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Abstract: Circulating fluidized bed (CFB) boilers offer a technically viable and environmentally
friendly means for the clean and efficient utilization of solid fuels. However, the complex gas–
solid two-phase flow processes within them have hindered a thorough resolution of prediction
issues related to coupled combustion, heat transfer, and pollutant generation characteristics. To
address the deficiencies in scientific research, meet the practical operational needs of CFB boilers,
and comply with new carbon emission policies, conducting full-scale field tests on large-scale CFB
boilers is needed, so that the complex gas–solid flow, combustion, and heat transfer mechanisms in
the furnace can be comprehended. In this paper, issues related to large-scale CFB boilers, including
the uniformity of air distribution, secondary air injection range, spatial distribution of oxygen
consumption and combustion reactions, distribution of pollutant generation, hydrodynamic and heat
transfer characteristics, coal feeding distribution characteristics, coal diffusion characteristics under
thermal operating conditions, and engineering research on anti-wear technology, are reviewed. By
integrating practical engineering applications, the basic methods and measurement techniques used
in full-scale field tests for large-scale CFB boilers are summarized, providing a practical reference for
conducting engineering tests with large-scale CFB boilers.

Keywords: circulating fluidized bed (CFB); large scale; full-scale field tests; engineering research;
test methods

1. Introduction

In recent decades, with the continuous development of circulating fluidized bed (CFB)
combustion technology, CFB boiler units have been progressing towards larger furnace
scale and higher steam parameters [1,2]. At present, the installed capacity of CFB boiler
units in China exceeds 100 GW, accounting for approximately 12% of the total installed
capacity of coal-fired power generation in the country. Among these, 62 supercritical CFB
boiler units have been commissioned, representing 89% of the global total for commissioned
supercritical CFB boilers, with a total capacity of 87% [3,4]. The gas–solid flow within
the CFB combustion chamber is among the most complex of all gas–solid combustion
processes. In the solid particle circulation loop of a CFB boiler, gas–solid two-phase flow
involves various fluidization states, such as moving beds, bubbling fluidized beds, fast
fluidized beds, and pneumatic transport, as the flue gas velocity varies. This intricate
gas–solid flow process renders the heat transfer and combustion processes within the CFB
boiler particularly complex. Despite significant progress in CFB boiler technology, many
issues such as gas–solid flow, heat transfer, combustion, and pollutant generation in CFB
boilers have not fundamentally been resolved [1,3–5]. At present, experimental research on
the gas–solid flow, combustion, heat transfer, and pollutant generation processes inside
CFB boiler furnaces is primarily concentrated on laboratory-scale CFB and pilot-scale CFB
testing apparatus. Influenced by factors such as differences in furnace cross-sectional area, a
wide range of bed material particle size distribution in actual CFB boilers, and uneven coal
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feeding and air distribution in boiler operations, notable differences in the two-phase flow,
combustion, and heat transfer characteristics exist between industrial-scale CFB setups and
small-scale CFB setups. Although pilot-scale CFB experimental setups have increased in
size compared to laboratory-scale ones, they often feature larger furnace height-to-width
ratios and smaller furnace cross-sectional areas than actual boilers. Differences also exist in
coal feeding and air distribution methods. Therefore, research conclusions obtained from
pilot-scale experiments may still deviate significantly from those of actual boilers. Therefore,
conducting field tests on large-scale CFB boilers would be beneficial for gaining a deeper
understanding of the complex gas–solid flow, combustion, and heat transfer mechanisms
within a CFB boiler furnace, addressing the shortcomings in academic research.

Broad adaptability to various coal types is a primary advantage and a practical choice
for CFB units. In situations involving variable coal types, including co-firing with biomass,
industrial waste, domestic sludge, etc., the composition of the fuel used during the op-
eration of a CFB boiler has often differed significantly from the coal type designed for
use. These differences can result in substantial variations in combustion, heat transfer, and
pollutant generation characteristics within the furnace, causing the boiler to deviate from
its designed operating range [6,7]. How to comprehensively understand the gas–solid
flow, combustion, and heat transfer characteristics within a furnace through a series of
field tests, and determine the extent or range of these deviations, constituted a scientific
challenge posed in the application and development of large-scale CFB boilers. Addressing
this challenge will contribute to controlling pollutant emissions from CFB boilers and
maintaining the normal operation of the units.

Simultaneously, in recent years, there has been a substantial increase in the integration
of renewable energy into the power grid due to changes in environmental protection
policies. This has resulted in significant fluctuations in the power grid load [8]. To ensure the
secure operation of the power grid, CFB boiler units are required to possess the capability
of rapidly adjusting the unit load in emergency situations while carrying the basic load.
To fulfill peak load tasks, the unit monitoring system is expected to accurately acquire the
characteristics of key operating parameters, such as air–coal uniformity and hydrodynamic
characteristics, during rapid load changes. Hence, corresponding scientific questions have
been raised: not only was it necessary to understand the uniformity of gas–solid flow,
combustion, and heat transfer within a furnace under stable operating conditions, but it
was also imperative to address and regulate these parameters under rapidly changing load
conditions for the units.

In addressing the scientific issues raised in the application and development of large-
scale CFB boilers, conducting field tests was considered an effective method for obtaining
more realistic insights into the gas–solid flow, combustion, and heat transfer characteristics
within the furnace of large CFB boilers. These field test results not only contributed to
enriching the theories related to gas–solid flow, combustion, and heat transfer but also
aided in adjusting boiler coal feeding and air distribution strategies effectively, enabling
precise control over the generation and emission of pollutants. Therefore, whether from an
academic research perspective or an engineering application standpoint, conducting field
test research on actual CFB boilers is beneficial. It aids in the development and application
of large-scale CFB boilers.

Distinguished from research conducted on laboratory-scale and pilot-scale experi-
mental setups, the structure and system arrangement of large-scale CFB boilers are more
complex. Large-scale CFB boilers feature characteristics such as multi-point coal feeding,
multi-point ash return, and multi-point air distribution. Simultaneously, there exist chal-
lenges related to the uniformity of gas–solid flow and combustion within the extremely
large furnace space of the boiler. On top of the adjustments in the power grid load, the
process of field tests and measurements is both arduous and intricate, making it challenging
to obtain authentic measurement data.

Addressing the requirements of actual large-scale CFB boiler field tests, a compre-
hensive set of methods and related measurement techniques for engineering tests on
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large-scale CFB boilers are summarized in this paper. These methods have been applied in
both subcritical and supercritical CFB boilers. The main components of the engineering
tests and measurement methods for large CFB boilers, including air distribution unifor-
mity, secondary air injection characteristics, initial distribution characteristics of coal, the
thermal diffusion characteristics of coal, spatial distribution characteristics of oxygen, pol-
lutant distribution, hydrodynamic distribution uniformity, and anti-wear technology, are
reviewed.

Many scholars have made significant contributions to the development of CFB boiler
technology [9–15]. This paper specifically summarized in situ test research and measure-
ment methods that can be implemented on a large-scale CFB boiler. The purpose is to
provide a reference for engineering test research aimed at improving the operational econ-
omy and reliability of CFB boilers. Additionally, it aimed to expand experimental methods
and measurement techniques for a deeper understanding of fluidization theory.

2. Large-Scale CFB Boiler Engineering Tests and Measurement Methods
2.1. Test and Measurement Methods for Air Distribution Uniformity in a Large-Scale CFB Boiler

Primary air not only provides the original power for fluidizing the bed material inside
the furnace but also serves as the initial oxidizer for the combustion reaction of coal. The
uniformity of primary air distribution is crucial in ensuring the fluidization quality within
the furnace of a CFB boiler. Numerous cold-state model tests and simulation calculations
have shown that the uniformity of primary air distribution in CFB boilers is influenced
by the resistance of the air distribution plate [16], as well as the method of air inlet [17,18].
The formation of a recirculation zone inside the air chamber is identified as a major factor
causing uneven air distribution [19], while the air velocity distribution is relatively less
affected by temperature [20]. However, there has been limited research on this topic from
field tests. Meng et al. [21], analyzed the issue of low air velocity on both sides of the air
chamber and excessive air volume in the central part for a 300 MW CFB boiler with air
inlet on the short sides. They pointed out that the uneven static pressure distribution in
the air chamber was the main cause of uneven primary air distribution and proposed a
modification plan to achieve uniform air distribution by increasing the resistance of the air
cap in the central region. Zhang et al. [22] and Li et al. [23] reflected the unevenness of air
distribution from the perspective of bed pressure fluctuation. They mainly analyzed the
instability of lateral movement of bed material on a large bed surface and the impact of
return ash on bed pressure fluctuations.

