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Abstract: Ultra-supercritical circulating fluidized bed (CFB) boiler combustion technology has the
advantages of environmental protection and good commercialization. As one of the key aspects in
ultra-supercritical CFB combustion technology, the water wall system directly determines whether the
CFB boiler can safely and effectively transform heat energy. This paper studies the thermal-hydraulic
characteristics of the designed water wall system of a 700 MWe ultra-supercritical CFB boiler, the
largest one that will be built next year. At four loads of the water wall system, hydrodynamic
parameters are calculated based on the successfully verified mathematical models. The results show
that the hydrodynamic characteristics of the system are good. The temperature distribution of the
working fluid and metal of the water wall system is acceptable and safe at each load, which can
support the technical development and improvement of the 700 MWe ultra-supercritical CFB boiler.

Keywords: ultra-supercritical CFB boiler; thermal-hydraulic analysis; water wall system

1. Introduction

Circulating fluidized bed (CFB) boiler technology is one of the best commercially
available clean coal combustion technologies in China, playing a pivotal role in the structure
of the regional power system. With technological breakthroughs and popularization, CFB
boiler technology is particularly advantageous in terms of low cost, high efficiency, and
clean coal combustion [1-4].

CFB boiler technology is also well suited for applications requiring high steam pa-
rameters and is capable of achieving supercritical and ultra-supercritical steam conditions,
which makes it ideal for use in large-scale power plants, where high efficiency and reliable
operation are crucial [5]. In addition, the amount of NOy is limited by controlling the
combustion temperature, air staging, lowering excess air, flue gas treatment, controlling the
cyclone performance, controlling the coal particle size, or SNCR, resulting in better environ-
mental performance [6-9]. In addition, SO, emissions can be controlled by increasing the
cyclone efficiency or appropriately reducing the particle size of the limestone, approaching
a more ideal desulfurization efficiency [10].

The development of fluidized bed combustion technology in the past century is related
to factors such as industrial demand and fuel cost [11]. More recently, however, more
consideration has been given to the greenhouse effect. Although the current proportion of
fossil fuel consumption such as coal is gradually decreasing, fossil fuel could be expected
to remain the mainstream of energy and power industry development for a certain period,
especially in China. Therefore, it is still necessary to rely on large power generation
equipment such as CFB boilers on the way to achieving the double carbon goal, especially
regarding how further improving the efficiency of coal resource utilization with CFB boilers
has become the focus of development. Considering the power generation efficiency of CFB

Energies 2023, 16, 4344. https:/ /doi.org/10.3390/en16114344

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16114344
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en16114344
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16114344?type=check_update&version=1

Energies 2023, 16, 4344

20f11

boiler units, installed capacity and steam parameters are important indicators [12]. In the
pursuit of higher parameters, research support such as high-temperature heating surface
safety, hydrodynamic safety, and reheat steam temperature at low load are required [1].
At the same time, it is considered that the demand for the deep peak regulation of boilers
increases due to the increase in the proportion of intermittent renewable energy sources
such as wind and solar resources [13]. Therefore, exploring low-load operating conditions
such as 20% or 30% boiler maximum continuous rating (BMCR) is necessary [12,14,15]. In
general, it is hoped to explore the feasibility of CFB boilers with larger capacity and higher
steam parameters, while ensuring safe operation at low loads.

Combining the advantages of CFB combustion with low-cost emission control and
high efficiency with the supercritical steam cycle, the ultra-supercritical circulating fluidized
bed boiler is believed to be the future of CFB combustion technology [5]. With the efforts
of researchers since 1990, China’s CFB boilers are continuing to develop on a larger scale.
Focusing on the development in recent years, from the first 600 MW supercritical CFB boiler
in 2013 to the 660 MW supercritical CFB boiler in 2020 [16], looking forward, the world’s
largest-capacity 700 MWe ultra-supercritical CFB boiler will be installed in Shaoguan
GuoYue Power Plant in Guangdong, China. Since the boiler structure and layout of the
aforementioned 700 MWe ultra-supercritical CFB boilers are different from those with
other capacities in the past, it is necessary to model and calculate to verify the safety and
feasibility of the boiler.

