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Abstract: With the development of power plant units of higher capacity and with improved pa-
rameters, the proportion of high-capacity units for generating power has increased; this requires
large capacity units to take responsibility for power-grid peak shaving. When the boiler operates
at low loads, the working fluid in the boiler water wall tubes is subjected to high heat flux in the
furnace, which can cause heat transfer deterioration, tube overheating or even leakage. Therefore, it is
particularly important to study the reliability of the boiler hydrodynamic cycle during peak shaving
(low load operation). This study takes a 1000 MW ultra-supercritical single-reheat Π type boiler with
single furnace and double tangential firing as the research object. A furnace Computational Fluid
Dynamics (CFD) and hydrodynamic coupling analysis model is established and verified according to
the actual operating conditions on site. The calculation results show that the simulated value is in
good agreement with the actual operating value. Therefore, the model established in this study can
reflect the real situation of the on-site furnace to a certain extent, and has high reliability. Based on
the fitting results, the causes of steam temperature deviation of the boiler water wall are analyzed,
and measures to reduce the deviation are proposed to provide a necessary basis for power plant
operation and boiler design.

Keywords: 1000 MW; boiler; coupling model; User Defined Function (UDF); hydrodynamic; low load

1. Introduction

Hydrodynamic calculation is one of the key technologies in the design of large-scale
utility boilers, which is significant in ensuring the safe and reliable operation of boilers.
As the evaporation end point of a once-through boiler is not fixed, the adjustment of heat
absorption share of the water wall is very important. The excessive heat absorption share of
the water wall may cause an elevated outlet temperature, which may result in excessively
high temperature and increase the deviation of the water wall of the upper furnace, and
may also cause difficulties in the design of the separator. In contrast, the insufficient heat
absorption of the water wall may lead to the existence of vapor-liquid two-phase medium
at super heater inlet, resulting in uneven distribution [1–5]. For a vertical tube water
wall, under the condition of meeting the minimum degree of superheat for minimum
once-through load, the lower the outlet temperature of the water wall is, the better it is for
reduction of wall temperature and temperature difference of water wall tubes. The working
pressure of the furnace water wall decreases with the reduction of load, which reduces the
sub-cooling degree of working fluid at the water wall inlet. Therefore, for once-through
boilers operating with variable pressure, excessive enthalpy of the working fluid at the
water wall inlet at low loads can easily lead to working fluid dry out and excessive medium
temperature at outlet as well as instability in the medium flow. Therefore, establishing the
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hydrodynamic calculation model for the boiler water wall based on the boiler situation and
operational conditions is necessary [6,7].

The process of boiler hydrodynamic calculation for a once-through complex using
manual calculation mostly adopts the graphical or trial-and-error method. Its solving
process involves cumbersome variables, charts, formulas, complex logic, and massive
iterative calculation. The manual calculation method wastes time and laboratory resources,
with insufficient accuracy and sometimes fallibility. Manual calculation is particularly
inadequate for modern high-capacity boilers where the steam-water circuit is once-through
complex. Therefore, it is necessary to develop a boiler software platform with auxiliary
design function to help designers complete the design work more conveniently, accurately
and optimally on a computer [3,8–14].

At present, many scholars worldwide have conducted extensive theoretical and exper-
imental research on the heat transfer and hydrodynamic characteristics of the boiler water
wall of (ultra) supercritical parameter units. Applying the calculation theory of fluid pipe
networks, Bi Yanshuang et al. [15] studied the heat transfer and hydrodynamic model of
the spiral water wall of the once-through boiler and obtained the flow pressure drop, flow
distribution, and wall temperature characteristics of the water wall at different loads [15].
Yang Chen and Wang Pu [16,17] studied the water wall characteristics of down-shot firing
boilers with supercritical pressure through numerical simulation and real furnace tests,
and obtained the temperature field, flow field distribution, and heat transfer character-
istics of the down-shot firing boiler water wall. Wang Weishu and Zhu Xiaojing [18,19]
studied the flow and heat transfer characteristics of the vertical tube water wall of an ultra-
supercritical pressure boiler through operational load and under low-flow conditions. Zhu
Ming et al. [20] reasonably simplified the combustion and hydrodynamic process in a large
capacity ultra-supercritical pressure tower boiler, and established a discrete mathematical
and physical model to obtain the heat transfer parameters in the furnace and wall tempera-
ture distribution of the water wall under typical working conditions. Wang, Pan and Guo
Yumeng [21,22] conducted experimental research on the heat transfer characteristics of
vertical bare tubes and vertical internally threaded tubes with ultra-supercritical pressure,
and obtained a mass of basic data. Tucakovic et al. [23] proposed a thermo-hydraulic
analysis method for both DC and drum boilers, and calculated and analyzed the water
circulation safety of a 350 MW drum boiler under different loads. Their findings showed
that the internal threaded tube scheme had a greater safety margin than the light tube
scheme. Park et al. [24] numerically simulated the thermal characteristics of an 800 MW
supercritical DIRECT current boiler by using a 3D furnace combustion model and a 1D
flow and heat transfer model of ‘soda water’ and their calculated results were in good
agreement with the data of the power plant. Kim and Choi [12] established a model of
drum water level and flow distribution for a natural circulating boiler water circulation
system consisting of drum, descending pipe and ascending pipe. According to the basic
design parameters of the boiler, the model can calculate the water circulation characteristics
when the load changes or fuel quantity changes.

