.08, 0.16 0
0.16 0
0.16 0, 286, 571
0.16 286



Fig. 6. Hologram reconstruction sequence images of a Ca(OH)2 droplet: (a) raw hologram; (b) background corrected hologram; (c) reconstructed hologram.

Fig. 5. The time evolution of the shape of the drop along with the vapour volume fraction [24].
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According to the literature [28], the best recording distances
were calculated as zcrt = 7.41 mm and 1.6 zcrt = 11.86 mm. A total
of 440 reconstructed droplet holograms were sampled, and their
probability distribution histogram and fitted Gaussian curve for
the depths of the holograms are shown in Fig. 7. The reconstructed
range of the droplets along the depth direction is 0–28 mm, and
approximately 81% of the droplets are in the range of 4–16 mm,
indicating that the holographic measurements are accurate with
low uncertainties.
Fig. 7. Probability distribution histograms and fitted gaussian curve of the
recording distance of holograms.
3.2. Droplet velocity of DI water and Ca(OH)2

The velocities of DI water [14] and 0.16% (mass) Ca(OH)2 dro-
plets at 298 K are shown in Fig. 8. The Ca(OH)2 droplet fall velocity
first decreases and then remains constant. The decrease in droplet
velocity is influenced mainly by the drag force in the air. The final
drag force is balanced with the gravity of the droplet, which main-
tains the droplet in a steady-state evaporation process. The differ-
ence in the initial particle sizes of the droplets results in a slightly
greater velocity of the Ca(OH)2 droplets than that of DI water.
Fig. 8. The mean and standard deviations of the droplet velocity of deionized water
[14] and Ca(OH)2 in different mass concentrations at 298 K.
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3.3. Effect of Ca(OH)2 mass concentration on the evaporation process

The diameters of DI water [14], 0.08% (mass) Ca(OH)2, and 0.16%
(mass) Ca(OH)2 droplets at different concentrations are shown in
Fig. 9, and the calculated evaporation rates of the droplets at differ-

ent positions are shown in Fig. 10. The ‘‘d2” law has indicated that
the square of the droplet diameter decreased linearly with time
[16,17]. The linear fit was performed on the squared-diameters-
over-time curves for each position to compare the evaporation
rate. The slope of the linear fit represented the average evaporation
rate for each location. A series of measurements for each location
were taken under the same conditions. The droplet evaporation
rate at each position was calculated, and the results showed that
the evaporation rate of the Ca(OH)2 droplets first increased, then
decreased, and finally remained constant. The evaporation process
of the Ca(OH)2 droplets could be roughly divided into three stages
as below.

(1) First stage: The injected droplets caused forced convection
against the air and had the maximum evaporation rate.
The droplet had a brief non-steady-state at the beginning
of evaporation, and the evaporation rate of the droplets first
Fig. 9. The mean and standard deviations of the droplet diameters of deionized
water [14] and Ca(OH)2 in different mass concentrations at 298 K.

Fig. 10. The evaporation rates of deionized water [14] and Ca(OH)2 in different
mass concentrations at 298 K.
decreased and then increased. The reason was that there was
the largest temperature gradient and concentration gradient
between the droplet surface and the surrounding environ-
ment at the beginning of the evaporation. The temperature
gradient and concentration gradient decreased rapidly in
the non-steady-state, resulting in a decrease in the evapora-
tion rate. As the evaporation process progressed, the tem-
perature gradient and concentration gradient were in a
relatively balanced process, and the evaporation rate gradu-
ally increased. Unfortunately, due to the rapid decrease of
the evaporation rate at the stage of the non-steady-state,
the rapid decrease of the evaporation rate was not mea-
sured. After that, the droplets were in a relatively stable
evaporation stage.

(2) Second stage: As the evaporation proceeded, a large amount
of vapor accumulated around the droplets, and the concen-
tration gradient around the droplets decreased rapidly. The
vapor diffusion rate was less than the evaporation rate of
the droplets. Ca(OH)2 particles inside the droplets began to
precipitate, and the particulate matter precipitated on the
surface hinders water evaporation, thereby decreasing the
evaporation rate.

(3) Third stage: The temperature gradient and concentration
gradient between the droplet and the surrounding environ-
ment reached a relative equilibrium state. The vapor diffu-
sion rate near the droplets was equal to the droplet
evaporation rate; hence, the evaporation rate remained
almost constant.