Yan et al. [24,25] conducted cold-state measurements on the primary air distribution
uniformity of the air distribution plates in a 600 MW supercritical CFB boiler. The boiler
features a “pant-leg” furnace structure with a single furnace chamber and dual air distribu-
tion plates. Each side of the air distribution plate is 4 m wide and 27.9 m deep. Due to the
influence of the “pant-leg” structure, there is a 72◦ tilt angle on the inner wall. The air is
supplied through the rear wall, and a recirculation zone is prone to occur in the rear wall
section, leading to uneven air distribution along the depth direction of the furnace.

During the measurement, each air distribution plate was uniformly divided into 5 × 28
rectangular sections using a grid method. Each grid was approximately 1 m × 1 m (with a
width of 0.5 m on both sides). The grids were numbered sequentially along the width of the
furnace from A to E and along the depth direction from the front wall to the rear wall from 1
to 28, as shown in Figure 1. The measurement points were located at the center of each grid,
1.2 m away from the air distribution plate. Five measurements were taken at each point,
and the average value was calculated. For the measurements, iron rods of appropriate
length were used to fix the measuring instrument at the measurement height. The KA23
thermal anemometer was selected as the measuring instrument, with a measurement range
of 0 to 50 m/s and a measurement accuracy of 0.01 m/s. The uniformity of primary air
distribution was measured under fans output loads of 100%, 85%, and 70% in the cold state.
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Figure 1. Generation of the air distributor in the right furnace of the 600 MW CFB boiler, with each
mesh corresponding a measuring point [24].

Figure 2 presents the velocity contour maps of the left and right air distribution plates
in the cross-section of the 600 MW supercritical CFB boiler under measurement conditions.
It can be observed that the low-speed area at the rear of the air chamber was more extensive
than the front, and there were random points with relatively high wind speeds.
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Figure 2. Contours of velocity magnitude over the left and right air distributor plates under various
air volumes. (a) Left—100% load; (b) right—100% load; (c) right—85% load; (d) right—70% load [25].

Figure 3 reflects the velocity distribution in the width direction of the air chamber
under different loads corresponding to fluidization air volume. The inclination of the inner
wall and the distance between the first row of air caps and the inner wall resulted in lower
velocities near the inner wall.

Figure 4 illustrates the velocity distribution along the length direction of the air
chamber, showing similar and fluctuating velocity distributions under different operating
conditions. This was speculated to be due to the replacement of some air caps after long-
term operation and maintenance, resulting in differences in the integrity of each air cap.
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In addition, utilizing capacitance probe detection technology to measure the solid
suspension density in specific regions of the furnace is an effective method for conducting
uniformity experiments on CFB boilers [26,27]. The dielectric constant of the local region in
the two-phase flow can be obtained through the capacitance measurement system. This
dielectric constant is related to the void fraction. Werther and Molerus [28] were among
the pioneers in using needle-type capacitance probes to measure bubble characteristics
in fluidized beds. However, traditional capacitance measurement systems, influenced
by the capacitance between the probe and cables, may lead to system instability. Riley
and Louge [29] introduced a guard electrode to shield external capacitance interference,
significantly enhancing the sensitivity and stability of capacitance probes. With the matu-
ration of capacitance probe detection technology, it has found widespread application in
measuring cold-state and full-scale experimental solid concentrations in specific regions of
CFB reactors.

Guo et al. [30] used capacitance probes to compare the impact of high-pressure drop
air caps and low-pressure drop air caps on the voidage in the riser in a laboratory-scale
CFB reactor. Chen et al. [31] employed a similar method to determine the fluidization range
of the air cap in actual large-scale CFB boilers. Sun et al. [32,33] borrowed from similar
principles and conducted uniformity tests on the cold dense phase zone in the external heat
exchanger beds of a 600 MW CFB boiler using a self-made resistance probe. They found
that wall surface roughness had a significant impact on fluidization quality. An area of
poor fluidization quality was identified near the rough wall surface.

Hage at el. [26] reported a water-cooled needle-type capacitance probe measurement
system designed for in situ measurements in a full-scale setting, illustrated in Figure 5.
The main body of the water-cooled capacitance probe was constructed from stainless
steel with an outer diameter of 14 mm. The probe extended 14 mm beyond the water-
cooled sleeve to prevent the probe from reaching too low temperatures, which could
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lead to ash deposition during the in situ measurement process. The measurement area
of the probe was a cylindrical region with the same length (7 mm) as the exposed probe
electrode and the same diameter (6 mm) as the ring electrode. A coaxial steel pipe was
added between the probe electrode and the ground ring electrode as a protective device,
and a ceramic tube was used to maintain electrical insulation between the electrodes.
During capacitance probe measurements, the results were significantly influenced by
the temperature of the measurement area. Therefore, obtaining real-time temperature
information for the measurement area is crucial. Hage also introduced a water-cooled
needle-type capacitance probe with a thermocouple, as depicted in Figure 6. Calibration of
this testing system was conducted on a pilot-scale CFB experimental platform.
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Hage and Werther [34] conducted field tests on a 109 MW CFB boiler using a water-
cooled needle-type capacitance probe measurement system similar to that shown in Figure 5.
In the full-scale test, there were slight modifications to the capacitance probe structure
compared to Figure 5. To ensure the strength of the capacitance probe, the outer diameter
of the water-cooled sleeve was increased to 22 mm, and the exposed probe electrode length
was reduced to 5 mm to prevent probe bending. The 109 MW CFB boiler had a height of
28 m, a width of 4.74 m, and a depth of 5.1 m. During the experiment, six measurement
points were set in three layers on the left wall of the boiler, with a maximum measurement
depth of 1 m at each point. The schematic diagram of the measurement point locations
is shown in Figure 7. Relevant field tests were conducted under 100% boiler maximum
continuous rating (BMCR) load conditions.

The relevant study reported variations in furnace temperature, solid particle velocity,
and solid particle volume fraction at different depths near the water-cooled wall at measure-
ment points #4, #5, and #6, as depicted in Figures 8–10. In the near-wall region within a 1 m
range, the temperature variation trend is shown in Figure 8. A temperature boundary layer
with significant changes was observed within the 0–400 mm thickness range, exhibiting a
temperature difference of approximately 150 ◦C. As illustrated in Figure 9, a rapid change
region in solid velocity was present within the 0–400 mm range. With increasing depth, the
solid velocity quickly increased from −3~−1.5 m/s to 4~7 m/s and remained relatively
stable. The region of rapid change in furnace temperature coincided with the region of
rapid change in solid particle velocity.
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The trend of solid volume fraction variation in the near-wall region at 0–200 mm is
shown in Figure 10. It was observed that the solid volume fraction values at different
measurement points were similar, with consistent trends. Within the 0–50 mm range, the
solid volume fraction decreased rapidly and eventually stabilized around 0.0015. The
results of the relevant field tests validated the existence of a “core-annular” structure in
industrial CFB boilers, and the range of particle clusters in the downflow near the wall was
approximately 0–100 mm.

Wiesendorf et al. [35,36] further introduced various capacitance probes, including
non-water-cooled ones, capacitance probe testing systems with zirconia probes (to measure
the impact of oxygen content in the measurement area), dual-probe capacitance probes, and
more. These variations aimed to address the challenges posed by complex and dynamic
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field test scenarios. Conducting field tests at the bottom of a 250 MW CFB boiler, they
compared the test results with those from laboratory-scale cold-model experiments. The
comparison demonstrated that even under the complex gas–solid flow conditions in an
industrial-scale CFB boiler, capacitance probe testing technology can achieve good results
in experiments on the fluidization uniformity of local regions.
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2.2. Secondary Air Injection Range and Influencing Characteristics in a Large-Scale CFB Boiler

CFB boilers often have secondary air nozzles arranged at the boundary between the
dilute phase and dense phase in a furnace, which significantly influences the fluidization
construction of the dilute phase fast fluidized bed and the formation of the “core-annular
flow”. On the other hand, the secondary air plays a crucial role in staged combustion,
contributing to the boiler’s combustion efficiency and pollution control. The impact of
secondary air on gas–solid flow and the combustion process is closely related to the
penetration performance and influence range of the jet. Current research on secondary
air jets is mostly limited to laboratory-scale cold-model test devices using tracer methods.
Ersoy et al. [37] studied the influence of the secondary air rate on particle velocity. Kim and
Shakourzadeh [38], and Marzocchella and Arena [39] investigated the impact of secondary
air jets on particle concentration in the adjacent region. Li et al. [40] and Ji et al. [41]
examined the influence of nozzle shape on secondary air jets from different perspectives.
Due to the differences in dimensions between actual boilers and cold-model test devices,
as well as a wide range of bed material particle size distribution in actual boilers, there
are certain discrepancies in the diffusion characteristics of the secondary air jets between
the cold-state test device and the actual boiler. However, corresponding studies on full-
scale boiler field tests are limited. Wang et al. [42] conducted a detailed air distribution
adjustment for a 440 t/h CFB boiler in a power plant. By adjusting the air volume ratio of
secondary air at different heights and using the temperature field and carbon content of
fly ash as criteria, they investigated the impact of air distribution on combustion efficiency
inside the furnace.