Determining whether a water wall is properly designed and will operate safely in
the future relies on mathematical modeling and thermal-hydraulic analysis. Some of the
mathematical modeling and thermal-hydraulic analysis about CFB boilers were performed
based on the mass, momentum, and energy conservation equations, proving whether rifled-
tube or smooth-tube vertical water walls can meet the safety requirements [17,18]. Existing
studies have provided a basis for theoretical calculations, such as the thermal-hydraulic
calculation and analysis of water wall systems of 600 and 660 MWe ultra-supercritical CFB
boilers [12,19]. In addition, verified by actual data from industrial operation, it is shown that
by adopting smooth tubes and low-mass-flux technology, the hydrodynamic characteristics
are safe and reliable [12]. Especially, the heat flux of the CFB boiler furnace is lower than
that of the pulverized coal furnace, so there are usually more heating surface structures,
such as the water-cooled panels in this study, especially for the ultra-supercritical steam
cycle [20]. In addition, it is important to determine how to improve the flow maldistribution
caused by the geometric structure of the boiler or a heat flux deviation.

In summary, aiming to verify the performance of the water wall system of a 700 MWe
ultra-supercritical CFB boiler, based on previous models and the aforementioned character-
istics of the research object [12], the thermal-hydraulic parameters of the water wall system
at different loads were calculated and analyzed. It is expected to provide a design reference
and support for the technical development and design of 700 MWe ultra-supercritical
CFB boilers.

2. Boiler Structure and Design Parameters of Water Wall System

An ultra-supercritical once-through single furnace boiler with a single air distribution
plate structure is shown in Figure 1. In addition, there are eight cyclones arranged in the
front and rear walls of the boiler. Such features are totally different to those of the 600 MW
supercritical CFB boiler and 660 MW ultra-supercritical CFB boiler [12]. The boiler with
a furnace width of 39,025 mm and a depth of 12,505 mm is arranged symmetrically and
supported on the steel frame.
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Figure 1. The 700 MWe ultra-supercritical CFB boiler structure.

The evaporative heating surface is composed of vertical water walls and water-cooled
panels, which are arranged in series to ensure adequate heat absorption. Both the front and
rear walls of the lower part of the water wall are composed of 325 $60 mm smooth tubes
(P refers to the diameter of the tube, same meaning below) with a 120 mm pitch, while the
upper part is composed of 650 $35 mm smooth tubes with a 60 mm pitch. The front and
rear walls are bent toward the center of the furnace to form the furnace roof. In addition,
the upper part and the lower part of the water wall are connected by a Y-type tee.

Both the right and left walls of the lower part of the water wall consist of 104 $60 mm
smooth tubes with a 120 mm pitch, while the upper part consists of 208 35 mm smooth
tubes with a 60 mm pitch. There are 10 water-cooled panels on the upper part of the rear
wall near the left and right walls, each of which is composed of 36 tubes of ®51 mm.

The working fluids of the front wall and the rear wall originate from their respective
intermediate headers and flow to a mutual upper header located in the upper part of
the furnace. As for the left and right walls, the working fluid enters two upper headers
separately. A total of 3 upper headers of water walls are connected to the outlet headers
of the left and right walls, which then lead to 20 inlet headers of water-cooled panels
through 20 tubes of ®168 mm. Then, the working fluid enters the water-cooled panels from
the small inlet headers, flowing through the downcomer pipes, the middle intermediate
headers, the riser tubes, the outlet header, and finally entering the separator, as shown
in Figure 2. The hydraulic design parameters and characteristic parameters at different
operation loads are summarized in Table 1, where the abbreviation BMCR refers to the
boiler maximum continuous rating, which characterizes the rated load without causing
damage to each component. The flow loop division of the water wall system is shown in
Figure 3 with the serial number of the tubes.
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Figure 2. Flow network sketch of water wall system.

Table 1. Main parameters of the water wall system of the 700 MWe ultra-supercritical CFB boiler.

