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Abstract: It is of great importance to obtain the exact location and severity of slagging deposits
on the waterwall surface of an operational boiler to avoid aimless soot-blowing and reduce steam
consumption. In this paper, an effective waterwall surface temperature monitoring method is
proposed to determine the slagging locations. It has been noted that the temperature difference
of the waterwall surface before and after soot-blowing varied with the waterwall location, with
more than 80 °C covered with slag and less than 20 °C found clean. According to this, a slagging
temperature index was developed to describe the severity of slagging deposits on the waterwall
surface. Results indicated that the process of slagging deposit growth included four stages, with
the slagging temperature fluctuating in the range of about 90-110 °C in stage III, followed by a
rapid drop below 60 °C in stage IV. Furthermore, a digital image monitoring system was used to
validate the slag growth process and study the relationship between deposit thickness growth and
area expansion. This novel approach provides automated and accurate guidance for each soot blower
around the furnace, which reduces soot-blowing steam consumption and avoids serious slagging on
the waterwall surface.

Keywords: coal-fired boiler; waterwall; surface temperature measurement; slagging monitoring;
soot-blowing

1. Introduction

As long as clean energy can only provide a power supply under base load and
its intermittent characteristics pose significant challenges to the power grid [1], large
pulverized coal boilers will still play an important role in China’s power supply. Especially
with advancements in larger capacity, higher parameters, ultra-low emissions, and deep
peak load cycling, large pulverized coal boilers exhibit high efficiency, low pollution, and
a wide load cycling range [2]. In pulverized coal boilers, the pulverized coal enters the
furnace from the burners with the primary air. Due to the aerodynamic field in the furnace,
along with the local reducing atmosphere and particle size of pulverized coal [3], the
incomplete burnt and massive coal ash particles can diffuse to the waterwall surface of the
furnace through inertial impaction, diffusion, and thermal electrophoresis [4]. When the
inertial force of coal ash particles colliding with the waterwall surface becomes lower than
the adhesion force, the particles deposit and adhere, leading to slagging on the surface of
the waterwall [5,6]. The slagging on the heating surface hampers heat exchange, causing
higher flue gas temperatures at the furnace and boiler outlets. This, in turn, adversely
affects the control of steam parameters and boiler efficiency. Under the influence of the local
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reducing atmosphere and high temperatures, the slagging area or thickness in a specific
location may increase exponentially. The gradually formed large slag blocks will fall off
when they reach a certain weight or are disturbed by the airflow in the furnace, which may
damage the heating surface at the bottom of the furnace or cause abnormal changes in the
negative pressure of the furnace. In serious cases, it may cause the boiler Main Fuel Trip
(MFT) or other safety accidents [7,8].

The severity of slagging varies at different locations within the furnace during boiler
operation. Due to the multitude of physical and chemical processes occurring in the
growth of ash deposits and slagging, accurately obtaining the location and severity of
slagging within the high temperature and dust environment of the furnace is challenging.
Degereji et al. [9] used a numerical model to predict ash deposition rates in the burner
region of a coal-fired furnace and derived a numerical slagging index. Fan et al. [10]
developed a model to simulate deposit growth under slagging conditions and predicted
the deposit growth behavior in a pulverized coal-fired boiler. Zhou et al. [11-15] developed
a model of ash deposition growth that consists of a comprehensive combustion code to
predict the deposition growth behavior and applied a digital image technique to monitor
the slagging characteristics in a pilot-scale furnace. On the basis of Zhou et al.’s work,
Liu et al. [16] established a unified model for predicting ash deposition behavior based
on the Open Field Operation And Manipulation (OpenFOAM) open-source computing
software and calculated the deposition process of slagging particles. However, these studies
were based on theoretical calculations or laboratory conditions, and there was a lack of
research on the slagging development process in the actual operation of coal-fired boilers.