Yan et al. [25,43] conducted a systematic study on the secondary air system air distribu-
tion uniformity, penetration range, and influence area of a 600 MW supercritical CFB boiler
using a sampling device adapted for high-temperature positive pressure dust-containing
flue gas inside the furnace. The secondary air system of the 600 MW supercritical CFB
boiler was symmetrically arranged on the left and right, with the air distribution shown
in Figure 11. The boiler was equipped with two layers comprising a total of 42 secondary
air nozzles. The lower layer was called the internal lower secondary air (ILSA), located
about 2.5 m from the air distribution plates. The higher layer was divided into internal
upper secondary air (IUSA) and outside upper secondary air (OUSA), located about 5.5 m
from the air distribution plates. To extend the range of secondary air injection, all the
nozzles were inclined 30◦ downward horizontally. To investigate the penetration range and
influence characteristics of the secondary air, the air velocity of each secondary air nozzle
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was initially balanced in the cold state. Pre-installation and calibration of venturi tubes
for measuring the secondary air velocity were carried out on the anticipated measurement
branches of the secondary air pipes. The cold-state measurement results were corrected for
air temperature and specific volume to obtain the velocity of each secondary air nozzle in
the hot state.
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Under the boiler’s thermal operating conditions, flue gas sampling devices were
installed on the #3 OUSA and #4 OUSA pipes on both sides of the boiler, and flue gas was
extracted point by point along the horizontal axis through the center of the secondary air
nozzles for component analysis. Due to the special design of the ash return ports and coal
feeding ports for this boiler, four flue gas sampling points were added at the corners on
both sides of the boiler’s rear wall. The schematic diagram of the measurement point layout
is shown in Figure 12. The lower measurement points and upper measurement points in
the corners of the rear wall were composed of sleeves and sealed ball valves, with distances
of 1.93 m and 7.5 m from the air distributor plates, approximately 2.1 m from the #8 OUSA,
and about 0.5 m from the rear wall. The lateral and longitudinal diffusion characteristics of
the secondary air were reflected based on the distribution of oxygen concentration.
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For the measuring points arranged on the secondary air nozzles on both sides of the
wall, the maximum sampling depth was 4 m; for the measuring points in the corners of the
rear wall, the maximum sampling depth was 1.5 m.

The characteristics of the secondary air injection were measured for the 600 MW
supercritical CFB boiler under 60% and 100% BMCR loads.

Due to the intense combustion near the height of the secondary air nozzles and the
high pressure in the upper part of the dense phase zone of a CFB boiler, where strong gas–
solid mixing occurs, the safety and accuracy of the tests were challenging. To address the
challenges, a sampling device designed to adapt to the high-temperature positive-pressure
dust-containing flue gas inside the furnace (obtained a Chinese invention patent) was
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employed during the field test process. The schematic diagram of the sampling device is
shown in Figure 13. The sampling device included a fixed pipe (1), a high-temperature
ball valve (2), a sealed connector (3), an anti-spray device (4), and a multi-stage sampling
pipe (5). The fixed pipe was welded to the furnace wall. The sealed connector consisted
of a connecting pipe and a sealed ball valve, and the anti-spray device was composed
of a connecting pipe and a perforated end cap connected by threads. The sampling pipe
was manufactured in multiple sections and connected by threads. The flue gas treatment
process is shown in Figure 14, mainly composed of the sampling tube, filter bottle, vacuum
pump, and flue gas analyzer.

Energies 2024, 17, x FOR PEER REVIEW  10  of  39 
 

 

 

Figure 12. Layout of measurement points of secondary air  jet characteristics test in 600 MW CFB 

boiler. (a) Right wall; (b) rear wall[25]. 

Due to the intense combustion near the height of the secondary air nozzles and the 

high pressure in the upper part of the dense phase zone of a CFB boiler, where strong gas–

solid mixing occurs, the safety and accuracy of the tests were challenging. To address the 

challenges, a sampling device designed to adapt to the high-temperature positive-pres-

sure dust-containing flue gas inside the furnace (obtained a Chinese invention patent) was 

employed during the field test process. The schematic diagram of the sampling device is 

shown in Figure 13. The sampling device included a fixed pipe (1), a high-temperature 

ball valve (2), a sealed connector (3), an anti-spray device (4), and a multi-stage sampling 

pipe (5). The fixed pipe was welded to the furnace wall. The sealed connector consisted of 

a connecting pipe and a sealed ball valve, and the anti-spray device was composed of a 

connecting pipe and a perforated end cap connected by threads. The sampling pipe was 

manufactured in multiple sections and connected by threads. The flue gas treatment pro-

cess is shown in Figure 14, mainly composed of the sampling tube, filter bottle, vacuum 

pump, and flue gas analyzer. 

 

Figure 13. Schematic diagram of high-temperature positive-pressure dust-containing flue gas sam-

pling device[25]. 

 

Figure 14. Flow chart of flue gas sampling [25]. 

Figure 13. Schematic diagram of high-temperature positive-pressure dust-containing flue gas sam-
pling device [25].

Energies 2024, 17, x FOR PEER REVIEW  10  of  39 
 

 

 

Figure 12. Layout of measurement points of secondary air  jet characteristics test in 600 MW CFB 

boiler. (a) Right wall; (b) rear wall[25]. 

Due to the intense combustion near the height of the secondary air nozzles and the 

high pressure in the upper part of the dense phase zone of a CFB boiler, where strong gas–

solid mixing occurs, the safety and accuracy of the tests were challenging. To address the 

challenges, a sampling device designed to adapt to the high-temperature positive-pres-

sure dust-containing flue gas inside the furnace (obtained a Chinese invention patent) was 

employed during the field test process. The schematic diagram of the sampling device is 

shown in Figure 13. The sampling device included a fixed pipe (1), a high-temperature 

ball valve (2), a sealed connector (3), an anti-spray device (4), and a multi-stage sampling 

pipe (5). The fixed pipe was welded to the furnace wall. The sealed connector consisted of 

a connecting pipe and a sealed ball valve, and the anti-spray device was composed of a 

connecting pipe and a perforated end cap connected by threads. The sampling pipe was 

manufactured in multiple sections and connected by threads. The flue gas treatment pro-

cess is shown in Figure 14, mainly composed of the sampling tube, filter bottle, vacuum 

pump, and flue gas analyzer. 

 

Figure 13. Schematic diagram of high-temperature positive-pressure dust-containing flue gas sam-

pling device[25]. 

 

Figure 14. Flow chart of flue gas sampling [25]. 
Figure 14. Flow chart of flue gas sampling [25].

The distribution of oxygen concentration in the flue gas measured during the full-
scale tests of secondary air injection is shown in Figure 15. Regardless of the load, the
oxygen concentration in the furnace showed a distribution trend of “decrease–increase–
decrease.” Since the oxygen concentration along the axis of the secondary air nozzles
did not monotonically decrease, it indicated that under the condition of a 30◦ downward
inclination of the secondary air nozzles, the trajectory of the jets must first bend downward
and then curl upward, as shown in Figure 16. According to the measurement curves,
it can be inferred that the oxygen content decreased in the range of 0–1 m, indicating a
downward trend in the jet trajectories, and the measurement points deviated from the jet
axis. However, at a distance of 2 m from the furnace wall, the oxygen content in the flue
gas reached maximum values, indicating that the central axis of the jets rose again to the
measurement points 2 m from the furnace wall. This position was referred to as the core
jet depth.

From Figure 15, it can be seen that at 60% BMCR load, the oxygen content in the flue
gas at a distance of 4 m from the front wall was significantly lower than the oxygen content
at 100% BMCR load. This indicated that at low loads, jet trajectories were unlikely to reach
the central area of the furnace due to the low secondary air velocities. Conversely, at nearly
100% BMCR load, although the pressures in the furnace at the location of the secondary air
nozzles were relatively high (equivalent to the back pressure of the secondary air nozzles),
the secondary air jets could still basically reach the central area of the furnace.