Most of the aforementioned hydrodynamic calculation models or programs are based
on a specific boiler type, or are only suitable for relatively simple water circulation systems,
or are carried out by simulating the manual hydrodynamic calculation method, which
has poor universality and extensibility. Therefore, developing a commonly-used boiler
hydrodynamic calculation software is an important task [2,25].

The hydrodynamic calculation program developed in this study is suitable for calcu-
lating and analyzing the hydrodynamic characteristics and wall temperature characteristics
of ultra (supercritical) boilers and drum boilers with various capacity grades, various steam
parameters, various furnace types and combustion technologies. It can calculate the flow
distribution of the water wall circuit, change of pressure along the flow process, distribution
of outlet steam temperature, changing trends of working fluid temperature and tube wall
temperature vertically at all loads, and check the wall temperature safety characteristics



Energies 2022, 15, 4745 3 of 28

of water wall at various loads to provide basic data for boiler design and operation. The
calculation process of boiler hydrodynamics is shown in Figure 1.
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The output of the program includes friction resistance of each circuit, local resistance,
gravity pressure drop, single tube flow and mass flow rate as well as pressure distribution
of each node. Then, the wall temperature calculation module permits the calculation of
the inner and outer wall temperatures of each circuit and tube section. A summary of the
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discussion of the above models shows that the common point is to determine the wall
temperature through hydrodynamic calculation, and the wall temperature is an important
index to measure during the site performance test [9]. The distribution of heat absorption
directly determines the validity of the hydrodynamic calculation and working reliability of
the heating surface. It should be as close as possible to the actual heat absorption [5,26,27].
Therefore, this study uses the self-developed furnace CFD and hydrodynamic coupling
analysis model, combined with the actual operation data to correct the heat flux in order to
provide guidance for subsequent projects or retrofit projects.

2. Details of 1000 MW Ultra Supercritical Boiler System
2.1. Boiler Overall Technical Proposal

The boiler shown in Figure 2 is an ultra-supercritical pressure once-through boiler
operating with a sliding pressure, which adopts Π Type arrangement, single furnace,
single reheat, low NOx main burners with upper burnout air and staged combustion
technology, reverse double tangential firing. The furnace has a membrane water wall with
inner-threaded tubes, and a start-up system without a circulation pump. In addition to
the coal/water ratio, the temperature control methods also include flue gas distribution
baffles, burner tilt, spray water, and others. The boiler adopts a balanced draft, solid slag
discharge, all steel frame, and all suspended structure. Shenhua coal is used in the design.
The main original design parameters are presented in Table 1.
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Table 1. Main design parameters of boiler.

Name Unit BMCR BRL THA

Superheated steam flow t/h 2980 2887 2741

Superheated steam outlet pressure MPa (g) 26.15 26.07 25.96

Superheated steam outlet temperature ◦C 605 605 605

Reheat steam flow t/h 2424 2339 2245

Reheater inlet steam pressure MPa (g) 5.11 4.93 4.73

Reheater outlet steam pressure MPa (g) 4.85 4.68 4.49

Reheater inlet steam temperature ◦C 353 351 345

Reheater outlet steam temperature ◦C 603 603 603

Feedwater temperature ◦C 302 300 296
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2.2. System

The furnace water wall adopts welded membraned walls with inner-threaded tubes
that spirally rise upward. The furnace sectional size is 32,084 mm × 15,670 mm. There
are a total of 2144 water wall tubes, of which 720 are for each of the front and rear walls
and 352 are for both sidewalls. All tubes adopt 28.6 mm outer diameter, 5.8 mm THK
(thickness), four-lead inner ribbed, 15 CrMoG material with 44.5 mm pitches. Flat steels
welded between tubes are made up of 15CrMo material with 15.9 mm width and 6 mm
thickness. A circle of intermediate transition header is installed between the upper and
lower water walls to eliminate the heat absorption deviation as well as the temperature
deviation of the lower furnace.