Steam soot-blowing is the most common method to solve the problem of slagging
on the heating surface in the furnace. The high-speed steam jets formed by high-pressure
steam under the action of Venturi cause the slagging blocks to break into small pieces and
fall off [17,18]. To provide more information about the slagging status of heating surfaces to
boiler operators in real time, extensive studies have been performed by scholars regarding
the methods for judging the location and severity of slagging on heating surfaces in furnaces.
Many researchers [19-23] adopted a thermodynamic model and a neural network model
to monitor the cleanliness factor (CF) of the heating surfaces and developed soot-blowing
optimization systems for soot-blowing frequencies and duration optimization. However,
the method is not applicable to the waterwall. Zhou et al. [24] determined the location and
mass of the slag-off in the furnace by matrixing temperature measuring points arranged in
the slag extractor, but it was only applied once the slag was falling off. Flue gas temperature
and heat flux, which are widely used direct measurement techniques, serve as fundamental
principles for several other methods. Scholars [25-29] installed infra-view thermometers
or adopted acoustic pyrometry to monitor the flue gas temperature of the furnace exit or
near the heat surface, indicate the extent of slagging, and manage the operation of the soot
blower subgroups. Other scholars [23,30,31] installed heat flux meters distributed on the
waterwall, predicted the slagging deposits and cleanliness evolution of the waterwall in
coal-fired boilers, and developed advisory tools to recommend soot-blowing. However, the
measurement of the flue gas temperature can only judge the overall slagging degree and
fails to indicate the distribution of slagging. On the other hand, heat flux measurement,
although capable of capturing heat transfer, gives rise to potential structural concerns as
heat flow meters have to be welded to the waterwall tube. In addition, both approaches
are hindered by limitations in installation numbers and maintenance difficulties for the
measurement elements, not to mention the large measurement errors. Neither method
seems satisfactory.

If the exact location and thickness of slagging on the heating surface in real-time
cannot be determined, the operation of the steam soot-blowers is aimless. Reducing the
soot-blowing frequency may cause a continuous evolution of the slagging process and
deteriorate the heat transfer of the heating surface further. Frequent soot-blowing will
certainly lead to the waste of steam and reduce the efficiency of the power plant [31]. Such
a long-term situation may cause metal thinning of the heating surface, increasing the risk of
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pipe explosion. Thus, this work initially proposed an effective method for monitoring the
local area’s slagging deposit growth by direct measurement of the waterwall temperature
in the furnace. The quantitative characterization indexes of different slagging severity
on the waterwall surface in the operation boiler were obtained by studying temperature
variation trends between successive soot-blowing. The growth processes of slagging deposit
growth were divided into four stages according to the variation trend of the quantitative
characterization index, which can be used as the principle for soot-blowing operations.
A slagging digital image monitoring method was used to validate the above results and
study the relationship between thickness growth and area increase in the slagging deposit
process. These methods have been successfully applied to coal-fired boilers to monitor the
slagging location and severity of the waterwall surface and to optimize the soot-blowing
strategy for each soot blower around the furnace.

2. Model and Methods
2.1. Mathematical Description of the Effect of Slagging on Waterwall Surface Temperature

The slagging deposits on the heating surface can be divided into three layers according
to different compositions, porosities, and microstructures. Along the slagging growth
direction, there are the initial layer, the sintered layer, and the slag layer in sequence, as
shown in Figure 1. Some scholars [12-15,32-34] had observed this phenomenon and studied
the characteristics of the different deposit layers. However, due to the slag occurring in the
furnace of the boiler, it was impossible to obtain the specific slag on the waterwall surface
unless the slag had fallen off. Table 1 shows the chemical composition of the fallen-off slag
in the coal-fired boiler as well as the fired coal in this study. Apparently, the slag contains a
great quantity of Si and Ca elements, mainly in the form of quartz and anhydrite [35-37],
which have a low thermal conductivity.
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Figure 1. Schematic diagram of the slagging deposit layers on the surface of the waterwall in
the furnace.