From Figure 15, it can also be observed that even under hot conditions, the air velocities
of each secondary air nozzle were generally similar. However, under 100% BMCR load,
there were still significant differences in oxygen concentrations at the same measurement
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depth for each secondary air nozzle. This difference was closely related to the unevenness
in the coal feeding process and fluidization inside the furnace. Specifically, the varying
horizontal distances of different secondary air nozzles from nearby coal feeding ports, along
with certain deviations in the coal feeding rates for each coal feeding port, contributed to
the differences in oxygen concentration distribution.
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Figure 16. The schematic diagram of the SA jet trajectories [25].

As the boiler underwent optimization for the uniformity of primary and secondary
air before the test, it can be assumed that the air distribution in the furnace was uniform.
Therefore, it can be considered that the oxygen concentration distribution trends in various
regions of each secondary air nozzle were similar. The distribution of oxygen concentration
in the furnace was also influenced by coal and return ash. The measurement points in
the #3, #4, and rear wall corner were at different distances from the return loop’s return
ports and external heat exchanger’s return ports. By comparing the oxygen concentration
measurement differences at these three points, the distribution of oxygen concentration in
the furnace was adjusted, and the oxygen concentration distribution map of the horizontal
plane of the upper secondary air nozzle could be obtained, as shown in Figure 17. From
Figure 17, it can be observed that even under 100% BMCR load, there were oxygen-deficient
zones between adjacent secondary air nozzles. Additionally, on the horizontal plane of the
upper secondary air nozzle, the impact range of the internal and outer secondary air jets
did not cover the entire width of the furnace.
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distributor at 100% BMCR load [25].

2.3. Spatial Distribution Characteristics of Oxygen Consumption and Combustion Reactions
in a Furnace

With the development of large-scale CFB boilers, the cross-sectional area of a furnace
has relatively increased, while the effective heating surface area has decreased. To ensure
the heat absorption by the working medium, a large number of high-temperature heat
exchange platens have been arranged in the dilute phase zone of a furnace in the form of
wing wall platens. The heat exchange of the wing wall platen is influenced by the gas-solid
flow characteristics and fuel combustion characteristics in the upper part of a furnace.

To assess the uniformity of the mixture of air and coal and the combustion situation
in the upper part of a furnace, Liu et al. [44] conducted field tests of flue gas composition
for a 50 MW CFB boiler using a self-made water-cooled sampling tube with a diameter of
32 mm and a length of about 3.7 m. Measurement points were arranged in three layers
above the secondary air nozzles at 1.4 m, 10.4 m, and 15 m, respectively. It was found that
there was a triangular oxygen-deficient zone in the central area of the furnace, and with the
increase in height, the oxygen concentration gradually increased, and the CO concentration
gradually decreased.

Yan et al. [25,45] conducted sampling and measurements of oxygen concentration in
the flue gas at near-wall locations in the dilute phase zone and at the inlet and outlet of
the cyclone separators in a 600 MW supercritical CFB boiler under 60% and 100% BMCR
loads. The furnace of the boiler was approximately 55 m high, and six cyclone separators
were symmetrically arranged on the left and right sides of the furnace. The outlets of the
separators on one side were arranged in parallel. Sampling points in the dilute phase
zone were arranged in two layers: the first layer was located at the coal-feeding machine
platform, about 25 m from the air distributor plates. The second layer was located at the
upper part of the entrance of superheater platens, about 38 m from the air distributor plates.
The sampling points were evenly distributed on each side, as shown in Figure 18.
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Under 60% and 100% BMCR loads, the oxygen concentration distribution near the
furnace wall at heights of 25 m and 38 m from the air distributor plates is shown in Figure 19.
Due to blockages, a few points had no measurement data. It can be seen from the figure
that the oxygen concentrations at corresponding positions on the left and right walls of the
furnace at the same height were similar, while the difference in oxygen concentrations in
the same side wall area was large. The uneven distribution of oxygen concentration in the
dilute phase zone was mainly reflected in the depth direction of the furnace.
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Under 60% BMCR load, the oxygen concentrations at the front wall at 25 m were
all less than 1%, indicating an oxygen-deficient atmosphere, while the average oxygen
concentration at the rear wall was close to 5%. The reason was that it was crucial to ensure
the outlet steam temperature of the final-stage reheater at low loads. The final-stage high-
temperature reheaters of this boiler were arranged in external heat exchangers on the front
wall side. Therefore, under low-load conditions, it was necessary to add more coal to the
front wall side to maintain a higher flue gas temperature at the furnace outlet on the front
wall side as much as possible. This was to ensure that the high-temperature circulating ash
entering the external bed on the front wall side had sufficient heating capacity. This also
indicated that, to ensure a boiler had good internal gas–solid flow, combustion, and heat
transfer characteristics during operation, the heating surfaces, coal feeding ports, and ash
return ports should be designed as uniformly as possible during boiler design.

As the gas–solid flow rose to 38 m, the oxygen concentrations at the front wall slightly
increased, indicating the lateral diffusion of flue gas. However, the average oxygen con-
centrations at the rear wall did not change significantly. Compared with low load, under
100% BMCR load, the oxygen concentrations at the two layers of measurement points were
significantly lower, but the distribution patterns of the front and rear walls were exactly
opposite, with the rear wall area showing obvious oxygen deficiency.

As the flue gas ascended from 25 m to 38 m, the combustion intensity (oxygen con-
sumption) varied with the load. At 100% BMCR load, the average decrease in oxygen was
0.530%, while at 60% BMCR load, the average decrease was 0.386%. This indicates that the
combustion intensity was higher in the fast fluidized bed state (100% BMCR load) than in
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the dilute phase pneumatic transport state (60% BMCR load). The reason was that in the
fast fluidized bed state, the bed material concentration in the dilute phase zone was higher,
and the unburned carbon in the bed material consumed more oxygen. The combustion
intensity was also influenced by temperature; at 100% BMCR load, the temperature in the
dilute phase zone of the furnace was higher.

2.4. Field Test Methods for the Distribution of Pollutant Generation in a Furnace

Due to the uneven distribution of primary air, coal feeding, secondary air, and return
material in large-scale CFB boilers, the combustion and heat transfer processes within the
furnace become uneven. Uneven combustion inside the furnace can cause local deviations
in oxygen concentration and temperature from the optimal range for pollutant control,
leading to excessive pollutant generation in specific areas. Adjusting boiler operating
parameters based on the distribution of flue gas pollutants within the furnace may be
the most effective and economical means of emission reduction. Therefore, it is crucial
to measure the distribution of pollutants inside large-scale CFB boilers. However, due to
the large furnace space in large-scale CFB boilers, it is very difficult to directly measure
pollutant concentration distribution inside a furnace.

Hartge et al. [46] conducted field tests on a 235 MW CFB boiler to measure flue gas
composition using a water-cooled flue gas sampling device. The water-cooled flue gas
sampling device used in the test is illustrated in Figure 20. To prevent ash deposition
caused by local low temperatures, the flue gas sampling port protrude from the water-
cooled sleeve. Additionally, a ceramic filter candle is placed outside the sampling port to
filter solid particles in the flue gas, and a metal clamp is used to secure the ceramic filter
candle. To prevent distortion in the analysis of flue gas composition due to the flue gas
being too cold during sampling, an electric heating layer is added outside the flue gas
sampling tube within the water-cooled sleeve. Under the action of the suction pump, the
flue gas is filtered after passing through the water-cooled sampling tube and finally enter
the flue gas analyzer for real-time measurement.
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The 235 MW CFB boiler adopts an M-type structure with a furnace height of 42 m,
width of 21.1 m, and depth of 9.9 m. It has two separators arranged on the boiler’s rear
wall side, with each separator equipped with two return pipes. Coal is supplied through
four coal feeding ports evenly distributed at the front wall and four return pipes at the rear
wall. In the process of the field tests, a total of 24 flue gas sampling points were arranged in
six layers on the water-cooled wall. The distribution schematic of the flue gas sampling
points is depicted in Figure 21. Throughout the tests, the boiler was maintained at 100%
BMCR load operation.

Due to significant differences in the time intervals for flue gas sampling measurements
at various points, Hartge normalized the measured flue gas concentrations. This normaliza-
tion allowed for the comparison of flue gas component concentrations at different points
during different operating times. The specific data processing methods were detailed in the
original text. Due to space constraints, this paper selectively reported data from points near
the centerlines of the front and rear walls within the furnace height range of 3.8–36.7 m.
The corresponding distribution curves for flue gas components are shown in Figures 22–25.
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Figure 22 illustrates the variation trend of oxygen content along the measurement
depth at the centerlines of the front and rear walls inside the furnace at different heights.
An oxygen-depleted zone of approximately 0.5 m thickness was observed near the water-
cooled wall surface. As the measurement depth increased, CO concentration decreased in
the 0–0.5 m range, remained relatively stable in the 0.5–1 m range, and then started to rise,
as shown in Figure 23. The changing trend in CO concentration confirmed the existence of
the oxygen-depleted zone, suggesting the presence of an oxygen-deprived environment
even at the center of the furnace.