The boundary point between the water wall and superheater systems is the steam-
water separator. All components between the inlet pipes of the water wall lower header to
the outlet pipes of the water storage tanks belong to the water wall system. The working
fluid at the outlet of the economizer is sent to two water wall inlet collecting headers
through two large-diameter water supply pipes, and then sent to each lower header of
the water wall with many distributing pipes before it goes through the front, rear, and
two side water walls of the lower furnace and enters the middle mixing header for mixing
to eliminate the heat absorption deviation. Then, the mixed water enters the front, rear,
and two side walls of the upper furnace. The working fluid from the upper header of the
front wall and the upper header of the two side walls is led to the roof tube inlet header,
which goes through the roof tubes and then enters the outlet header outside the rear gas
pass. The working fluid entering the rear water wall of the upper furnace goes through
the furnace nose and the vestibule slope, and then enters the rear water wall outlet header.
Then, the fluid is sent to the rear water wall hanger tubes and the two vestibule side walls
through the two collecting headers. The working fluid from the rear water wall hanger tube
outlet header and the two vestibule side walls is also sent to the roof tube outlet header.
Two large-diameter connecting pipes send the working fluid to the rear gas pass manifold.
Most of the working fluid is sent to the front, rear, and two side enclosure walls as well
as the dividing wall through the connecting pipes. All working fluid from the enclosure
upper header is introduced into the rear enclosure wall outlet header through connecting
pipes, and then led to the two steam water separators arranged at the rear of the boiler
through connecting pipes. The steam from the top of the separator is sent to the inlet header
of the primary super heater and enters the superheating system. During startup, when
the boiler operates under wet condition in recycling mode, after the two-phase medium
from the water wall is separated in the steam water separator, the steam is led out from
the upper part of the separator, and the separated water is sent to the storage tank from
the bottom of the separator through connecting pipes. Then, a large-diameter drain pipe
is used to send the recycled water to the water supply pipe upstream of the economizer
by the startup circulating pump for mixing. Then, the water is sent to the economizer and
water wall system to achieve the recycling operation. After the boiler reaches the minimum
once-through load at the end of the start-up stage, because the start-up pump has been cut
off, the start-up system enters dry operation mode. At this time, the steam-water separator
only plays the role of steam collecting header and the medium in it is all steam.

The working fluid from the water wall upper outlet goes through roof tubes and then
enters the roof outlet header. At this stage, 480 front roof tubes change into 240 tubes at the
rear part through Y-shaped connectors. The entire roof adopts membrane tube walls.

The medium at the outlets of both vestibule side walls and rear water wall hanger
tubes, which act as respective circuit, is introduced into the roof outlet header through
connecting pipes. In this way, all working fluids from the furnace water wall outlet are
collected in the roof outlet header, leaving which the fluid is introduced by connecting
pipes into the front, rear, and side enclosure walls as well as the division wall of the boiler
rear. Then, all enclosure wall outlet fluids enter the rear enclosure wall outlet header before
entering the steam-water separator, which is arranged at the upper boiler through four
large-diameter connecting pipes (457 mm × 70 mm).
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All enclosure walls adopt membrane tube walls. The thickness of flat steel between
tubes is 6 mm and that of division walls is 8 mm. All flat steels adopt 15CrMo material.
All enclosure walls adopt upward flows, which are beneficial to prevent hydrodynamic
instability at low loads or during startup.

The water wall lower header has a small diameter of 219 mm OD. The throttling orifice
rings are moved to the inlet section of water wall tubes outside the water wall header. The
inlet short tubes are 44.5 mm OD, and 6 mm THK, which is thicker. Throttling orifice rings
are welded in the short tubes of throttling orifice rings, which are then connected to water
wall tubes with 28.6 mm OD twice through Y-shaped connectors. The construction allows a
larger throttling range that provides sufficient throttling capability. Flow rates in each water
wall circuit are adjusted based on heat flux distribution horizontally and constructional
characteristics to ensure even temperature in the water wall outlet fluid and prevent the
occurrence of departure from nucleate boiling (DNB) and dry out (DRO) at certain circuit
or tube sections subjected to dramatic heat flux or with complex constructions.

3. Thermal Load Distribution and Hydrodynamic Model
3.1. Working Condition of Water Cooled Wall

A 1000 MW ultra-supercritical pressure boiler is designed with both high flexibility
and optimized economy, which determines the boiler operation with sliding pressure.