Parameter Unit BMCR 75%BMCR 50%BMCR 25%BMCR

Total mass flow rate, M,y kg/s 596.67 399.44 291.94 158.06
Inlet pressure, Py, MPa 322 25.6 16.9 114
Inlet fluid temperature, t;, °C 352 317 315 288

Inlet fluid enthalpy, h;;, K] /kg 1615.97 1421.38 1420.62 1276.07
Outlet fluid pressure, Py, MPa 31.50 25.12 16.48 11.07
Outlet fluid temperature, ¢, °C 422.3 403.8 396.6 342.3

Outlet fluid enthalpy, fou¢ K] /kg 2513.97 2629.51 2919.72 2848.79

Pressure drop MPa 0.70 0.48 0.42 0.33
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Figure 3. Planform of the water wall and the water-cooled panels. (a) Flow loop division sketch
of four-sided water wall; (b) serial number of water wall tubes; (c) Flow loop division sketch of
water-cooled panels.

3. Mathematical Model and Calculation Method

For our research object, the water wall system of a 700 MW ultra-supercritical CFB
boiler, the mathematical model and calculation method selected are basically the same as
the research conducted by Tang et al. [12], which is also based on mass conservation, energy
conservation, and pressure balance to predict the working fluid flow, heat transfer, and
temperature conditions of the water wall system. The formulas and methods involved in the
model have been verified by years of research and commercial CFB boilers. In other words,
most coefficients in the model have been determined according to industrial experience
and actual boiler structure, so are considered to have a certain degree of reliability.

Some important formulas of the model are listed below for reference. For example,
the heat transfer calculation part of the water wall system uses the model proposed by
Lyu, which covers the heat transfer surface configuration, heating conditions, and solid
suspension density [21,22]. Particularly, it is known in industrial experience that the relative
suspension density of solid particles at different heights in the furnace is very close, so the
distribution of the suspension density of materials in the model could be calculated as:

Cp = Dx(X)Dy(Y)D: (Zr ug, Gs) 1

where X and Y are the relative depth and width of the furnace, respectively; Dx, Dy, and Dz
are the relative suspension densities of solid materials in the three-dimensional direction in
the furnace.

On the other hand, for the connecting tubes, the Dittus—Boelter correlation is used
to calculate the heat transfer coefficients of single-phase subcritical working fluids and
supercritical fluids outside the large specific heat region. In addition, the standard of the
boiler hydrodynamics calculation of China is used to calculate the heat transfer coefficient
of the two-phase region [23]. As for the large-specific-heat region at supercritical pressure,
the heat transfer coefficient is determined by the Mokry correlation.

For pressure balance, the gravitational pressure drop, frictional pressure drop, accel-
eration pressure drop, and local pressure drop determine the total pressure drop of each
section of loop [12,19]:

AP = APg+APf+APa +Aplocal
— of Al cos § + AG2AI G2 £ G2
gfiAlcos O + 255 fo + G (fze — f3in) +C 5 fa
where the calculating methods of f; to f, are the same as the method in the literature [12].

As for the calculation of the water wall temperature, the following relationship is
established, also based on the standard [23]:

@

Awo qw
dwi o

twi =t + i @)
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where ty,; and ty, are the inner and outer wall temperatures, respectively; ¢; is the tem-
perature of the fluid in the tube at the calculation point of the wall temperature; g, is the
heat flux on the outer wall at the calculation point of wall temperature; J; is the coefficient
related to the uniformity of heat flow on the inner wall of the tube; dy,, and dyy; are the outer
diameter and inner diameter of the tube, respectively; a¢ is the heat transfer coefficient of
the working fluid in the tube; | is the average coefficient of the front of the tube along the
thickness direction; ¢1 is the thickness of the tube wall; A is the metal thermal conductivity
of the tube.

According to the given parameters and theoretical formulas, the program iteratively
calculates and finally obtains the result.

The calculation process is shown in Figure 4. First, the structure parameters are input;
then, the total mass flow rate is set; finally, the total pressure and other thermal parameters
are iteratively solved. Among them, several adjacent pipes are regarded as a group of loops
to facilitate calculation, and each loop is divided into several micro-element pipe sections
of a certain length as calculation units. The heat flux density in the unit is assumed to be
uniform and the working fluid parameters in the unit are taken as the average value of the
inlet and outlet. In this way, results can be iteratively calculated from small units to large
loops according to the formula of the mathematical model and the flow of the program.