Simultaneously, it was noticeable that at the same measurement height, the concentra-
tions of O2 and NO in the rear wall region were generally significantly higher than those in
the front wall region. Conversely, the concentrations of CO and SO2 in the front wall region
were generally higher than those in the rear wall region, as shown in Figures 24 and 25. This
suggested that the rear wall region exhibited a stronger oxidizing atmosphere. The uneven
distribution of pollutants in the front and rear wall regions was presumed to be related to
coal diffusion. In the region near the rear wall of the furnace, coal particles were introduced
into the return pipes and, along with circulating ash, entered the furnace. This resulted in
stronger coal diffusion near the rear wall, allowing it to be transported to areas closer to
the center of the combustion chamber. In contrast, coal particles in the front wall region
were fed through coal feeding ports at the front wall, and the coal particles introduced
through these ports had relatively weaker diffusion capabilities. As a result, more coal
particles tended to be concentrated near the front wall region. This resulted in greater
oxygen consumption near the front wall, creating a stronger reducing atmosphere. The
reducing atmosphere in the front wall region inhibited the generation of nitrogen oxides,
and the lower oxygen content made it more challenging for SO2 to react with limestone.
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This ultimately led to lower NO concentration and relatively higher SO2 concentration near
the front wall.

The results of the field tests on the 235 MW CFB boiler also confirmed the relatively
weak lateral diffusion ability of flue gas in industrial-scale CFB boilers. The uneven
distribution of pollutants in the dense phase region of the furnace due to uneven coal
distribution persisted all the way to the top of the furnace.

Taking advantage of the previously analyzed feature of low lateral mixing intensity in
the upper furnace flue gas, the distribution of flue gas components (including pollutant
components) inside the furnace can be indirectly inferred by measuring the distribution of
flue gas composition along the height of the horizontal section at the inlet of the separators.

Yan et al. [25,47] conducted field tests of flue gas pollutants components in the dilute
phase zone and the horizontal flue of a 300 MW subcritical CFB boiler. The boiler used
an “M-shaped” arrangement with a single furnace and a single air distribution plate
structure. The furnace was 28.3 m wide, 9.8 m deep, and approximately 40 m high, with
three evenly equipped cyclone separators on the rear wall side. The arrangement of flue
gas measurement points is shown in Figure 26, with measurement points located at the
entrance of the superheater platens on the front and rear walls of the furnace. The bottom
of the superheater plates was approximately 20 m from the air distribution plate. Six
measurement points were evenly arranged on both the front and rear walls, and the flue
gas sampling devices were similar to the secondary air jet tests, with a maximum sampling
depth of 5 m. The points were numbered from the left wall to the right wall as #1–#3, and
the furnace was simultaneously divided into three regions. A flue gas sampling point was
arranged at the inlet of each separator’s horizontal flue. Due to the height of the horizontal
flue reaching approximately 10 m, the sampling tube was suspended from the top into the
flue for measurement, with a maximum sampling depth of 8 m. To eliminate the influence
of the urea injection nozzles, the measurement points were set in front of the urea injection
nozzles. The boiler maintained stable operation at 90% BMCR load during the field tests.
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The distribution of flue gas components concentrations in the furnace’s dilute phase
zone along the depth direction is shown in Figures 27–29.

It can be observed that in the #1 region, the average oxygen concentration within 1.5 m
of the front wall was close to 2%, and the oxygen concentration distribution was uniform
within 5 m of the rear wall, with an average of about 0.5%, which was approximately 1%
lower than the front wall. The NOx concentrations at the front wall gradually decreased,
while the NOx concentration distribution at the rear wall was relatively uniform. The high
CO concentration in the central area of the furnace, to some extent, inhibited the generation
of NOx.

Due to the adoption of wet flue gas desulfurization in the boiler and the absence of
limestone injection into the furnace, the distribution of SO2 concentration in the furnace
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to some extent reflected the coal distribution. Experimental results revealed that the coal
distribution in this boiler was not very uniform.
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In the #2 region, the average oxygen concentration was significantly higher than in
the #1 and #3 regions, and the average SO2 concentration was only half of that in the #1
region, indicating an overall lower coal feeding rate in the #2 region. Additionally, the #2
region had a higher oxygen concentration at the front wall, suggesting a situation where
there was less coal distributed on the front wall side and more on the rear wall side.

In the #3 region, the SO2 concentration at the front wall was close to twice that on the rear
wall side, indicating a smaller coal feeding air in the #3 region, with more coal gathering in the
front wall area. The higher coal concentration at the front wall created a reducing atmosphere
on the front wall side, suppressing the generation of NOx on the front wall side.

Combining the cold-state test results of coal distribution characteristics in Section 2.6
of this paper, it can be found that the initial distribution of coal in the dilute phase zone did
correspond to the distribution characteristics of flue gas components.

The distribution of flue gas components along the height direction of the horizontal
flue at the inlet of the separators is shown in Figures 30–32. Due to the location of the
furnace outlet flue windows on the rear wall, it can be inferred based on this characteristic
that the flue gas at the top of the horizontal flue was mainly affected by the front wall side
flue gas, the bottom area was mainly affected by the rear wall side flue gas, and the middle
area was affected by the flue gas in the central area of the furnace.
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From the measurement data of the #1 horizontal flue, it was observed that the oxygen
concentrations decreased linearly from 2.7% at the top to 0.37% downward, aligning with
the trend of oxygen concentrations distribution depicted in Figure 27.

The NOx concentrations distribution showed an increasing trend followed by a de-
creasing trend, and the average NOx concentration was higher than the corresponding
NOx concentration in the dilute phase zone, indicating the continuous generation of NOx
between the dilute phase zone measurement points and the outlet flue windows.

In the #2 horizontal flue, the highest average oxygen concentration reached 7.32%. The
oxygen concentrations showed a decreasing trend from top to bottom, consistent with the
distribution in the corresponding dilute phase zone. Due to the relatively large amount
of coal feeding in the rear wall area and the relatively sufficient oxygen content in the #2
region, the NOx concentration at the bottom of the horizontal flue was higher.

The results of these tests indicated that the uneven distribution of air distribution and
coal feeding in large-scale CFB boilers had a significant impact on the distribution of flue gas
pollutants, and this effect persisted at least to the inlet of the horizontal flue of the separators.
Therefore, ensuring the uniformity of combustion in the secondary air region was crucial
for the safety, economy, and environmental compliance of a boiler operation. By measuring
the distribution of flue gas components at the inlet of the separators, the characteristics of
flue gas components distribution inside a furnace can be indirectly determined.

2.5. Field Test Methods for Hydrodynamic Uniformity and Heat Transfer Characteristics
in a Large-Scale CFB Boiler Furnace

During the rapid load change process, the variation characteristics of key operating
parameters such as hydrodynamics play a crucial role in the safe operation of the units.
Especially in supercritical CFB boilers using Benson vertical tube technology, the lower mass
flow rate inside the water-cooled wall tubes raised concerns regarding hydrodynamic safety.
The hydrodynamic characteristics of CFB boilers are not only related to the arrangement
of heating surface structures but also have a direct connection with combustion and heat
transfer within the furnace. Therefore, conducting relevant field test research to obtain the
actual heat transfer situation inside a large CFB boiler is crucial.

The heat transfer coefficient on the furnace side of a CFB boiler is influenced by factors
such as the void fraction inside the furnace, the particle diameter of solid particles, and
other related factors. Xu et al. [48] conducted studies using a cold-state CFB experimen-
tal setup with a riser height of 60 m. This experimental setup was installed within the
framework of a 600 MW CFB boiler. Laser fiber probes were employed to measure various
parameters at 30 measurement points distributed along the height of the riser. These pa-
rameters included gas–solid concentration changes, variations in average particle size, and
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the downward velocity of particle clusters along the wall. Leckner and Andersson [49,50]
conducted experiments on a laboratory-scale CFB reactor, obtaining variations in particle
suspension density along the furnace height and obtaining heat transfer coefficients. How-
ever, Johansson et al.’s [51] report also indicated that due to the significant differences in
height-to-width ratios between actual boilers and laboratory-scale CFB reactors, empirical
correlations obtained from laboratory-scale reactors for predicting solid distribution in the
furnace may differ from the actual furnace. Therefore, in large-scale CFB boilers, field tests
of solid suspension density and heat flux density were essential. Hartge et al. [52] used
water-cooled probes to conduct field tests of local temperature, solid particle velocity, and
solid volume concentration in a 235 MW CFB boiler. They verified the existence of the
core-annular flow structure in the gas–solid two-phase flow inside the furnace.