The flame temperature in the center of the furnace can reach more than 1500 °C during
the coal-fired boiler operation. The radiation heat transfer of the triatomic gas of the high-
temperature flue gas to the surface of the waterwall around the furnace is very strong,
accounting for the majority of the heat transfer in the furnace. The effect of convective heat
transfer can be ignored [38,39]. Based on the assumption of radiative heat transfer between
two planes filled with a medium, the radiation intensity of the flame is weakened by the
absorption and scattering of the medium in the furnace. The following equation can be
used to describe the radiant heat transfer between the furnace flame and the waterwall
surface, considering the absorption, self-radiation, and scattering of the medium [40]:

CAwXiw (TH = Th)

Qrad = 1 1 1
IRy + L+ -1

)
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where ¢ is the blackbody radiation constant, with the value o = 5.67 x 1078 W/ (m2~K4),'
Ay, is the surface area of a specific area of the waterwall receiving flame radiation; X,
is the radiation angle coefficient of the flame to the surface of the waterwall; Tt and T\,
are the temperature of the flame and waterwall surface, respectively; k is the attenuation
coefficient; Ry is the equivalent radius of the radiation from the flame to the surface of the
waterwall; and &; and &,y are the emissivity of the flame and waterwall surface, respectively.

Table 1. The characteristics of the fallen-off slag and the boiler-fired coal.

Parameters Value
Coal heating value (M]/kg) 22.34
Coal moisture (wt % ar) 15.1
Ash 10.38
Proximate analysis of coal (wt %, ar) Volatile matter 27.48
Fixed carbon 47.04
C 60.46
H 3.60
Ultimate analysis of coal (wt %, ar) (@] 9.28
N 0.85
S 0.30
DT 1200
. o ST 1240
Ash fusion temperature (°C) HT 1250
FT 1270
Na 2.32
Mg 2.46
Al 6.08
.\ o Si 25.07
Slag composition (wt %) K 1.40
Ca 44.63
Ti 0.22
Fe 17.82

Once the slag is deposited on the surface of the waterwall, the radiation transfer from
the furnace flame to the waterwall surface becomes its radiation transfer to the surface of
the slag layer. Thus, Equation (1) can be described as follows:

cAnXean (TE — T4)
R+ &+ & —1

&sl1

Qrad =

@)

where Ay is the surface area of the slagging layer on the surface of the specific area
receiving flame radiation; X g is the radiation angle coefficient of the flame to the slagging
layer; Ry is the equivalent radius of the radiation from the flame to the slagging layer;
and Ty and &g are the surface temperature and emissivity of the outer layer (the slag
layer), respectively.

The thermal conductivity of the metal materials of the waterwall is high, so the
temperature of the waterwall at different locations is a little different compared to the
temperature difference between the flame and the waterwall. Considering the temperature
difference between the flame and the waterwall surface was larger, the heat transfer in
parallel to the waterwall surface in the slagging deposit layers was relatively small and
could be ignored. The thermal conduction inside the slagging deposit layers can be
regarded as thermal conduction only toward the surface of the waterwall. The thermal
conduction quantity inside the slagging deposit layers can be described by approximating
the plane heat transfer equation as follows:

ATy — T,
Qcond = 3 ( : W)

sl 4 sl 4 dinl

®)

At Asit U A
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where A is the thermal conduction area from the slagging layer to the waterwall surface;
Osll sils Oint, and Agpy, Agil, Ainp are the thickness and thermal conductivity of the slag layers,
the sintered layer, and the initial layer, respectively.

Ignoring the heat transfer of the waterwall to the outer side of the furnace, the heat
absorption accepted by the working medium in the waterwall tube in the specific local area
is given by:

Qconv = nth 4)

where 7 is the number of waterwall tubes in the specific local area; g is the mass flow of the
working medium in the tube; and A is the enthalpy increments of the working medium in
the specific local area.

With the principle of conservation of energy, for a specific local area of waterwall, the
heat transfer process is:

Qrad = Qeond = Qeonv &)
For a specific local area of the waterwall surface:
Aw ~ Asll ~ A (6)
Xiw = Xeen @)
Rw = Rqp1 8)

According to Equations (1)—(8) and eliminating the T§), the waterwall surface temper-
ature can be described as follows:

Tw=|Tf -

1
1 1,1 _ 1
nth(4kR5“ Ta e 1) _ (5511 it | Oiml )nth ©)

S g
T Aw Xsii Agt At Ainl

Apparently, the waterwall surface temperature decreases with the increase in the
thickness or the decrease in the thermal conductivity of different slagging deposit layers;
thus, it can directly and quickly reflect the location and severity of slagging on the surface
of the waterwall in a furnace.