Due to the unfixed evaporation endpoint of the once-through boiler, the adjustment
on water wall heat absorption ratio is very important. Excessive heat absorption ratio can
bring elevated temperature at the water wall outlet, which may cause overheating at the
upper furnace tubes as well as further deviation, and also brings difficulties for steam-water
separator design. In contrast, insufficient heat absorption may result in two-phase fluids at
the super heater inlet, which leads to the issue of uneven distribution.

For the vertical tube water wall, lower water wall outlet temperature is beneficial to
reducing the tube wall temperature and temperature difference between tubes on conditions
of satisfying the degree of superheat at minimum once-through load. Therefore, the
increasing enthalpy of the water wall inlet fluid can easily bring evaporation and excessive
temperature on the outlet fluid as well as instability in the flow of the working fluid. Table 2
shows the thermal parameters of the water wall in operation, and the load accounts for the
working state of the water wall in the subcritical DC range.

Table 2. Thermal parameters of water cooled wall running.

Name Unit Designed Working Condition Working Condition

Electrical load MW 50% THA 517

Water cooled wall flow t/h 1273 1323.3

Inlet temperature ◦C 273 293.2

Inlet pressure MPa 15.20 18.35

Outlet temperature ◦C 365 360.5

Outlet pressure MPa 13.75 17.58

3.2. Development of the Furnace CFD and Hydrodynamic Coupling Analysis Model and Program

The core concept of this study is coupling, and the principle is the information interac-
tion and iterative convergence process between the Hydro and Fluent modules. The Hydro
module is responsible for calculating output working medium side information (loop
pressure, flow, and temperature distribution) based on the supplied thermal load boundary.
The Fluent module is responsible for calculating the output thermal load distribution based
on the supplied working medium side boundary (translated into wall conditions). The
result of coupling is the iterative convergence of water and fire side output information.
The flow chart of this calculation method is shown in Figure 3.



Energies 2022, 15, 4745 7 of 28Energies 2022, 15, x FOR PEER REVIEW 8 of 30 
 

 

 
Figure 3. Furnace CFD and hydrodynamic coupling route. 

The Fluent module mainly adopts 3D steady-state calculation and SIMPLE algo-
rithm. The turbulence model uses a realizable two-way model and an LES model. Gas 
turbulent combustion is simulated by mixed fractional probability density function. Ra-
diation heat transfer is calculated by the p-1 radiation model. A double matching rate 
model was used to simulate the volatilization of pulverized coal. For coke combustion, 
the power/diffusion control combustion model is adopted. The random track method is 
used to track pulverized coal particles. The post-treatment method was adopted for the 
generation of nitrogen oxides, mainly considering the generation effect of fuel nitrogen, 
thermal nitrogen, and rapid nitrogen. The specific simulation method is based on rele-
vant literature [28–31]. For the simulation of fuel type NOx, the nitrogen in pulverized 
coal particles is evenly distributed in volatile matter and coke. Momentum equation, en-
ergy equation, K equation, ε equation, NO, and HCN transport equation are discretized 
by the second-order upwind scheme. In the processing of boundary conditions, the inlet 
of the burner is fixed speed inlet, and the method of golden wall function is used to deal 
with the transition calculation of the regional equation near the wall. 

In the calculation of the ultra-supercritical boiler Hydro module, the calculation 
formula of working fluid resistance and heat transfer coefficient in water wall tube have 
to be obtained accurately. For the lifting project, the water wall not only has an internal 
thread pipe, but also has a light pipe. In addition, as the power generation companies 
generally propose the requirement of variable pressure operation for ultra-supercritical 
boilers, the water wall of the boiler not only needs to operate in the ultra-supercritical 
state under BMCR load condition, but also needs to work in the subcritical soda 
two-phase zone when the load is reduced. With the increase of pressure, the saturation 
temperature of water increases correspondingly, but the latent heat of vaporization de-
creases correspondingly, and the specific gravity difference between saturated water and 
saturated steam also decreases. At present, there are relatively accurate and mature cal-
culation formulas [32]. As the light tube is in the low load area of the upper furnace, heat 
transfer deterioration generally does not occur. For the internally threaded pipe, we need 
to determine the ultra-supercritical pressure single-phase supercooled water and super-
heated steam resistance and heat transfer coefficient calculation formula, the critical re-
gion soda, two-phase resistance and calculation formula of normal working condition of 
the heat transfer coefficient of heat transfer, and two types of heat transfer deterioration 
in DNB and DRYOUT criterion and dry heat transfer coefficient formula (see Appendixes 
A, B and C). 