Zhang et al. [53] designed a momentum probe and a non-isokinetic particle sampling
probe for measuring gas–solid flow and solid flow flux in CFB boiler furnaces, and they
validated these designs on a 12 MW pilot-scale CFB reactor.

The non-isokinetic particle sampling probe is depicted in Figure 33. The probe has an
inner diameter of 16 mm and a total length of 1.5 m. During operation, dust-laden flue gas
is drawn into the water-cooled probe by the action of a vacuum pump. Subsequently, solid
particles are separated by a cyclone separator and collected in the lower solid storage tank,
which is equipped with an ash discharge valve at the bottom. A rotor flowmeter and two
adjustable valves are installed between the separator and the vacuum pump to ensure a
stable suction rate during the test.
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The weight of collected solid particles divided by the sampling time yields the average
solid particle flux. The momentum probe is depicted in Figure 34. The momentum probe
consists of two parallel tubes with an inner diameter of 8 mm each. The tubes have bent
ends at right angles, pointing towards the furnace above and below. At the tail ends of both
tubes, purge air is supplied to prevent blockages and improve momentum transfer between
the gas and solid phases. Two sets of rotor flowmeters are used to monitor and control the
purge air flows for each tube separately. Each tube’s tail end is equipped with a pressure
measurement point, and before the test, the pressure difference inside the two tubes needs
to be zeroed. During the test, the particle momentum flux is obtained by calculating the
pressure difference between the upper and lower tubes.

Johansson et al. [54], using the mentioned solid momentum probe, conducted field
tests with a total of 25 points arranged along the centerline of the front and rear walls and at
two cross-sectional heights in a 235 MW CFB boiler, obtaining expressions of the thickness
of the solids wall layer. However, as the parameters of CFB boilers increase, the mass
flow rate inside the water-cooled wall tubes of supercritical CFB boilers become smaller,
resulting in smaller tube diameters and narrower tube spacing. This limitation restricts the
in situ application of water-cooled measuring instruments with larger outer diameters.
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Mickley and Fairbanks [55] proposed a particle packet renewal model that was consid-
ered to be closer to the measured heat transfer coefficients values inside the furnace and
has been widely accepted by most scholars. Subsequent modifications were made to this
model [56–60]. For supercritical CFB boilers, measuring furnace temperatures and solid
particle suspension density at different heights in the furnace and calculating the furnace
side heat transfer coefficient based on this information was considered a viable solution.

Blaszczuk et al. [61–64] conducted field tests on a 460 MW supercritical CFB boiler
and obtained the furnace side heat transfer coefficient for this boiler based on a particle
packet renewal model. The 460 MW supercritical CFB boiler featured a modular design
with a furnace height of 48 m, width of 10.6 m, and depth of 27.6 m. Four temperature
measurement points with pressure measurement points at the centerline of the front wall
in the range of 12–42.4 m were arranged. The schematic diagram of the measurement point
locations is shown in Figure 35. Field tests were conducted at boiler loads of 100% BMCR,
80% BMCR, 60% BMCR, and 40% BMCR, respectively.

Figure 35. Schematic diagram of measurement points of 460 MW CFB boiler [63].

By measuring the furnace pressure differences at different heights, the average sus-
pended solid density at each height in the furnace could be obtained, as shown in Figure 36.
It can be observed that, under different loads, the trend of particle suspension density
on the furnace side was consistent, decreasing exponentially with an increase in furnace
height. This was because, with a decrease in boiler load, the solid particle inventory in the
furnace and secondary air flow decreased, leading to a reduction in particle suspension
density at the same height. The average heat transfer coefficients at different heights in the
furnace under various loads were calculated based on suspended solid density and furnace
side temperature, as shown in Figure 37. In the dilute phase region, the furnace side heat
transfer coefficient of the boiler varied in the range of 78–228 W/(m2K). With an increase in
furnace load, the furnace side heat transfer coefficient also increased. However, there was
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a slight increase in the heat transfer coefficient when the load increased from 60% BMCR
to 80% BMCR. Figure 38 illustrates the furnace side average heat transfer coefficients at
different heights in the furnace within the range of the average Sauter particle diameters
from 0.219 to 0.411 mm. It was observed that the furnace side heat transfer coefficient was
influenced by particle diameters, especially in the range of 0.219–0.246 mm, with smaller
particle diameters leading to higher furnace side heat transfer coefficients.
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To study the hydrodynamic and heat transfer characteristics of the heating surface
inside a 600 MW supercritical CFB boiler furnace, Chen et al. [65–67] conducted field tests
on a 600 MW supercritical CFB boiler. During the tests, 74 temperature measurement points
were divided into five layers and arranged on the backfire side of the water-cooled wall
on the front and right walls of the boiler. Each measurement point consisted of two wall
temperature thermocouples, installed, respectively, at the top of the backfire side of the
water-cooled wall tube and at the midpoint of the fin. By utilizing the temperatures at
these two points, the local heat flux density at that measurement point could be calculated.
This, in turn, allowed for the determination of the gas–solid concentration distribution near
the wall inside the furnace. K-type thermocouples were used for temperature measure-
ments at each measurement point. Figure 39 illustrates the distribution and installation
schematic diagram of temperature measurement points. Wall temperature measurements
were conducted for three different load conditions: 100% BMCR, 80% BMCR, and 60%
BMCR.
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As illustrated in Figure 40, the temperature distribution of steam–water within the
water-cooled wall under 100% BMCR load was determined through the measurement of
water-cooled wall temperatures and subsequent heat transfer calculations. Figure 40a,b
depict the temperatures distribution from the lower to the upper part of the furnace.
In the lower part of the furnace, a lower temperature at various measurement points
signified a greater water flow inside the tube, whereas a higher temperature indicated a
smaller water flow. Conversely, in the upper part of the furnace, a higher temperature
suggested increased absorption of steam heat inside the pipe, showcasing the positive flow
response characteristics of the water-cooled wall. It is important to note that temperature
distribution was also influenced by the arrangement of the furnace wing wall platens and
outlet windows, as depicted in Figure 40b,c.
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Based on the test results of hydrodynamic characteristics, the average heat flux density
and average particle suspension density near the water-cooled wall inside the furnace
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were calculated for different loads, as shown in Figure 41. It can be observed that under
various load conditions, the heat flux density in the upper part of the furnace always
decreased along the height of the furnace. The downward trend was basically the same
under 60% BMCR, 80% BMCR, and 100% BMCR load conditions. At 100% BMCR load,
as the furnace height increased (above 40 m above the air distributor plates), the average
particle suspension density near the upper water-cooled wall slightly decreased. However,
at loads of 60% BMCR and 80% BMCR, there were slightly noticeable differences in the
average particle suspension densities near the upper water-cooled wall.
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Figure 41. Distribution of average heat flux and average suspension density in 600 MW CFB boiler.
(a) Heat flux; (b) bed average voidage and suspension density [67].

2.6. Field Test Methods for the Initial Distribution Characteristics of Coal in a Large-Scale CFB
Boiler Furnace

During the operation of a CFB boiler, coal particles are typically introduced through
coal feeding ports located in the dense phase zone of the boiler or fed through the return
loop along with the circulating ash into the furnace. Variations in coal feeding rates
among different ports and changes in the coal supply air volume under different loads will
significantly impact the initial distribution of coal inside the furnace. The initial distribution
of coal will affect the combustion of coal particles inside a furnace and the distribution
of generated pollutants. However, current research on coal distribution characteristics
was mostly limited to numerical simulations under conditions of uniform coal feeding
or experimental studies and numerical simulations focusing on a single coal feeding
port [68–72]. There has been relatively limited research on field tests for large-scale CFB
boilers.

To quantitatively analyze the initial distribution of coal accumulation under cold-state
conditions and its influencing factors, Yan et al. [25,73] conducted field tests on a 300 MW
subcritical CFB boiler. The structure of this boiler aligns with the description provided
in Section 2.4 of this paper. The boiler was equipped with eight coal feeding ports, all
arranged on the front wall, and coal was transported to the furnace by the coal supply
air. The tests were conducted on selected coal feeding ports, specifically #1, #5, and #7.
During the tests, a sampling plate was symmetrically laid on the top of the air caps in the
region directly opposite the coal feeding ports. The overall width of the sampling plate was
approximately 4 m, and its length was equal to the width of the air distribution plate, as
shown in Figure 42. The test procedure involved feeding coal for 1 min at the normal coal
feeding rate, followed by shutting off the coal feeder. Subsequently, the sampling plate was
subdivided into 40 grids, with each grid measuring 500 mm × 1000 mm. The coal samples
within each grid were collected, bagged, labeled, and weighed for records.