2.2. A Waterwall Surface Temperature Monitoring Method

Under high temperatures and a dusty environment in a furnace, thermocouples are
easily burned out or worn out, leading to a short service life. It is the main reason scholars
used indirect measurement methods to monitor the slagging instead of direct measurement
methods. As shown in Figure 2, in the proposed new method, a thin metallic heat collection
block covers the fin in the middle of the two adjacent tubes of the waterwall in the furnace.
The thermocouple passed through a perforation in the fin from the outside of the furnace
and was inserted into the measuring hole in the heat collection block, which was protected
from direct radiation and dust collisions in the furnace by the heat collection block. On the
other side, the thermocouple is fixed and protected by a metallic fixing block and drivepipe
outside the furnace. In this method, the heat collection blocks and the fixed blocks were
made of the same material as the fins and only welded with the fins at the top and bottom
sides of the blocks, avoiding the adverse influence of direct welding on the metal structure
of the waterwall tubes.
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Waterwall tube Heat collection block

Thermocouple

Waterwall fins

Expansion gap 3
) Waterwall fins
Fixed block

Drivepipe

Figure 2. Schematic diagrams of a waterwall surface temperature sensor in a furnace.

Since the arc of the heat collection blocks is consistent with the surface of the waterwall
tubes and the expansion gap was designed to enhance the contact area, the heat collection
blocks and waterwall tubes can be considered to be in complete contact. The temperature of
the heat collection blocks in the furnace can be effectively controlled by the heat dissipation
of the working medium flowing in the waterwall tubes. Based on this, the service life of
the sensors could be guaranteed, and almost all of the 173 sensors installed in different
coal-fired boilers since 2020 are still working. Once slagging occurs on the surface of the
waterwall in this local area, the temperature measured by the thermocouple will decrease
due to the increase in thermal resistance caused by slagging. In addition, the change
in slagging thickness and internal characteristics will also be reflected by the measured
waterwall surface temperature.

Using the traditional thermocouple temperature measurement principle, the cost of
this method is low; thus, it can be widely installed in different locations of the waterwall
of large coal-fired boilers. A total of 80 waterwall temperature sensors were distributed
around the furnace of a 1000 MW ultra-supercritical boiler, with 64 soot-blowers around
the furnace. As shown in Figure 3, at least one sensor was placed within the soot-blowing
radius of each soot-blower. Figure 4 shows the installed waterwall surface temperature
sensor. Signals from these sensors were introduced into the Distributed Control System
(DCS) of the power plant to monitor the slagging severity at different locations in real-time
and to achieve accurate operation of each soot blower on demand.

Left wall Front wall Right wall Rear wall

Figure 3. Location of waterwall surface temperature sensors (x) and soot blowers (o) around the
furnace of a 1000 MW ultra-supercritical boiler.
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Figure 4. Installed waterwall surface temperature sensor.

2.3. The Slagging Temperature Index

As mentioned previously, the severity of slagging at different locations is different. For
our specific boiler, it was not difficult to find the location of no slagging on the surface of
the waterwall, and the surface temperature sensor was installed. The temperature variation
trend measured by the sensor without slagging can be regarded as the influence of the
boiler operation parameters on the heat transfer on the surface of the sensor. It can also
be used to describe the heat transfer influence of the boiler operation parameters on the
surface slagging sensor at the same horizontal and nearby locations since the furnaces
of boilers are basically symmetrical structures in the horizontal direction and the flame
radiation intensity to the waterwall is mainly related to the height rather than the exact
location at the same time. This is the assumed surface temperature of the sensor with
slagging when it is assumed to be in a clean state. The temperature difference between
the above assumed surface temperature and the actual measured surface temperature of
the same sensor with slagging can be considered the slagging temperature index, which
describes the quantitative characterization of slagging and was not affected by the change
in boiler operating parameters but by the surface slagging state. The slagging temperature
index equation is as follows:

Ty=Tg - T3 (10)

where T is the slagging temperature index; Ty?® and T™ are the assumed and measured
surface temperatures of a waterwall surface temperature sensor, respectively.