UDF, as a special tool for transmission between Fluent and Hydro, is relatively 
mature and easy to use. The entire UDF coupling route is shown in Figure 4. The UDF 
module is required to perform the complete hydrodynamic calculation and be able to 

Figure 3. Furnace CFD and hydrodynamic coupling route.

The Fluent module mainly adopts 3D steady-state calculation and SIMPLE algorithm.
The turbulence model uses a realizable two-way model and an LES model. Gas turbulent
combustion is simulated by mixed fractional probability density function. Radiation heat
transfer is calculated by the p-1 radiation model. A double matching rate model was used
to simulate the volatilization of pulverized coal. For coke combustion, the power/diffusion
control combustion model is adopted. The random track method is used to track pulverized
coal particles. The post-treatment method was adopted for the generation of nitrogen
oxides, mainly considering the generation effect of fuel nitrogen, thermal nitrogen, and
rapid nitrogen. The specific simulation method is based on relevant literature [28–31].
For the simulation of fuel type NOx, the nitrogen in pulverized coal particles is evenly
distributed in volatile matter and coke. Momentum equation, energy equation, K equation,
ε equation, NO, and HCN transport equation are discretized by the second-order upwind
scheme. In the processing of boundary conditions, the inlet of the burner is fixed speed
inlet, and the method of golden wall function is used to deal with the transition calculation
of the regional equation near the wall.

In the calculation of the ultra-supercritical boiler Hydro module, the calculation
formula of working fluid resistance and heat transfer coefficient in water wall tube have to
be obtained accurately. For the lifting project, the water wall not only has an internal thread
pipe, but also has a light pipe. In addition, as the power generation companies generally
propose the requirement of variable pressure operation for ultra-supercritical boilers, the
water wall of the boiler not only needs to operate in the ultra-supercritical state under
BMCR load condition, but also needs to work in the subcritical soda two-phase zone when
the load is reduced. With the increase of pressure, the saturation temperature of water
increases correspondingly, but the latent heat of vaporization decreases correspondingly,
and the specific gravity difference between saturated water and saturated steam also
decreases. At present, there are relatively accurate and mature calculation formulas [32].
As the light tube is in the low load area of the upper furnace, heat transfer deterioration
generally does not occur. For the internally threaded pipe, we need to determine the ultra-
supercritical pressure single-phase supercooled water and superheated steam resistance and
heat transfer coefficient calculation formula, the critical region soda, two-phase resistance
and calculation formula of normal working condition of the heat transfer coefficient of heat
transfer, and two types of heat transfer deterioration in DNB and DRYOUT criterion and
dry heat transfer coefficient formula (see Appendices A–C).

UDF, as a special tool for transmission between Fluent and Hydro, is relatively mature
and easy to use. The entire UDF coupling route is shown in Figure 4. The UDF module
is required to perform the complete hydrodynamic calculation and be able to interact
and iterate with Fluent. However, if the complete route is adopted, a specific heat load
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distribution takes too long for each hydrodynamic calculation, such that achieving quick
coupling with Fluent is difficult. A simplified hydrodynamic iterative calculation method
is required. Therefore, the pressure and flow distributions are simplified in this study. The
simplified route is shown in Figure 5. As the enthalpy is more sensitive to the temperature
rather than pressure (i.e., the pressure has a slight effect on the heat transfer), the pressure
along the height direction is assumed to be linearly distributed versus the height. The main
influencing factor of the flow distribution is the structure and resistance distribution of
the circuit, and the secondary influencing factor is the heat absorption of the circuit. For
the same boiler, the circuit structure (i.e., the resistance distribution) is fixed, so the main
factors are also fixed. In the actual operation, the water wall outlet temperature is fixed (i.e.,
the total heat absorption of the circuit is fixed and the heat absorption distribution along
the height direction is unknown). Therefore, the flow can be regarded as fixed.
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3.3. Grid and Loop of Hydrodynamic Flow System