The evaporation rate of DI water droplets first increased and
then decreased. The evaporation process of DI water droplets also
had three stages, which was consistent with the trend of the evap-
oration rate of Ca(OH)2 droplets. However, in the second stage, the
falling distance where the evaporation rate of DI water droplets
decreased was farther, and the residence time was longer in the
furnace. It indicated that the evaporation resistance of DI water
droplets was less than that of Ca(OH)2 droplets in the second stage.
As the evaporation proceeded, a large amount of steam accumu-
lated around the DI water droplets, and the concentration gradient
around the droplets decreased rapidly, thereby reducing the evap-
oration rate. In contrast, the influencing factors for the evaporation
resistance of Ca(OH)2 droplets were not only the vapor concentra-
tion but also the particulate matter precipitated on the Ca(OH)2
surface.

The highest evaporation rates noted were (0.1699 ± 0.0165)
lm2�ms�1 for DI water [14], (0.1515 ± 0.0108) lm2�ms�1 for
0.08% (mass) Ca(OH)2 droplets, and (0.1305 ± 0.0176) lm2�ms�1

for 0.16% (mass) Ca(OH)2 droplets. The average evaporation rates
were (0.1199 ± 0.0322) lm2�ms�1 for the DI water [14], (0.0810 ±
0.04135) lm2�ms�1 for the 0.08% (mass) Ca(OH)2 droplets, and (0.
0577 ± 0.04056) lm2�ms�1 for the 0.16% (mass) Ca(OH)2 droplets.
These results indicated that the evaporation rates of the Ca(OH)2
droplets were lower compared to that of DI water, and the average
evaporation rates of 0.08% (mass) and 0.16% (mass) Ca(OH)2 dro-
plets were about 0.676 and 0.481 times that of DI water,
respectively.
3.4. Discussion of the temperature impacts on the Ca(OH)2
evaporation process

The diameters of DI water [14], 0.08% (mass) Ca(OH)2, and 0.16%
(mass) Ca(OH)2 droplets are shown in Fig. 11, and the calculated
droplet evaporation rates are shown in Fig. 12. The average evapo-
ration rates of the Ca(OH)2 droplets increased significantly with an
increase in temperature, and the average evaporation rate of DI



Fig. 11. The mean and standard deviations of the droplet diameters of 0.16% (mass)
Ca(OH)2 at different temperatures.

Fig. 12. The average evaporation rates of deionized water [14] and 0.16% (mass) Ca
(OH)2 at different furnace temperatures.

Fig. 13. The average evaporation rates of Ca(OH)2 droplets at different SO2

concentrations and temperatures.
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water was significantly greater than the Ca(OH)2 droplets. The
average evaporation rate of the Ca(OH)2 droplets was highest at
383 K, which was (0.30018 ± 0.08561) lm2�ms�1. The average
evaporation rate of the DI water at 373 K was 0.5204 lm2�ms�1.
The average evaporation rate of the Ca(OH)2 droplets is about 0.5
times that of DI water, and the evaporation rate of Ca(OH)2 dro-
plets at 383 K is about five times that at 298 K.

3.5. Discussion of the SO2 concentration impacts on the evaporation
and reaction process of Ca(OH)2 droplets

The effects of different SO2 concentrations on evaporation of the
slurry droplets and desulfurization reaction were investigated at
the SO2 concentrations of 286 and 571 mg�m�3 at 298 K. In addi-
tion, the temperature of the reactor was set at 298, 343, and
383 K to investigate the effect of temperature on the evaporation
and reaction process of Ca(OH)2 droplets under the SO2 concentra-
tion of 286 mg�m�3. The average evaporation rates of the Ca(OH)2
droplets at different SO2 concentrations and temperatures are
shown in Fig. 13. In the presence of SO2, the average Ca(OH)2
droplets evaporation rate was lower than the rate when there
was no introduction of SO2. The average droplet evaporation rate
at 298 K with 286 mg�m�3 SO2 was (0.03699 ± 0.02175) lm2�ms�1.
At 383 K, the average droplet evaporation rate at 286 mg�m�3 SO2

was (0.01353 ± 0.0568) lm2�ms�1. As the temperature increased
from 298 to 383 K, the average droplet evaporation rate decreased
by 63.42%. For a given temperature, the evaporation rate decreased
as the SO2 concentration increased. The average droplet evapora-
tion rates at 298 K for SO2 concentrations of 0 and 571 mg�m�3

were (0.05774 ± 0.04056) and (0.02610 ± 0.01216) lm2�ms�1,
respectively. Thus, when the SO2 concentration increased from 0
to 571 mg�m�3, the average droplet evaporation rate decreased
by 54.80%. This decrease might be attributed to the formation of
CaSO3∙2H2O crystals owing to the reactions on the droplet sur-
faces; these reactions increased the diffusion resistance of water
vapor through the product layer and caused difficulties for SO2 to
diffuse to the interior of the slurry for continued reactions with
the absorber. Therefore, when SO2 gas was introduced, the evapo-
ration rate of the slurry droplets was significantly reduced. When
the concentration of SO2 gas increasesd, the product layer on the
surface of the slurry droplet was thicker, thereby reducing the
evaporation rate of the slurry further.