2.4. Slagging Digital Image Monitoring System and Image Recognition Method

A heat-resistant slagging digital image monitoring system was used to obtain images
of slagging on the waterwall surface and monitor the slagging development process in
the operation boiler. Figure 5a shows the schematic diagram of this system, and Figure 5b
illustrates the details. A Charge Coupled Device (CCD) camera was installed in the front of
the monitoring system to generate images of the slagging on the waterwall surface. The
resolution of the image was 1280 x 1024, and the images can be transmitted to the display
device through the data cable in real-time. Pressurized cooling air enters through an inlet
on the bottom side of the system, producing a gas film when released through the outlet
in the forepart of the camera lens to prevent the fly ash from depositing and influencing
the quality of the images. At the same time, cooling air isolates the high temperature in
the furnace by flowing through a protection tube in the outmost layer of the monitoring



Energies 2023, 16, 7925 8 of 15

system. A thermocouple was installed beside the CCD camera to monitor the operation
temperature of the CCD camera and prevent the camera from being burned out.

Cooling air inlet

CCD camera Data cable

o
2V ==

Thermocouple Metal shell

(@)

L ————— 5
- —

(b)

Figure 5. (a) Schematic diagram of the digital image monitoring system; (b) The digital image

Cooling air outlet

monitoring system in detail.

The slagging digital image monitoring system can obtain the slagging images on the
surface of the waterwall by passing through the looking-fire-holes around the furnace and
entering the furnace when the boiler is in operation, as shown in Figure 6. According to the
obvious difference in RGB values between the surface of the waterwall and the surface of
the slagging in the obtained images, the quantitative data of the slagging area proportion
in the local area of the waterwall can be obtained by histogram equalization, enhancing
contrast, binarization, and counting the pixels in sequence, as shown in Figure 7. With the
program compiled on MATLAB R2016b, this method can be used to monitor the increase
in slagging on the waterwall surface.

Furnace

CCD camera

Slagging Waterwall

030,0:0.0,0.0-0:0.0l0_. 0,00

|

Surface ~
temperature sensor

CCD monitoring system Thermocouple Soot blowers

Figure 6. Schematic diagram of slagging image monitoring by the digital image monitoring system.

23.24%

Original image Histogram equalization Enhancing contrast Binarization Slagging area
proportion

Figure 7. A case diagram of the image recognition of a slagging area on the waterwall surface.
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3. Results and Discussion
3.1. Waterwall Surface Temperature Variation Trends in Different Locations

Figure 8 shows two typical variation trends of the waterwall surface temperature of
the operation 1000 MW coal-fired boiler. These results were measured by the installed
waterwall surface temperature sensors mentioned above. In this process, the unit load
varied in the range of 500-600 MW, which was slight compared with the design capacity
and the adjustable range of the unit load. The soot blowers were operated periodically
by day, at around 12 AM. In this period, the waterwall surface temperature measured by
sensor a9 changed significantly. Especially at the moment of soot-blowing, the waterwall
surface temperature rose instantly by about 80-100 °C to about 550 °C, then decreased
slowly back to about 450 °C after soot-blowing. In contrast, the waterwall temperature of
sensor a8 changed little over the whole period and only rose about 10-20 °C at the moment
of soot-blowing. It was obvious that the waterwall surface at the location around sensor a9
can be considered covered with slag, while the location around sensor a8 was almost clean.
That is, as described by Equation (9), when the location around sensor a9 was continuously
covered with slag, its waterwall surface temperature decreased, especially with the growth
of the slagging thickness. For sensor a8, it might only have been covered with a little coal
ash, and slag was no longer being deposited, so the waterwall surface temperature of the
sensor decreased slightly. This phenomenon is similar to the changing furnace exit gas
temperature of the whole waterwall [26] or the cleanliness factor of the convection heating
surface versus soot-blowing [21,22]. However, the accurate measurement of the slagging
state changing at different locations of the waterwall through the influence of soot-blowing
has not yet been reported.

700 700
Waterwall surface tempearture measued by senor a8(under clean state)

—— Waterwall surface tempearture measued by senor a9(covered with slag)

Unit load

Water wall surface temperature measured (°C)

Sooltfblovving ) ) ) Soot—blolvving ) ) ) Soot-blolvving
300 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00
Day 1 Day 2 Day 3
Time

Figure 8. Two typical waterwall surface temperature variation trends in an operation with a 1000 MW
coal-fired boiler.