4)

| Input structure parameters |

v

| Set total mass flow rate, Mgt

v

| Assume total pressure, Peet |

L«
v
—>| Assume mass flow rate of loop i, M; |

A4
Calculate the heat transfer and

pressure drop of loop i, P; Modify M;

Figure 4. Program calculation process.

Other assumptions exist to simplify calculations. For example, except for the inlets of
the hot cyclone and the return ports of the loop seal, the structure’s influences on the water
wall caused by the holes are ignored during the calculation. In addition, the header effects
of all headers are ignored.
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4. Calculation Results and Discussion
4.1. Hydrodynamic Characteristics at Different Loads

The calculation results of hydrodynamic characteristic parameters of the water wall
and water-cooled panel at different boiler loads are shown in Table 2, which can be seen
as consistent with design values (in Table 1) of the pressure drop and temperature of
the water wall system. The lower total pressure drop also helps the boiler to operate
economically [24].

Table 2. Calculation results of hydrodynamic characteristic parameters of the water wall system.

Parameter Unit BMCR 75%BMCR 50%BMCR 25%BMCR
Outlet fluid temperature in water wall °C 400.3 383.6 350.7 319.3
Outlet fluid enthalpy in the water wall k] /kg 2082.26 2048.65 2199.00 2092.66
Outlet fluid temperature in the water-cooled panel °C 4223 403.8 396.6 342.3
Outlet fluid enthalpy in water-cooled panel kJ/kg 2513.97 2629.51 2919.72 2848.79
Pressure drop of vertical water wall MPa 0.32 0.30 0.24 0.22
Pressure drop of water-cooled panel MPa 0.35 0.16 0.16 0.10
Pressure drop of vertical water wall system MPa 0.70 0.48 0.42 0.37

Mass flux / (kgm %)

Figure 5 shows the mass flux distribution in the water wall system, including the water
wall and water-cooled panels, at different loads. The mass flux of the front and rear walls is
less than that of the left and right walls because the tubes of the rear walls need to be longer
to bend to form the roof, which also results in greater flow resistance. Analogously, the
mass flux distribution of the front and rear walls is battlemented, where the low-mass-flux
areas correspond to the flow loops associated with the inlets of the hot cyclones, due to the
presence of the hot cyclones and the complex arrangement of the associated tubes, resulting
in greater flow resistance.
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Figure 5. Mass flux distribution in the water wall system at different loads: (a) Water wall; (b) Water-
cooled panels.

The mass flux distribution of the water-cooled panels is shown in Figure 5b, from
which the value of the downcomer water-cooled panel is significantly higher than that of
the riser tubes, not only because of the difference in flow direction arrangement between
them, but also because twice the number of pipes also brings greater flow resistance.
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4.2. Heat Flux Distribution

The horizontal heat flux distribution on the water wall is shown in Figure 6. As shown
in Figure 6a, the heat fluxes of different pipes at a height of 22 m are equal at different loads.
Figure 6b shows that at a height of 52 m, the four water walls have their own equivalence

at different loads, where the heat flux of the left and right walls is significantly higher than
that of the front and rear walls.
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Q & ; ‘
£ 75%BMCR '2 150 [ 3l....w| . TR 0
5200 r 4 200 _E : §
= 50%BMCR ~ passsns 50%BMCR | pasis
% ] i i
S0 b - 150 = 100 b i 1 I
3 < i i
2 o | i
E 25%BMCR = r g 25%BMCR frvveevs
z 100 - 100 s il
5} —
£ 2 50 F 150
= w0t 15 E
T e
0 [l [l 1 0 0 | | i 0
1 650 858 1508 1716 1 650 858 1508 1716

Water wall tube number

(a)

Water wall tube number

(b)

Figure 6. Horizontal heat flux distribution on the water wall at different heights: (a) At the height of
22 m; (b) At the height of 52 m.

