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The flue gas after wet desulfurization of coal-fired units still contains a large 

amount of particulate matter. Flue gas condensing heat exchangers are often 

used to further remove particulate matter. However, current research focuses 

on the overall removal effect of the heat exchangers, but ignores the 

difference of pollutant removal ability of the inner tube bundle along the flue 

gas flow direction. This paper studied the correlation between pollutant 

removal and operating parameters of condensation heat exchanger, so as to 

make the removed amount of pollutants as large as possible. A field 

experimental platform was built on a 3×350 MW supercritical circulating 

fluidized bed coal-fired unit. The total amount of pollutants removed between 

the 3rd and 6th rows of tube bundles from the inlet of the heat exchanger was 

the largest. The removal of particulate matter near the outlet of the heat 

exchanger was the smallest. The highest removal rate of filterable particulate 

matter (FPM) reached 76 %. The proportion of condensable particulate 

matter (CPM) in the total removal of particulate matter reached around 

90 %. The mass ratio of both H2SO4 and SO3 to the removed CPM were more 

than 95 %.  

Key words: Flue gas after wet desulfurization; Filterable particulate matter; 

Condensable particulate matter; Grouped tube bundles; Condensation  

1. Introduction 

Coal-fired units generate a large amount of particulate matter (PM) during the combustion 

process. Although the current dust collector can remove more than 99.6 % of the PM [1], the flue gas 

still contains a large amount of the PM. The PM is composed of two major categories: filterable 

particulate matter (FPM) and condensable particulate matter (CPM). The FPM contains a variety of 

heavy metals [2,3], salts [4], and insoluble minerals [5] etc.; the CPM includes polycyclic aromatic 

hydrocarbons [6], acid gases [7], soluble salts, which will be transformed into particulate matter when 

they are condensed. The FPM after electrostatic precipitator is mainly PM2.5. PM2.5 can penetrate 

alveolar cells and enter human blood, so it is also known as lung-infiltrating particles. Many scholars 

have discussed the harm of PM2.5 [8,9], which has a carcinogenic risk. Removal of the PM has been a 

popular research direction in the past decades, which can be divided into two categories: pre-combustion 

control [10] and post-combustion removal [11]. Pre-combustion control can only reduce the original 

total amount of particulate matters. Therefore, removal after combustion is necessary. 

The original PM in the flue gas is as high as hundreds of mg/m
3
 order of magnitude, which can be 

reduced to several tens of mg/m
3
 after passing through the dust collector [12], and can be reduced to 
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about 10 mg/m
3
 order of magnitude after passing through the wet desulfurization tower. The wet 

desulfurization tower has a significant removal effect on the PM, but it will increase the proportion of 

PM2.5 in the PM [13]. Only a desulfurization tower with efficient mist removal can reduce the content of 

PM2.5 [14]. Low efficient mist removal or too high inlet flue temperature will lead to the evaporation and 

crystallization of desulfurization slurry, and the mass concentration of PM1 can be even increased by 59 

% [15]. Even if the thermal power unit had completed the ultra-low emission transformation, and the 

FPM was suppressed to within 5 mg/m
3
, the concentration of the CPM was still above 10 mg/m

3
.  

At present, the research on deep removal of the PM2.5 and the CPM mainly focused on the front, 

inside and rear parts of the wet desulfurization tower, which can be divided into 6 categories: Physical 

charge agglomeration removal before the desulfurization tower [16]; Spraying steam into 

desulfurization tower [17]; Spraying chemical agglomeration into desulfurization tower for 

agglomeration removal [18]; Building a spray tower after the desulfurization tower for washing removal 

[19]; Building a wet electrostatic precipitator after the desulfurization tower for physical removal [20]; 

Setting up a  condensing heat exchanger after the desulfurization tower for condensation removal [20]. 

The core of various methods is to agglomerate small-sized particles into large particles that can be 

trapped and removed. Charged agglomeration can reduce about 50 % of the PM2.5 [22], and the addition 

of chemical coagulant can remove about 30 % of PM2.5, up to 65 %. These two methods do not involve 

a condensation process and focus on removal of filterable PM2.5. The spraying vapor condensed on the 

surface of the particles, which increased the size of the particles. The spray tower is accompanied by the 

condensation process of water vapor on the surface of the droplets, which can remove 30-80 % of the 

PM2.5 [23,24], and can also remove up to 80 % of SO3 because of the lower condensation temperature. 