To determine the flow rate in each circuit and the pressure distribution of the nodes,
these unknowns shall be presumed in order to obtain the conservation equations of mass,
momentum, and energy that the circuits, connecting pipes, and nodes comply with. By
solving the closed nonlinear equation group composed of these equations, the flow distri-
bution of each circuit and the pressure distribution of the nodes can be obtained. Figure 6
shows a schematic of the circuit and node division. The principle of dividing the calcu-
lation circuit of the water wall parallel tube panel is based on the characteristics of the
heat load distribution curves along the furnace width and depth, and the circuits are more
intensively distributed where the heat load changes rapidly, that is, the circuit is composed
of fewer tubes. The circuits are sparser where heat load changes lightly, that is, the circuit is
composed of additional tubes. In this way, the inhomogeneity of the heat load distribution
can be fully reflected in the calculation, so that the arrangement of the throttling orifice
rings has good control on the outlet steam temperature deviation.
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To obtain the water wall flow distributions at each load, the lower furnace is divided
into 78 circuits and the upper furnace is divided into 100 circuits. The circuit numbering
starts from the front wall counterclockwise. For the lower furnace, circuits 1~28 are on
the front wall, circuits 29~39 are on the right wall, circuits 40~67 are on the rear wall, and
circuits 68~78 are on the left wall. For the upper furnace, circuits 79~112 are on the front
wall, circuits 113~128 are on the right wall, circuits 129~162 are on the rear wall, and circuits
163~178 on the left wall.

The 3rd, 12th, 17th, 26th, 42nd, 51st, 56th, and 65th circuits of the lower furnace vertical
tube water wall pass through the burners, and the throttling orifice rings in the same circuit
have the same specifications. The schematic of the calculation circuit division of the lower
furnace is shown in Figure 7, the schematic of the distribution of the water wall orifice
rings on the four walls of the lower furnace is shown in Figure 8, and the schematic of the
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calculation circuit of the upper furnace, with circuit numbering and quantity of tubes, is
shown in Figure 9.
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3.4. Thermal Load Distribution Curve

Using extensive theoretical calculations and a large volume of real furnace test data,
Mitsubishi Corporation of Japan proposed the complete distribution curve of the heat load
along the height direction of the double tangential firing furnace and the heat absorption
deviation law of the four walls. However, due to the influence of factors, such as the
operation mode of the unit and the matching of auxiliary machines, the Mitsubishi thermal
load design curve has deviated from the actual operating value. Therefore, the present
study is based on the 1000 MW unit full-furnace 3D thermal state numerical simulation
results to make corrections, and the furnace heat load distribution is finally obtained. The
water wall heat load distribution diagram of the numerical simulation is shown in Figure 10.
The specific correction method aims to calculate the new wall temperature distribution
of the water cooling wall (including upper and lower water cooling walls) by numerical
calculation according to the actual operation of the boiler. As the correction condition,
the reverse derivation of the furnace heat load is carried out to obtain the boiler heat
load distribution in accordance with the actual operation and hydrodynamic parameters
under the boundary. Through the loading of coupled UDF, the thermal load is constantly
corrected, and then the hydrodynamic calculation is performed to obtain the temperature
distribution of the loop working medium, and the comparison is made with the actual
wall temperature distribution on site. The standard of iteration calculation is that the
temperature distribution of the loop working medium calculated by hydrodynamics is
highly consistent with the actual wall temperature distribution on site.
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According to the numerical calculation results, the heat load of each wall is processed
into two dimensions. Based on the 2D results, the data in the area are averaged and
processed in accordance with the corresponding area of the circuit and tube sections into
the format accepted by the hydrodynamic calculation. The heat absorption deviation of the
four walls is shown in Figures 11 and 12.
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4. Hydrodynamic Calculation Results
4.1. Comparison of Calculation and Field Operation Data

To analyze the causes of large deviations of boiler heat absorption, this study selected
a group of operational data in the condition of a large deviation in steam temperature for
fitting hydrodynamic calculation where the electric generating load was 517 MW. The data
in Table 2 were taken as the hydrodynamic calculation boundary conditions. Figure 13
shows the comparison between the calculated working fluid temperature at the outlet of
the upper furnace circuits by using traditional standards and the site operational value.
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Figure 13 shows that the fluid temperature distribution working fluid at the upper
front water wall outlet is relatively even according to the standard calculation method. The
average temperature of the working fluid at the outlet of the upper front wall is 357.5 ◦C,
the highest is 403.1 ◦C, the lowest is 381.2 ◦C, and the temperature difference is 3.9 ◦C.
According to the site operational data, the average working fluid temperature at the outlet
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of upper front wall is 395.8 ◦C, the highest temperature is 419.2 ◦C, the lowest is 369.7 ◦C,
and the temperature difference is 49.5 ◦C. The calculated values of the side and rear walls
of the upper furnace are in good agreement with the site operational data. The main causes
of the large difference in the temperature of the working fluid may be that the heat load
distribution of the front wall calculated by theory is different from the actual heat-load
distribution. Based on the current situation of peak load shaving, the boiler with the vertical
tube water wall is extremely sensitive to the change of heat load (especially low load). The
distribution of thermal deviation between high and low loads is dramatically different, so
adopting the coupling calculation method to correct the heat load calculation is necessary
to truly reflect the actual operation condition. The coupling result is shown in Figure 14.
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Figure 14 shows that the numerical values calculated by coupling iteration are highly
consistent with those in the actual site operation. Among them, the maximum temperature
of the coupling calculation is 408.2 ◦C, the minimum temperature is 356 ◦C, the deviation
of the two is 52.2 ◦C, and the average temperature is 371 ◦C. The maximum temperature of
the site operational data is 419.2 ◦C, the minimum temperature is 360 ◦C, the deviation of
the two is 59.2 ◦C, and the average temperature is 376 ◦C. The relative errors of maximum,
minimum, and average values are respectively 2.62%, 1.11%, and 1.4%. In general, the
coupled calculation values are in good agreement with the site operational data. Therefore,
the hydrodynamic coupling calculation model established in this study and the selection of
heat load have high reliability.