Distribution contour maps of coal mass for different operating conditions for each coal
feeding port are shown in Figures 43 and 44.
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Under the startup conditions (the coal feeding rate and the coal injection air volume
were essentially the same during the ignition), coal accumulations were observed in the
inlet regions of each coal feeding port, with a shortage of coal distribution on the rear wall
side. This observation provided an explanation for the coking phenomenon during the
ignition and startup of the boiler.

Coal particles tended to accumulate mainly within a region within 1 m from the coal
feeding ports. The location with the highest concentration was the same for all three ports,
and it exhibited a monotonically decreasing concentration trend towards the surrounding
areas.

Coal feeding port #7, with a coal supply air volume 35% higher than the other coal
feeding ports, resulted in more coal particles being scattered to a greater distance. The
unevenness in coal distribution along the width of the jet for each coal feeding port was
attributed to the fact that the coal supply air did not enter the furnace vertically.

Under full load conditions, the differences in coal distribution among the three coal
feeding ports were observed, stemming from variations in coal feeding rates and coal
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supply air volume. The coal distribution trend for coal feeding port #1 was similar to that
during startup conditions, but with a smaller concentration gradient, resulting in a more
uniform overall distribution.

However, for coal feeding ports #5 and #7, most of the coal was concentrated within
2 m from the rear wall, and the front wall area was only thinly covered with a layer of fine
particles. This was attributed to the settling of coal particles in the air after the fan was shut
down.

The mass of coal from each coal feeding port was summed in the same width direction
to obtain the average coal distribution along the feeding direction, as shown in Figure 45.
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Under startup conditions, the coal concentrations were highest at a depth of 0.5 m
along the furnace depth direction, quickly decreasing and exhibiting a relatively uniform
distribution trend beyond 2 m from the front wall. Under full-load conditions, the coal
from port #1 within 1 m from the front wall exceeded 60% of the total coal mass, with a
smaller concentration gradient compared to the corresponding startup conditions. Coal
feeding ports #5 and #7 accumulated over 70% and 97% of the coal mass in the rear wall
region, while the coal feeding in the front wall region was almost zero.

This test provided a visual understanding of the initial distribution of coal entering
the furnace, helping to identify the reasons for uneven coal feeding and take measures to
address the issue. In the actual operation of boilers, the influence of fluidizing air may
introduce deviations in the actual coal distribution compared to the results obtained from
the cold-state field tests mentioned above.

2.7. Field Test and Analysis Methods for the Thermal Diffusion Characteristics of Coal
in a Large-Scale CFB Boiler Furnace

As the cross-section of large-scale CFB boilers continues to increase, the issue of un-
even coal distribution becomes more severe. Therefore, researching the initial distribution
and lateral diffusion characteristics of coal during thermal operation is essential. Currently,
studies on the particle diffusion characteristics in the dense phase zone of fluidized beds
mainly involve cold-state model experiments using tracer methods and numerical sim-
ulations [70,74]. These studies have investigated the impact of parameters such as static
bed height, primary air velocity, and particle diameter on diffusion coefficients [75–77].
These studies have also obtained the range of values for particle lateral diffusion coeffi-
cients [78,79] and summarized empirical correlations for particle lateral diffusion in the
dense phase zone [77]. However, Liu et al.’s research [80] suggested that at an industrial-
scale bed width (12.8 m), the value of particle lateral diffusion was expected to be around
0.1 m2/s, significantly higher than what was observed in laboratory-scale fluidized beds.

Li et al. [81] studied coal distribution in a 300 MW CFB boiler, using bed temperature
distribution uniformity as a criterion for coal distribution adjustment. They also compared
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the impact of coal feed adjustment under different loads and found that as the boiler load
increased, the dependence of bed temperature changes on coal distribution weakened.

Yang et al. [82,83] characterized the diffusion characteristics of coal particles in the
dense phase zone of a large-scale CFB boiler by adjusting the coal feeding rates of various
ports and simultaneously recording the bed temperature distribution. The field tests
were conducted during the operation of a 350 MW supercritical CFB boiler. The structure
of this supercritical CFB boiler furnace is similar to the 300 MW subcritical CFB boiler
mentioned earlier, but the furnace height exceeds 52 m. The 350 MW supercritical CFB
boiler is equipped with 10 coal feeding ports on the front wall. During the experimental
process, one or more coal feeding ports were intentionally cut off. Using the entering coal
from the operational coal feeding ports as a tracer, a diffusion model for particles was
established based on the bed temperature and ash temperature distribution in the dense
phase zone before and after the coal shutdown. This enabled the determination of the
diffusion coefficient of coal particles in the thermal state of the boiler.

In the dense phase zone of large-scale CFB boilers, the Fickian diffusion equation can
be used to fit the transient particle concentration distribution to describe particle diffusion
behavior. Since the mixing and diffusion speed of particles in the vertical direction in a
fluidized bed were much higher than the lateral diffusion speed [84–86], it can be assumed
that there was no diffusion gradient along the vertical direction in the dense phase zone of
the fluidized bed. Additionally, the width direction size of the dense phase zone in large-
scale CFB boilers is much larger than the depth direction size. Under ideal conditions, it can
be assumed that the distribution of coal particles in the width direction of the furnace was
uniform. Based on this, the dense phase zone of the 350 MW CFB boiler was divided into
eight equally sized units along the width direction of the furnace, as shown in Figure 46.
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Since the temperature distribution in the dense phase zone of CFB boilers is also
influenced by factors such as fluidizing air and circulating ash. Therefore, to obtain the
concentration of coal particles in different regions of the dense phase zone based on the bed
temperatures distribution, it is necessary to know the amount of circulating ash in different
regions. In the calculation process, a cell model was used to construct the mass balance
of the dense phase zone of the boiler, thereby obtaining the amount of circulating ash, as
shown in Figure 47. Based on this, a thermal balance system was established within each
unit of the dense phase zone, as shown in Figure 48. The specific calculation process of the
diffusion coefficient in the dense phase zone is shown in Figure 49. Three different coal
feeding shutdown conditions were tested during the experiment, and the corresponding
coal particles lateral diffusion coefficients were obtained.

Figure 50 shows the bed temperature distribution under different coal cut-off condi-
tions in the 350 MW CFB boiler, where the coal cut-off ports are indicated in red.

Combining the three test conditions, it can be observed that the temperature distribu-
tion in the dense phase zone was closely related to the diffusion of coal particles and the
number and location of operational and cut-off coal feeding ports.
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Figure 49. Specific calculation process of diffusion coefficients in the dense phase zone [83].

Regions with higher temperatures were generally near the operational coal feeding
ports, while the bed temperature near the coal cut-off ports was mainly maintained by the
combustion of diffused coal, resulting in lower temperatures.

This indicated that the bed temperature distribution in the coal cut-off region was
closely related to the mixing and diffusion characteristics of coal particles in the dense phase
zone. Moreover, coal feed had a significant impact on bed temperature distribution in the
furnace, surpassing the influence of coal particles diffusion inside the furnace. Therefore,
improving coal feeding uniformity was a useful measure to ensure uniform combustion in
the furnace.
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Figure 51 provides the lateral diffusion coefficient distribution of coal particles in the
dense phase zone under three coal cut-off conditions in the 350 MW CFB boiler. The calculated
values of the lateral diffusion coefficient fall within the range of 0.0936–0.1302 m2/s. Since
this method was based on the parameter changes during coal cut-off operation to obtain the
particles diffusion characteristics, the magnitude of the diffusion coefficient was related to the
fuel and circulating ash amounts, as well as the fluidization airflow. It was also influenced by
factors such as the surface area of coal particles and oxygen distribution.



Energies 2024, 17, 889 31 of 37

Energies 2024, 17, x FOR PEER REVIEW  32  of  39 
 

 

 
(c) 

Figure 50. Bed temperature distribution under coal cut-off of 350 MW CFB boiler. (a) Condition 1; 

(b) condition 2; (c) condition 3 [83]. 

Combining the three test conditions, it can be observed that the temperature distri-

bution in the dense phase zone was closely related to the diffusion of coal particles and 

the number and location of operational and cut-off coal feeding ports. 