There is a small amount of condensation process inside wet electrostatic precipitator. The removal rate 

of SO3 by wet electrostatic precipitator with different structures ranges from 50 % [25] to 90 % [26], and 

the PM outlet concentration can be reduced as low as 0.43 mg/m
3
 [27]. The PM removal efficiency is 

even as high as 90% [28], but the SO3 concentration of some units also increases, which is caused by the 

oxidation of SO2 by the electric field [29]. Tan, H. studied the ability of condensing heat exchangers to 

remove pollutants [30]. There is a strong steam condensation process inside the condensing heat 

exchanger. The steam condenses on the surface of the PM, which increases the particle size of the PM, 

and the acid vapor is also condensed below the dew point temperature. A large amount of 

low-temperature waste heat can be recovered during condensing heat exchanger operation, which can be 

used for waste heat boiler feed water or as a heat source for heat pumps.   

The current research on pollutant removal by condensing heat exchangers mostly focuses on the 

distribution of particulate matter at the inlet and outlet of the heat exchanger and the composition 

analysis of the condensed water in the heat exchanger. There are few studies on the removal pattern of 

pollutants inside the heat exchanger, the condensate composition in different areas, and the scaling and 

corrosion risks of tube bundles in different areas. Therefore, this paper presents the pollutant removal 

pattern and condensate water composition in different tube bundle areas of the condensation heat 

exchanger. The research in this paper can guide the design of condensation heat exchanger, improve its 

pollutant removal performance, and reduce the corrosion risk during operation. 

2. Experimental Section 

The test was carried out in a 3 × 350 MW supercritical circulating fluidized bed power plant. As 

shown in Fig. 1, the test bench was located below a horizontal flue duct from the exit of the #2 
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limestone-gypsum wet desulfurization tower to the chimney. A hole with a diameter of 400 mm was 

made in the horizontal flue duct, and a centrifugal fan was used to extract flue gas from the hole to the 

test bench. The flow rate of the extracted flue gas ranged from 300 m
3
/h to 3000 m

3
/h. The total flue 

gas flow rate of the power plant was about 1000000 m
3
/h. The system of the test bench included 

enamel condensing heat exchanger, variable frequency mechanical ventilation cooling tower, 

circulating water pump, temporary chimney, connecting flue duct, etc. (Fig. 2). Enamel coating 

improves the corrosion resistance of tube bundle. Enamel condensing heat exchanger, variable 

frequency mechanical ventilation cooling tower and circulating water pump form a water side 

circulation loop, and an electromagnetic flowmeter was set on the water side circulation loop to monitor 

the circulating water flow. Increasing the frequency of the mechanical ventilation cooling tower may 

reduce the temperature of the circulating water path. The front and rear of the enamel condensing heat 

exchanger were set with a horizontal flue whose length was 4 times the hydraulic diameter of the flue 

duct. The temperature measuring points, pressure measuring points, humidity measuring points, and 

Electrical Low Pressure Impactor (ELPI) exhaust pipe interfaces were arranged on the horizontal flue 

duct. Temperature measuring points were installed at the inlet and outlet of the enamel condensing heat 

exchanger of the water side. A vortex flowmeter with temperature and pressure correction was arranged 

in the middle section of the temporary chimney to measure the flue gas flow. The data of all temperature 

measurement points, pressure measurement points, and flow measurement points were summarized into 

the control cabinet, and the control cabinet could control the frequency of each frequency conversion 

device. 

 

Figure 1. Experimental test platform. ①: horizontal flue ②: chimney ③: enamel condensing 

heat exchanger ④: ELPI. 
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Figure 2. The system diagram of experiment bench. 

The testing instrument used in this paper to detect particle size distribution in flue gas is the ELPI 

produced by DEKATI, Finland, which can detect the mass and quantity concentration of particles with 

aerodynamic diameter (particle size) between 6 nm and 10 μm in real time. The flue gas after WFGD is 

wet saturated flue gas, which contains a large number of small droplets. Small droplets will directly 

enter the ELPI, which will interfere with the test results. Fig. 3 exhibits the constant temperature dilution 

system, in which the air is preheated to 80 °C and then sent to the heat tracing diluter at 60 °C to dilute 

the wet saturated flue gas to 8 times the original volume. The water dew point of flue gas is lowered to 

20 °C. The small droplets carried in the original flue gas are completely evaporated and then sent to the 

ELPI. The ELPI can record data once per second, and each sampling period is 120 s. When the 

fluctuation of the maximum and minimum data within 120 s is within 10 %, the average value within the 

sampling period is taken as the record value. The data measured by the ELPI are distributed in 15 levels, 

including 15 particle sizes ranging from 0.07 μm to 7 μm. 

 

Figure 3. The system diagram of the ELPI. 