4.2. Analysis of Water Wall Coupling Calculation Results

The 15th circuit subjected to the strongest heat on the lower furnace front wall is se-
lected for studying the wall temperature. Figure 15 shows the curves presenting variations
of the working fluid temperature, inner wall temperature, middle wall temperature, outer
wall temperature, and fin end temperature for the 15th circuit along the furnace height
direction. At the operational load of 517 MW, the working fluid is sub cooled at the inlet
and then the working fluid begins to evaporate and enters the two-phase region where
the heat transfer coefficient increases considerably against the single-phase region. The
working fluid temperature remains saturated. At 40 m level of the furnace, the working
fluid is a superheated steam. The working fluid temperature at the lower furnace outlet is
422.4 ◦C. and the inner wall temperature is 468.1 ◦C. The intermediate point temperature is
475.7 ◦C. The outer wall temperature is 490 ◦C, and the fin end temperature is 498.8 ◦C.
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For the upper furnace, the tubes subjected to the strongest heat on the front, rear,
and side walls are studied. First, the 95th circuit on the front wall is studied. The curves
presenting variations of the working fluid temperature, inner wall temperature, middle
wall temperature, outer wall temperature. and fin end temperature for the 95th circuit
along the furnace height direction of furnace are shown in Figure 16. At the site operation
load of 517 MW, the working fluid temperature increases along the furnace height direction
vertically. The maximum outer wall temperature of the upper furnace reaches 464 ◦C. The
maximum temperature at the intermediate point is 451.7 ◦C, and the maximum temperature
at the fin end is 459.1 ◦C.
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Second, the 135th circuit subjected to the strongest heat on the rear wall is studied.
Figure 17 shows the curves presenting variations of working fluid temperature, inner wall
temperature, middle wall temperature, outer wall temperature, and fin end temperature of
the 135th circuit along the furnace height direction. At the site operation load of 517 MW,
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the working fluid temperature increases as the height increases. When the height exceeds
8 m, the increase in the wall temperature slows down due to a reduction of the heat load.
The maximum outer wall temperature of the upper furnace reaches 399.8 ◦C, the maximum
temperature of the intermediate point is 381.5 ◦C, and the maximum temperature of the fin
end is 398.6 ◦C.
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Third, the 172nd circuit subjected to the strongest heat on the side wall is studied.
Figure 18 shows the curves presenting variations of working fluid, inner wall, intermediate
wall, outer wall, and fin end temperatures of the 172nd circuit on the left side of the
upper furnace along the height direction. At the site operation load 517 MW, the working
fluid at the outlet is superheated steam. When the height exceeds 8 m, the increase in
wall temperature slows down due to the reduction of the heat load. The maximum outer
wall temperature of the upper furnace reaches 400.7 ◦C, the maximum temperature of the
intermediate point is 386.9 ◦C, and the maximum temperature of the fin end is 396.3 ◦C.
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In general, at 517 MW load, the 15CrMoG material for boiler furnace water wall is a
safe and reliable choice.



Energies 2022, 15, 4745 17 of 28

4.3. Cause Analysis of Steam Temperature Deviation of Water Wall and Measures to Reduce Deviation

When the boiler operates in dry state under low load, the working state of the water
wall system is in the subcritical DC range. The working medium of the water wall system
is steam water two-phase mixture, and the specific volume of the working medium on the
steam water side changes greatly. Due to the superimposed factors, including the uneven
heat load distribution in the furnace, large deviation on the flue gas side and reduced mass
flow rate of the working medium, the thermal sensitivity of the water wall running in
parallel is enhanced, and the steam temperature deviation of the water wall is increased.
For the 1000 MW ultra supercritical boiler, the water wall structure has been determined.
The main reasons for the deviation of the boiler water wall steam temperature are furnace
heat load deviation and uneven flow distribution. The furnace heat load truly reflects
the combustion condition in the furnace, and the boiler combustion is affected by factors
such as air powder distribution deviation, secondary air volume deviation, operation coal
quality deviation, and others. From the structural analysis of the water-cooled wall, the
boiler is a rectangular furnace, the areas of the front and rear walls are larger than those of
both side walls, and the rear wall water-cooled wall has no vertical section heating surface
as large as the front wall. Because the largest area of the front wall is water-cooled and
large differences in heat absorption of each part are superpositioned, the wall temperature
deviation is greater than those of the two side walls and the rear wall.