According to the temperature difference of the waterwall surface before and after
soot-blowing, which varied with the waterwall location, the location with a temperature
difference greater than 80 °C can be considered to be the location covered with slag, while
the location with a temperature difference less than 20 °C was almost clean. With the
widely installed sensors around the furnace, this approach can be used to determine the
slagging location on the waterwall surface in the operation boiler.

3.2. Slagging Deposit Process in an Operation Boiler

Figure 9 shows the slagging temperature index at the location of sensor a9 (covered
with slag) calculated by the mentioned method and Equation (10). The variation trends of
the slagging temperature index in two time periods were similar, which means that it had
good repeatability. On this basis, the data for time period 2 with a longer duration is shown
in Figure 9, and the result after averaging it by hours is shown in Figure 10. It reveals the
process of slagging and the variation in slagging thickness on the surface of the waterwall
around sensor a9. Four segments with different slopes of the slagging temperature index
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can be observed and used to divide the process of slagging deposit growth into four stages,
marked as stage I-1V in Figure 10.

300

[ — Unit load —— Slagging temperature index at the location of senor a9 (covered with slag) 700
@) [ Soot-blowin Soot-blowing Soot-blowing
T 250 1600
x f Nt
Q -
o L
g zoomr 500
g I S
g 150F a0 2
2 Time period 1 Time period 2 B
g F 4300 2
<100 E
Ed W‘% {200 5
] 50 i
o L
= F 100

o) SR LRI IS B | PP J | | PR P 1
12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00
Day 1 Day 2 Day 3
Time

Figure 9. The slagging temperature index at the location of sensor a9 (covered with slag).

Stage | Stage IV
140 = -
Lie Stage I e Stage 1 e
1201 e :
wol T i 'A"MI"% S
P /A—»/l)_ __\ T ____m_-
60 MW VM ‘

ol P ]

20 /"J: il
00120 240 360 460 600 720 840 960 1080 1200 1320 1440
Time after slagging (min)

Slagging temperature index (°C)

Figure 10. The slagging temperature index and the data averaging by hours in time period 2 of sensor
a9 (covered with slag).

Stage I lasted for about 60 min. after soot-blowing, and the slagging temperature
index increased from 0 °C to about 30 °C, with a rate of 0.524 °C/min. It seems the slag
quickly deposited on the waterwall surface around the sensor and formed a thin initial
layer. Due to the high temperature of the flame in the center of the furnace, the radiant
thermal resistance of the flame to the waterwall surface was very small. Although the
thickness ;) was small, the appearance of the initial layer generated a significant thermal
conductivity resistance. That meant the A;,,; was quite small, which had a significant impact
on the increase in total heat transfer resistance, resulting in the increase in the slagging
temperature index.

When the slagging temperature index exceeded about 30 °C, the index growth rate
slowed down to about 0.121 °C/min until about 90 °C. This can be considered stage
II, which lasted about 485 min. This stage mainly focused on the sintered layer and the
slagging layer’s growth. With the thickness of the slagging growth, the thermal conductivity
resistance increased gradually. However, due to the microstructure of the slag changing
and the deposit densification with deposit growth, as well as the concentrations of the
metallic elements (Si, Al, Ca, Mg, and Fe) with high thermal conductivity increasing along
the thickness of the slag from the initial layer to the slagging layer [34], the average effective
heat conductivity of the deposits increased with the thickness growth [13]. This resulted in
a gradual decline in the increase rate of thermal conductivity resistance. So, its influence on
the heat transfer was not as obvious as that generated by the initial layer in stage I.

Then it entered stage III, in which the slagging temperature index fluctuated in the
range of about 90-110 °C. This means the slagging deposits reached a basic stable stage,
the thickness of the slagging stopped growing consistently, and the thermal conductivity
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changed slightly. This is probably due to the continuous development and rupture of bubble
structures inside the slagging during the deposit sintering process [13]. The distribution of
bubbles decreased the thermal conductivity, and the rupture of bubbles in turn caused the
reduced thermal conductivity to disappear [33]. That is, the  and the A were almost stable,
so the slagging temperature index changed little.