The enamel plain tubes are placed vertically, the tube diameter of enamel plain tubes is 25 mm, 

the wall thickness is 2 mm, the number of horizontal rows is 7, the number of vertical rows is 12, 

transverse pitch is 56 mm, longitudinal pitch is 45 mm. The height of flue gas flow cross-sectional area 

is 400 mm, the width is 420 mm. The working fluid turns in the water chamber. The enamel pipes of heat 
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exchanger are divided into 6 areas along the flue gas flow direction. Baffles are arranged along the 

bottom of the enamel pipe condensing heat exchanger. The width of the baffles is 260 mm, the height is 

20 mm, and the thickness is 5 mm, forming a 140 mm wide condensate flow channel. The condensed 

water flows along the outer wall of the enamel pipe to the bottom of the heat exchanger, and flows to the 

condensed water flow channel under the restriction of the baffles. Measuring holes are opened on the 

side of the enamel pipe condensing heat exchanger, and the hoses are used to reach the positions of the 6 

five-pointed stars to extract condensed water (Fig. 4a). The location for extracting condensed water is 

located at the bottom of the heat exchanger, 130 mm away from the condensed water circulation channel 

to prevent the interference of condensed water in the mainstream area (Fig. 4b). 

 

Figure 4. The system diagram of experiment bench. (a) side view of the enamel pipe condensing 

heat exchanger. (b) cross-sectional top view of the enamel tube condensing heat exchanger 

In each set group of experiments, the variable-frequency mechanical ventilation cooling tower 

and the circulating pump were first turned on, and the frequency was maintained at the maximum, so 

that the water temperature of the water-side circulating circuit was reduced to the vicinity of the wet bulb 

temperature corresponding to the current atmospheric conditions. After the temperature of the water 

side was stable, the variable frequency centrifugal fan is turned on, and the frequency of the variable 

frequency centrifugal fan was adjusted to maintain the flue gas volume at the predetermined test flue gas 

volume. After the inlet and outlet flue gas and water temperatures of the tested condensing heat 

exchanger were stable, the ELPI system was connected to 6 measurement points to measure the quantity 

concentration and mass concentration of particulate matter. And the flue gas temperature, water 

chamber temperature, and other parameters were recorded. The mixture of condensed water and flue gas 

extracted from 6 measurement points was separated and stored in the condensed water collection tank. 

The frequency of the variable frequency centrifugal fan and the variable frequency mechanical 

ventilation cooling tower was changed to obtain the working conditions of different flue gas flow and 

cooling water temperature.  
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3. Results and discussions 

During the experiment, the condensed water was collected. The condensed water formed by the 

condensation of water vapor does not contain ionic components, so the ionic components detected in the 

condensed water were all derived from the pollutants removed from the flue gas. Given the condensed 

water flow rate, the ion composition and total amount in the condensed water, the total mass of 

pollutants removed during the condensation process could be calculated. The removal mass of filterable 

particulate matter in flue gas could be measured by the ELPI. The removed pollutants were composed of 

three parts: FPM, CPM, and ions carried by the escaping desulfurization slurry [31]. After passing 

through the mist eliminator on the top of the desulfurization tower, the flue gas carried about 75 mg/m
3
 

of desulfurization slurry. The composition analysis of desulfurization slurry is shown in Tab. 1, the 

particle size of the escaped desulfurization slurry droplets was usually less than 2.5 μm, and the removal 

pattern was similar to that of the FPM. Therefore, it was assumed that the removal rate of the FPM in 

each area was the same as that of the escaped desulfurization slurry. When the total amount of pollutants 

was removed, the removal of the FPM and the removal of ions carried by the escaped desulfurization 

slurry was calculated, as well as the semi-quantitative calculation of the removal of the CPM in each 

tube bundle area. 

Tab. 1. Composition analysis of desulfurization slurry in desulfurization tower 

Concentration Cl
-
 NO3

-
 SO4

2-
 Ca

2+
 Mg

2+
 K

+
 Na

+
 TDS 

mg/L 251.8 118.7 3205.9 1318.9 109.1 17.8 7.0 5105 

In general, with the decrease of cooling water temperature, the removal rate of particles 

gradually increased (Fig. 5). Although the total amount of pollutants removed has been changing, the 

removal pattern of particulate matter in condensing heat exchanger generally shows a trend of 

increasing first and then decreasing. The area #1 was at the inlet of the heat exchanger where the flue gas 

between the tube bundles has not yet cooled down, and the volume of the supercooled area of the flue 

gas was less than that of the area #2, so the removal of particulate matter was less than that of the area 

#2. The concentration of particulate matter in areas #3 to #6 continued to decrease, so the amount of 

removal also decreased. 
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Figure 5. Removal of pollutants in each area under four working conditions. 