As the temperature increased, the average evaporation rate
increased in the absence of SO2 (Section 3.4). On the contrary, as
the temperature increased, the average evaporation rate decreased
in the presence of SO2. It is due to the fact that the increase in tem-
perature accelerates the water evaporation in the absence of SO2,
resulting in an increase in the evaporation rate. However, the
increase in temperature accelerates the gas–liquid reaction rate
in the presence of SO2, which causes the crystals on the surface
of the slurry droplet to form more quickly and accumulate more,
thus hindering the water evaporation. Therefore, the increase in
temperature in the presence of SO2 accelerates not only the evap-
oration of the water from the slurry droplet but also the gas–liquid
absorption reaction rate, thereby reducing the evaporation rate of
the slurry droplet.
3.6. Ca(OH)2 droplet sampling and analysis

The Ca(OH)2 droplets at the bottom of the furnace chamber
were sampled under four operating conditions, as shown in



Fig. 14. Microscopic images of Ca(OH)2 droplets: (a) 298 K, 0 mg�m�3 SO2; (b) 298 K, 286 mg�m�3 SO2; (c) 298 K, 571 mg�m�3 SO2; (d) 383 K, 286 mg�m�3 SO2.
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Fig. 14. These four working conditions were 0, 286, and 571mg�m�3

of SO2 at 298 K as well as 286 mg�m�3 of SO2 at 383 K. Through
observations, it was found that there were many crystals in the
Ca(OH)2 droplets in the air, which were analyzed as Ca(OH)2 parti-
cles. As the evaporation proceeded, Ca(OH)2 accumulated on the
droplet surface. Then, Ca(OH)2 was precipitated on the droplet sur-
face in the form of particles or even solid shells. Particles were opa-
que and non-evaporating material. Particles and solid shells on the
droplet surface [29,30] led to an increase in the evaporation resis-
tance of the remaining moisture inside the droplet. Consequently,
particles on the droplet surface led to a decrease in the evaporation
rate of the droplet.

However, there were fewer internal crystals in the Ca(OH)2 dro-
plets with SO2, and the crystals on the surfaces of these droplets
increased significantly, indicating that the SO2 and Ca(OH)2 dro-
plets underwent gas–liquid absorption reactions on the surface
to form CaSO3∙2H2O crystals. When the concentration of SO2

increased, the number of particles on the surfaces of the slurry dro-
plets increased, and the product layer became thicker. When the
temperature increased, the products on the Ca(OH)2 droplets sur-
face increased, the crystal particles were larger, and the product
layer became thicker. The product layer not only hindered the
evaporation of water inside the Ca(OH)2 droplet but also reduced
the contact area between the droplet surface and the surrounding
environment. Therefore, particles on the droplet surface with SO2

led to a more significant reduction in the evaporation rate. Some
researchers studied the contact line of droplets and the crystalliza-
tion process on a transparent substrate [31–33]. Tavakoli et al. [31]
studied the forced spreading of alkanes on glass. In their work, it
was assumed that solidification starts from the contact line. The
droplet would stop spreading once a critical volume of liquid at
the contact line is solidified. In Fig. 14(d), when the temperature
increased, the products on the Ca(OH)2 droplets surface increased.
The liquid at the contact line tended to solidify, causing the dro-
plets to be difficult to spread and the diameter of the droplets to
be smaller.
4. Conclusions

(1) Based on the MDIH, a measurement system for the gas–liq-
uid absorption reaction and evaporation characteristics of
individual slurry droplets was developed in this research.
We explored the Ca(OH)2 concentrations impacts, the effects
of temperatures, and SO2 concentrations on evaporation by
measuring the droplet diameters, positions, and velocities.
Moreover, we sampled the Ca(OH)2 droplets for microscopic
analysis. The holographic measurements of the proposed
system allow accurate assessment of the droplets with low
uncertainties.

(2) The Ca(OH)2 droplets evaporation rate first increased and
then decreased during the falling process, and remained
constant thereafter. Compared with DI water, the evapora-
tion rates of the Ca(OH)2 droplets were lower, with average
evaporation rates of about 0.676 times for the 0.08% and
0.481 times for the 0.16% (mass) Ca(OH)2 droplets.

(3) The average evaporation rate of the lime slurry droplets
increased significantly with an increase in temperature. In
the presence of SO2, the average evaporation rate of the lime
slurry droplets was less than that without SO2. When the
SO2 concentration was 286 mg�m�3, the evaporation rate
decreased with an increase in temperature.

(4) While there were large amounts of crystals in the Ca(OH)2
droplets in the air, there were fewer crystals in the droplets
with introducing SO2. The crystals on the surfaces of the dro-
plets increased significantly with introducing SO2.
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