Figure 7 illustrates how the heat flow is distributed with the height of the furnace,
where Figure 7a is the case of loop 16 with the highest temperature on the front wall and
Figure 7b is the case of loop 87 with the highest temperature of the water-cooled panel. For
the water wall, the refractory area below about 13 m corresponds to the lower inner wall
heat flux due to the arrangement of the refractory covering. Continuing upward, the heat
flux gradually decreases until restrained by the refractory covering at a height of 37 m, and
this trend remains consistent at different loads. The development trend of the heat flux
along the height in the water-cooled panels is also the same, except for the refractory area,
where the heat flux increases with the height of the furnace.
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Figure 7. Heat flux distribution at different loads: (a) loop 16; (b) loop 87.
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4.3. Outlet Fluid Temperature

The outlet fluid temperature distribution of the water wall system is shown in Figure 8.
The distribution of mass flux effectively solves the inhomogeneity of heat flux, making
the fluid temperature of adjacent outlets in the same area sufficiently small, as shown in
Figure 8a. At BMCR load, the maximum difference between the outlet fluid temperature of
the front wall and the rear wall is 2 °C, and the temperature inhomogeneity corresponds to
the low-mass-flux area in Figure 5a, which is similar at 75% BMCR load. Furthermore, at
50% and 25% BMCR load, the outlet fluid temperature difference between different tubes
of the water wall does not exist, because the working fluid at the outlet of the water wall is
in the two-phase region.

420 front wall left wall | rear wall riahtwan] 120 440 downcomer 440
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400 ran ren, 100 420 4 420
& 300 390 ¢
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Figure 8. Fluid temperature distribution in the water wall system at different boiler loads: (a) At the
outlet of the vertical water wall; (b) At the outlet of the water-cooled panels.

As for the water-cooled panel, the outlet fluid temperature distribution in each area
is quite uniform, and the temperature difference between the downcomer and riser tubes
arranged successively is also in line with the prediction. For example, the outlet fluid
temperature of the water-cooled panel is overheated by 24 °C at 25% BMCR load.

4.4. Metal Temperature Distribution

For safe operation, it is necessary to confirm the maximum metal temperature of the
tubes. Figure 9 shows the temperature distribution along the flow direction in loop 16 and
loop 87, which are the tubes with the highest outlet temperature in the water wall and
water-cooled panels, respectively.

As shown in Figure 9a, at BMCR load, the fluid temperature increases monotonically
with height. Around the area below 13 m, the temperature difference between the fluid
and metal is small because the refractory is covered to prevent erosion. Similarly, the small
temperature difference in the height range from 35 to 46 m is also due to the refractory
covering and to the hot cyclone inlet area where the heat flux is smaller. Above the height
of 46 m—the roof area—the temperature rises again due to the recovery of heat flux. In
this loop, the maximum temperature is 437.7 °C at the height of 35.5 m. As for 25% BMCR
load, the main difference from the former is that the lower pressure saturates the fluid at
a height of about 18.5 m, so the fluid temperature remains almost unchanged even until
reaching the height of 46 m with a maximum temperature of 320 °C.

As for the water-cooled panel, the fluid temperature and wall temperature increase
monotonically along the direction of flow. In addition, the temperature difference between
the fluid and metal is larger at 25% BMCR load. Below 18 m, the temperature difference
between the fluid and metal is small due to the refractory preventing erosion. Between
about 38 and 45 m, the temperature begins to rise gradually, which corresponds to the
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overheated state of the working fluid; above 45 m, because of the water-cooled panel out of
the furnace, the fluid temperature is consistent with the metal.

280 300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440 460 480 500
50 : : : : : : : — 50 50 —————— 50
[ I S
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(a) (b)
Figure 9. Temperature distribution along the flow direction in the water wall system: (a) loop 16;
(b) loop 87.
5. Conclusions

The thermal-hydraulic calculation model and method of the water wall system of the
700 MWe ultra-supercritical CFB boiler are described. The thermal-hydraulic characteristics
of the water wall system are analyzed at four loads of 100% BMCR, 75% BMCR, 50% BMCR,
and 25% BMCR.

The results prove that the mass flux and temperature distribution of working fluid are
relatively average and acceptable at different loads. The metal temperature distribution
also ensures the safe operation of the water wall system, even at 25% loads. Based on the
above, the design of the water wall system of the 700 MWe ultra-supercritical CFB boiler
is feasible.
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