Taking the working condition in Fig. 5a as an example, the composition analysis of various 

anions is shown in Tab. 2. The pH represents the concentration of H
+
. The anion concentration and pH in 

the condensed water determined the strength of the condensed water’s corrosion performance. The pH 

first decreased and then increased, and the lowest pH was located in the area #4. The pH of the 

desulfurization slurry was about 5.5, and the pH of the condensed water was significantly lower than 

that of the desulfurization slurry. From the analysis of the composition of anions, the main reason for 

this phenomenon was the condensation of SO3/H2SO4. SO3/H2SO4 which exits in the form of aerosol 

with a particle size of less than 1 μm in the flue gas after the desulfurization tower, which continuously 

absorbed water vapor in the condensing heat exchanger, resulting in continuous increase in size. When 

the size was greater than 2.5 μm, it could be effectively captured and removed. The #1 area acted as a 

particle agglomerator, which significantly increased the SO3/H2SO4 particle size in the flue gas. 

Therefore, the area with the largest SO3/H2SO4 capture was the area #2~4 of the heat exchanger. After 

the area #4, the total amount of SO3/H2SO4 decreased, so the capture rate in a single interval decreased. 

The mass ratio of SO3/H2SO4 to the removed CPM was more than 95 %. The concentrations of other 

anions apart from SO4
2-

 were lower. The concentrations of all anions showed a trend of first increasing 

and then decreasing. 
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Table 2. Ionic composition analysis of condensate in each area of Fig. 5a 

Concentration mg/L Cl
-
 SO4

2-
 NO3

-
 NO2

-
 F

-
 pH 

#1 0.58 97.47 0.62 0.43 0.44 2.72 

#2 0.72 112.9 0.72 0.44 0.72 2.72 

#3 0.35 85.51 0.62 0.51 0.32 2.45 

#4 0.41 65.73 0.96 0.41 0.31 2.36 

#5 0.6 58.52 0.55 0.34 0.24 2.54 

#6 0.32 52.95 0.37 0.36 0.2 2.45 

Tab. 3 was the analysis of the anion composition of the corresponding working conditions in Fig. 

5d. From the area #1 to #6, the pH first decreased, then increased and finally remained unchanged. The 

pH of the area #2 was the lowest; the ion concentration first increased and then decreased, and the area 

#2 had the lowest pH. The temperature of the circulating cooling water in Fig. 5d was higher, and the 

amount of condensed water was less, so the ion concentration in the condensate was higher. 

Table 3. Ionic composition analysis of condensate in each area of Fig. 5d 

Concentration mg/L Cl
-
 SO4

2-
 NO3

-
 NO2

-
 F

-
 pH 

#1 0.34 128.3 0.7 0.62 0.8 2.36 

#2 0.4 143.3 0.8 0.68 0.83 2.18 

#3 0.63 132.6 0.7 0.51 0.7 2.36 

#4 0.32 128.2 0.65 0.6 0.32 2.63 

#5 0.3 121.3 0.55 0.45 0.64 2.63 

#6 0.31 120.2 0.55 0.62 0.29 2.65 

Under the working conditions shown in Fig. 5a, the particles of each particle size were in the 

dynamic equilibrium of generation and removal. Particles with a particle size of 0.02 μm to 0.13 μm 

were generated in large quantities in the first half of the condensing heat exchanger, and the 

concentration was even higher than the original flue gas, which meant that a large number of particles 

with a particle size smaller than 0.02 μm were removed in the first half of the condensing heat 

exchanger. The removal rate of particles with a particle size greater than 0.2 μm in the heat exchanger 

was greater than the generation rate, and the particle concentration continues to decrease with the 

condensation of water vapor in the flue gas. Particles with a particle size larger than 2.5 μm mainly 

relied on the collision capture of the enamel tube bundles, and begin to be removed in large quantities 

when they enter the condensing heat exchanger. 