It is worth noting that, after lasting about 1884 min., the slagging temperature index
broke out of the fluctuation range and instead rapidly dropped below 60 °C at a rate of
0.329 °C/min. Zhou et al. [12-15] observed the variation in thickness and the heat flux of
the slagging growth in a pulverized coal combustion furnace under laboratory conditions.
But this phenomenon has not been reported in these or any other references, which may
be due to the fact that the previous studies on the slagging deposit growth were mainly
based on laboratory conditions and the severity of the slagging was not as serious as that
in a coal-fired boiler. That is also the reason why each stage of slagging in these references
was shorter. The reasons for the index decline may be attributed to two aspects: the decline
of the number or diameter of the irregular bubbles and the rupture of the bubble structures
inside the slagging deposits, and the seriously sintered, dense structure of the sintered
layer and slagging layer [13], which led to the decline of the heat transfer resistance of
the slagging deposit. Thus, the A increased rapidly while the § remained almost constant,
which led to the dramatic decline of the slagging temperature index. This feature can be
used to determine the severity of slagging on the surface of the waterwall. By monitoring
the variation trend of the slagging temperature index at each location, each soot-blower
around the furnace can be operated when necessary, rather than a fixed-cycle operation.

3.3. Slagging Area Spread in the Slagging Deposit Process

Figure 11a,b show the images of the waterwall surface of the local area around sensors
a8 and a9 at different times, respectively. The moments for each image are marked in
Figure 9. Among them, T1 was the moment before the soot-blowing, T2 was the moment
just finished the soot-blowing, T3, T4 etc. were the different moments during two consecu-
tive soot-blowing. Obviously, the waterwall surface around sensor a9 showed different
slagging states in boiler operation, while around sensor a8, it showed a completely clean
state at different times. Especially before and after soot-blowing, it can be seen that the
slagging deposits on the surface of the local area around sensor a9 disappeared, and the
surface returned to a clean state. Then, during the operation of the boiler, the slagging first
appeared in a certain segment of one of the fins between the two adjacent waterwall tubes.
This was mainly due to the higher temperature of the fins relative to the waterwall tube
surface. Subsequently, the slagging deposits gradually grew along the same fins as well as
on other nearby fins. With the adhesion of slag, the thickness growth of the slagging deposit
layers gradually covered the surface of the waterwall tubes. With the next soot-blowing,
the local area of the waterwall surface remained in an almost clean state again. The results
of the image monitoring reflected the process of slagging deposits on the surface of the
waterwall in the furnace and verified the waterwall surface temperature variation trend in
Figure 9.

3.4. Relationship between Thickness Growth and Area Increase in the Slagging Deposit Process

Figure 12 shows the images of the waterwall surface around sensor a9 at different
times in Figure 11b after binarization, and Table 2 shows the quantitative data of the
slagging area proportion obtained by the image recognition method. The relationship
between the slagging temperature index and the slagging area proportion of the sensor
a9 is shown in Figure 13. The slagging temperature can be regarded as the thickness of
the slagging deposit, while the slagging area proportion represents the area of slagging.
Both illustrate the slagging deposit process. It can be found that the curve consists of four
segments with different slopes, and the velocity of slagging thickness growth and slagging
area increase were almost unsynchronized except in stage B. In the initial stage A, the
slagging deposits on the waterwall surface mainly focused on the thickness growth. Then
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the slagging thickness growth slowed down and the slagging area increased in stage B, in
which the velocity of slagging thickness growth and area increased roughly equally. Stage C
was obviously dominated by the slagging area increase, and the slagging thickness almost
did not grow in this stage as in stage IIl in Figure 10. In the final stage D, the slagging area
increased, mainly due to the slagging deposits that had covered the waterwall tube surface,

not only the fin surface.

(b)
Figure 11. The images of the waterwall surface of the local area around sensor a8 (a) and sensor a9

(b) at different times.
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Figure 12. The images of the waterwall surface around sensor a9 (covered with slag) at different

times after binarization and the lagging area proportion quantitative data.
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Table 2. The quantitative data of the slagging area proportion for images of sensor a9 (covered with
slag) at different times.