Regions with higher temperatures were generally near the operational coal feeding 

ports, while the bed temperature near the coal cut-off ports was mainly maintained by the 

combustion of diffused coal, resulting in lower temperatures. 

This  indicated  that the bed temperature distribution  in the coal cut-off region was 

closely related  to  the mixing and diffusion characteristics of coal particles  in  the dense 

phase zone. Moreover, coal feed had a significant impact on bed temperature distribution 

in  the  furnace,  surpassing  the  influence  of  coal  particles diffusion  inside  the  furnace. 

Therefore,  improving coal  feeding uniformity was a useful measure  to ensure uniform 

combustion in the furnace. 

Figure 51 provides the lateral diffusion coefficient distribution of coal particles in the 

dense phase zone under three coal cut-off conditions in the 350 MW CFB boiler. The cal-

culated values of  the  lateral diffusion coefficient  fall within  the  range of 0.0936–0.1302 

m2/s. Since this method was based on the parameter changes during coal cut-off operation 

to obtain the particles diffusion characteristics, the magnitude of the diffusion coefficient 

was related to the fuel and circulating ash amounts, as well as the fluidization airflow. It 

was also influenced by factors such as the surface area of coal particles and oxygen distri-

bution. 

 

Figure 51. Distribution of diffusion coefficients in 350 MW CFB boiler under three coal cut-off con-

ditions [83]. 
Figure 51. Distribution of diffusion coefficients in 350 MW CFB boiler under three coal cut-off
conditions [83].

2.8. Engineering Research on Anti-Wear Technology for a Large-Scale CFB Boiler

In large CFB boilers, the gas–solid flow is intense and complex. The wear issue on
the heating surface arises during the direct collision and cutting of solid particles with
the heating surface (two-body wear) or the interaction between solid particles pressed
and collided by particle clusters and the heating surface (three-body wear) [87,88]. The
material wear is primarily influenced by factors such as flue gas velocity, solid particle
size, and solid particle concentration. Wear phenomena often occur at locations where the
flow direction of solid particles undergoes sudden changes, such as the interface between
water-cooled walls and refractory materials, protruding parts of heating surfaces, welds on
water-cooled walls, and corners of the furnace [89]. The issue of wear and tear can lead to
tube bursting on the heating surface during operation, causing unplanned shutdowns and
seriously affecting the safe and stable operation of CFB boiler units. In order to address the
problem of wear and tear on the heating surface, a large number of anti-wear technologies
have been proposed and successfully applied in the field [4].

Some small-scale CFB boilers have chosen to use anti-wear tiles installed outside the
heating surface. However, this method increases the thermal resistance of the heating
surface and exacerbates wear on the upper part of the heating surface in the anti-wear tile
installation area, limiting its application in large CFB boilers [87,88]. Similarly, Maryamchik
and Wietzke [90] reported a design that reduces the tube diameter in the interface area
between refractory materials and water-cooled walls. A ceramic wear-resistant tile was
applied outside the small-diameter tube to enhance the wear resistance.

Laser cladding technology is also one of the effective methods to address the wear
issues inside CFB boilers. High-strength anti-wear alloy materials are melted onto the
metal surface of the heating surface under the action of laser, enhancing the wear resistance
of the heating surface and extending its lifespan [87,88]. However, this method currently
faces challenges such as high costs and inconvenient on-site construction [91].

High-strength alloy thermal spraying is one of the commonly used methods for
addressing wear issues on the heating surfaces of large CFB boilers. The selected alloy
is heated to a molten state through gas or arc heating, then atomized by high-pressure
air and sprayed onto the heating surface to form a 0.3–0.8 mm metal coating, enhancing
wear resistance [91]. However, in this method, the adhesion between the coating and the
heating surface is mainly mechanical, leading to easy delamination and a relatively short
lifespan [92,93].

Anti-wear beams or metal grates are widely used measures for preventing wear in
CFB boilers. They work by reducing particle velocity to minimize wear [93,94]. However,
practical experience in the field has shown that adopting this method can lead to increased
wear on the upper part of the anti-wear beam, reduced heat absorption on the heating
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surface, and a decrease in boiler output [95]. Therefore, before on-site implementation, it is
necessary to conduct research on the shape and installation method of the anti-wear beam.

Due to the multifaceted factors influencing the wear issue, the current approach often
involves measuring the wear thickness of the heating surface during boiler shutdowns and
overhauls to assess the anti-wear capability [96]. Conducting relevant field tests during
the operation of CFB boilers is challenging, thus, cold-state experiments and simulated
calculations are commonly employed for research [97–100].

Wang et al. [101] developed a calculation model for the heat transfer process inside a
300 MW CFB boiler equipped with anti-wear beams. Using a heat flux meter, they measured
the heat flux density in the anti-wear beam installation area during the boiler operation. By
comparing experimental results with computational outcomes, they validated the accuracy
of the computational model.

Li et al. [102]. conducted numerical simulations and cold-state experiments to compare
the anti-wear effectiveness of different shapes of anti-wear beams. They tested the preferred
anti-wear beam structure in a 330 MW CFB boiler for a half year, confirming its excellent
anti-wear performance.

Xia et al. [103] developed a wear calculation model for water-cooled wall surfaces
based on computational results of gas–solid flow in 330 MW and 600 MW boilers. Using
this model, they successfully predicted changes in the wear rate of water-cooled walls
after the installation of anti-wear beams and proposed optimization and improvement
suggestions for the installation of anti-wear beams.

3. Conclusions

In this paper, the engineering test methods and measurement techniques for studying
the gas–solid flow, combustion, and heat transfer characteristics in large-scale CFB boilers
are reviewed. With the application cases on full-scale CFB boilers presented, references for
predicting gas–solid flow, combustion, heat transfer, and pollutant distribution in actual
operation CFB boilers are provided. A few main conclusions are made as follows:

(1) The uniformity of air supply and coal feeding in large-scale CFB boilers is crucial for
the combustion, heat transfer, and pollutant generation processes within the furnace.
Cold-state experiments effectively measure the initial distribution of air and coal in
actual large-scale CFB boiler furnaces, providing references for adjusting air–coal
uniformity during operation.

(2) The penetration capability and diffusion characteristics of secondary air jets are
essential factors influencing the staged combustion and pollutant generation in CFB
boiler furnaces. Using the high-temperature positive-pressure dust-laden flue gas
sampling method allows for effective determination of the length and lateral diffusion
distance of the secondary air jet core zone.

(3) Obtaining the distribution of pollutants in CFB boiler flue gas is crucial for emission
control. Due to limited lateral diffusion capacity, the distribution trend of flue gas
pollutants generated in the dense phase region remains consistent throughout the
entire furnace. Sampling tests for flue gas composition in the dilute phase region and
at the furnace outlet can effectively predict the distribution of pollutants within the
furnace. Additionally, experimental results demonstrate that ensuring the uniformity
of air distribution and coal feeding in the dense phase region is a crucial means of
controlling pollutant generation.

(4) Ensuring the hydrodynamic safety of supercritical CFB boilers is a necessary prereq-
uisite for their safe operation. The hydrodynamic safety of CFB boilers is influenced
by the furnace-side heat transfer coefficient. Besides evaluating it by measuring pres-
sure differentials and temperatures at different heights inside the furnace, a feasible
approach is to measure the temperature distribution on the backfire side of the water-
cooled wall and use heat transfer calculation models to calculate the heat transfer
coefficient inside the CFB boiler furnace.
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(5) Through field tests under coal cut-off conditions and utilizing bed temperature distri-
bution, the particle diffusion characteristics in the complex gas–solid flow environ-
ment of the dense phase region in large CFB boilers have successfully been obtained.

(6) Despite various technological methods available to address wear issues in CFB boilers,
each method has its limitations. Conducting relevant experiments and calculations
before implementing wear modifications in CFB boilers can enhance the practical
effectiveness of these anti-wear measures.
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Nomenclature

English letters
A ash
D diffusion coefficient m2/s
H height m
i the number of cell in dense phase zone
K the number of cell of dense phase zone
L length m
M mass flow rate kg/s
q heat flux J/(m2s)
Q quantity of heat J
Subscript
a air
ar as received basis
ba bottom ash
c circulating ash
cj central axis of jets
d downward ash
f feeding coal/fluidized air
fa fly ash
i the number of cell in dense phase zone
k the number of cell of dense phase zone
s surfaces
u upward ash
x X-axis direction
y flue gas
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Abbreviation
BMCR boiler maximum continuous rating
CFB circulating fluidized bed
DCS distributed control system
DPZ dense phase zone
ILSA internal lower secondary air
IUSA internal upper secondary air
OUSA outside upper secondary air
SA secondary air
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