 

Figure 6. Concentration of filterable particles in three areas of Fig. 5a 
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The core method of particle removal was to make the particle size greater than 2.5 μm, and the 

particle size greater than 2.5 μm was easy to be captured by the heat exchanger wall. The condensation 

of water vapor on the surface of the particulate matter could increase the particle size, and the small 

droplets formed by the condensation of water vapor could collide with the particulate matter to form 

larger particulate matter. Both of these processes that increased the particle size of particulate matter 

relied on water vapor condensing inside the flue gas rather than condensing on the heat exchanger 

surface. Based on the classical nucleation theory, the competitive relationship between the chemical 

potential energy and the surface energy of water determined the critical nucleation work and the 

steady-state nucleation rate. According to the different position of water vapor condensation, it could be 

divided into homogeneous nucleation and heterogeneous nucleation [32]. Homogeneous nucleation is 

the formation of liquid droplets inside water vapor as the condensation nucleus of water vapor, while 

heterogeneous nucleation is the condensation of water vapor on the existing solid surface. The ratio of 

heterogeneous nucleation rate Jhet to homogeneous nucleation rate Jhom could be obtained from Equ. 2. 

The maximum supersaturation degree S is defined to reflect the effect of supersaturation on the 

removal of filterable particulate matter, S=Psat/Ps. Psat is the saturation pressure corresponding to the 

average water dew point of the flue gas, and Ps is the saturation pressure corresponding to the average 

cooling water temperature. When the surface energy of water remains unchanged, with the increase of 

S, the chemical potential difference before and after the phase transition increases, and the proportion of 

homogeneous nucleation in the condensation process increases. As shown in Fig. 7, with the increase of 

S, the main condensation process gradually transfers from the enamel surface to the particle surface, and 

S in the experimental conditions does not increase to the magnitude of saturation dominated by 

homogeneous nucleation. When water vapor condenses on the surface of particles, it promotes the 

increase of particle size. Particles and water droplets collide with each other and condense into larger 

particles to be captured and removed by the enamel surface.  
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Where Bk  is the Boltzmann constant，1.38*10^
-23

J/K; T  is the average flue gas temperature , 

K;   223* *316 ΔμvW   is the homogeneous critical nucleation work, J;      2cos1    is 

the shape factor;        4coscos32 2  f  is the catalytic factor;   is the surface tension of water, 

N/m
2
; v  is the average molecular of water, m

3
;  STkΔμ B ln  is the change of chemical potential 

during phase transition, J;   is the contact angle of water on enamel surface. 

 

Figure 7. The ratio of heterogeneous nucleation rate to homogeneous nucleation rate varies with 

maximum supersaturation degree 
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The S from the flue gas inlet to the flue gas outlet of the heat exchanger decreased from about 2 to 

about 1.2. Heterogeneous nucleation dominated the condensation process under test conditions. After 

the flue gas entered the condensation heat exchanger, the saturated water vapor and partial CPM began 

to condense on the surface of tube bundles and the PM. Condensate film appeared on the surface of the 

tube bundles to capture PM3～10. Water vapor and partial CPM generated a large number of small 

droplets and PM0.03 with PM0.01 as the core. A small part of water vapor and the CPM generated liquid 

droplets and PM0.03 by homogeneous nucleation. Liquid droplets, CPM and PM0.03 collided together to 

generate a large number of PM0.2. Phase change aggregation and removal of PM3～10 were the main 

components in area #1. With the continuous condensation, a large amount of PM3 and the CPM are 

converted into PM3～10, which is removed by tube bundles in areas #2 and #3. The total amount of the 

PM3 and CPM in areas #4, #5 and #6 decreased gradually, therefore the PM3～10 removed in the tube 

bundles was also gradually decreasing. The generation rate of PM0.3 in areas #4, #5 and #6 was less than 

the removal rate, so the amount of PM0.3 began to decrease. The flue gas condensation process was 

accompanied by the collaborative removal of the FPM and CPM (Fig.8).  

 

Figure 8. Analysis of PM removal process 

4. Conclusions 

In this study, the flue gas and condensate water in each tube bundle area of the heat exchanger 

from the inlet to the outlet was analyzed. According to the above analysis, the patterns of the removal of 

pollutants are deduced as follows: 

The removal of pollutants in the heat exchanger showed a trend of firstly increasing and 

subsequently decreasing. The total amount of pollutants removed between the 3
rd

 and 6
th
 rows of tube 

bundles from the inlet of the heat exchanger was the largest, and the amount of pollutants removed at the 

outlet of the heat exchanger was the smallest.  

The total pollutants removal rate was related to the cooling water temperature of the heat 

exchanger. As the temperature of cooling water decreased, the amount of pollutants removal gradually 

increased. The highest removal rate of the FPM reached up to 76 %.  

During operation, the condensed water near the inlet of the heat exchanger is most corrosive, pH 

of condensed water is only 2 to 3. The proportion of the CPM in the total removal of pollutants could 

reach about 90%. The main components of the CPM in coal-fired power plants are SO3/H2SO4. 
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