Parameter

T1 T2 T3 T4 T5 T6 T7 T8 T9

Slagging area proportion (%)

46.38 0.37 2.80 5.57 11.38 19.52 25.63 56.79 0.78
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Figure 13. The relationship between the slagging temperature index and the slagging area proportion
of sensor a9 (covered with slag).

4. Conclusions

An effective waterwall surface temperature monitoring method was initially proposed
to investigate the location and severity of slagging at the local area on the waterwall surface
in the furnace of the operation boiler. The slagging temperature index was defined to
describe the thickness growth and its effect on the heat transfer resistance from the flame in
the furnace to the waterwall surface. Some conclusions are drawn as follows:

(1) It was demonstrated that the measured waterwall surface temperature rose instantly,
about 80-100 °C, at the location of waterwall surface slagging and only about 10-20 °C
at the clean location at the moment of soot-blowing. The process of slagging deposit
growth consisted of four stages. The slagging temperature index in stage III fluctuated
in the range of about 90-110 °C as the slag deposit growth had stabilized. In stage
IV, the temperature rapidly dropped below 60 °C due to a decline in the number and
diameter of irregular pores inside the slag deposits, as well as the development of a
densely sintered layer and slag layer. These findings, which have not been reported
in other literature, can be used to determine the location and severity of slagging on
the surface of the waterwall.

(2) A digital image monitoring system was used to obtain the slagging images and
gather quantitative data regarding the proportion of slagging in the local area of
the waterwall surface at different times, effectively verifying the growth process of
slagging deposits. It was found that the thickness growth and the area increase in
slagging deposits were alternating in four stages. An intelligent soot-blowing strategy
optimization system was developed based on the methods in this paper to guide
the automatic and accurate operation of each soot blower around the furnace. It has
been verified that the soot-blowing frequency and steam consumption can be reduced
under the premise of avoiding serious slagging on the waterwall surface.

Author Contributions: Conceptualization, P.L.; methodology, P.L. and K.L.; software, K.L.; validation,
K.L,YZ. and Z.S,; formal analysis, P.L.; investigation, PL., K.L. and Y.Z.; resources, Y.Z. and Q.L.;
data curation, P.L. and Z.S.; writing—original draft preparation, P.L.; writing—review and editing,
K.L. and W.Z; visualization, Z.S.; supervision, Q.L. and W.Z.; project administration, Y.Z.; funding
acquisition, Y.Z. All authors have read and agreed to the published version of the manuscript.



Energies 2023, 16, 7925 14 of 15

Funding: The authors declare that this study received funding from the Science and Technology
Programs “Development of Slagging Monitoring of Heating Surface Local Area and Closed-loop
Control Technology for 1000 MW Ultra-Supercritical Boiler” of China Energy Investment Co., Ltd.
and “Research and Application of Intelligent Soot-blowing for Large Coal-Fired Power Plant Boilers”
of China Huadian Co., Ltd. The funders were not involved in the study design, collection, analysis,
interpretation of data, the writing of this article or the decision to submit it for publication.

Data Availability Statement: Data is not available due to privacy or ethical restrictions.

Acknowledgments: The authors gratefully acknowledge China Energy Zhejiang Ninghai Power
Generation Co., Ltd. and Huangshi Thermal Power Branch of Huadian Hubei Power Generation Co.,
Ltd. for the utilization of all the facilities and resources.

Conflicts of Interest: Author Qingyi Li was employed by the company Zhejiang Province Energy
Group Co., Ltd. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Nomenclature

Nomenclature subscripts

A heat exchange area, [m?2] cond conduction

Al enthalpy increments, [k]/kg] conv  convection

k attenuation coefficient f flame

n number of waterwall tubes fsll flame to slagging layer
Q  radiation heat transfer quantity, [W] fw flame to waterwall
q mass flow, [kg/s] inl initial layer

R equivalent radius, [m] rad radiation

T  temperature, [°C] si slagging index

X  radiation angle coefficient sil sintered layer
Greek Symbol sll slagging layer

6 thickness, [m] w waterwall

€ emissivity superscripts

A conductivity, [W/m-K] a assumed

o blackbody radiation constant, [W/ (m2-K* m measured
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