If the outlet steam temperature deviation between the two adjacent tubes of the water
wall and between the tubes along the furnace perimeter exceeds the allowable value, the
water wall cracks, thereby affecting the safe and stable operation of the boiler. Therefore,
our group recommends checking the cleanliness of the orifice ring and inlet header of the
water wall tubes with a higher wall temperature, and adjusting the combustion operation
control system and structural optimization to reduce the steam temperature deviation of
the water wall.

The flue gas flow and temperature deviation at the furnace outlet can be reduced
through combustion adjustment. The specific measures are as follows:

(1) Conducting primary air leveling, reducing the deviation of pulverized coal concentra-
tion into the boiler at each corner of the burner by adjusting the shrinkage hole on the
pulverized coal pipe, and ensuring the uniformity of pulverized coal at each corner of
the burner.

(2) Adjusting the air distribution of the burner and appropriately increasing the rigidity
of the secondary air jet of the front wall.

(3) By adjusting the swing angle of SOFA air, the tangential circle of the two flames is
adjusted to the dispersed state to avoid excessive concentration of the heat load.

(4) Standardizing the operation and combination mode of the coal pulverizer. When
the carbon content of fly ash can be met, we can put the lower coal pulverizer into
operation to control the enthalpy increase in the upper and lower furnaces.

(5) When starting and stopping the pulverizer, the opening and closing time of the cold
and hot air door is kept as long as possible to avoid the rapid change of the actual coal
entering the furnace when the coal feeder is operated or switched, thereby reducing
the large deviation of the coal water ratio during actual operation.

For the once-through boiler, there is no fixed dividing point between the evaporation
heating surface and the superheater. Therefore, reasonably determining the superheat
of the working medium at the outlet of water wall is important. Under the rated load,
selecting the outlet temperature of the water wall mainly depends on the allowable service
temperature of the built-in steam water separator material. For example, the steel of the
separator is SA335-P12 and the water wall tube is 15CrMo, and both materials are lower
than alloy steels. The allowable service temperature is 550 ◦C. A slightly lower outlet
temperature of the water wall is also conducive to reducing the temperature deviation of
the water wall.

When the boiler operates below 25% BMCR (i.e., it operates below the minimum DC
load), we recommend that the power plant start the recirculation pump for wet operation
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to ensure the safe operation of the water wall. The start-up system with pump can improve
the steam production of the boiler under low load, recover the heat and working medium
during deep peak shaving and low load operation, and improve the temperature level of
the working medium entering the water wall. During the start-up process and low load
operation, the working medium flow in the boiler water wall tube is maintained at a level
that is higher than the minimum flow. Because the water wall outlet is a steam water
mixture with saturated temperature, the working medium and tube wall temperatures of
each water wall tube along the furnace perimeter are uniform. The pump head can ensure
the forward flow of the water wall system, which can reduce stagnation, backflow, and
the possibility of hydrodynamic instability such as multiple values of hydrodynamic force,
pulsation between pipes, overheating, and excessively high temperature of the water wall
pipes. Therefore, the safety of the water wall system can be ensured.

According to the hydrodynamic calculation and field fitting calculation, under the
operating condition of 517 MW load, the heat flux density of the front wall 16 circuit is
relatively high and the steam temperature deviation of some adjacent pipelines is relatively
large. However, the maximum wall temperature is still lower than the allowable maximum
temperature of the existing pipes. If the expected effect of controlling the water wall
temperature is still not achieved after checking the cleanliness of the throttle orifice and
inlet header of the water wall pipe with high wall temperature, and after the aforementioned
combustion operation adjustment and control system optimization, the diameter of the
throttle orifice can be optimized and preliminarily evaluated. Adjusting the throttle orifice
can improve the steam temperature deviation.

5. Conclusions

In this study, the hydrodynamic calculation of the 1000 MW ultra-supercritical primary
reheat Π type single-furnace double tangential coal-fired boiler was carried out. The water
wall was divided into a flow network system composed of flow circuit, pressure node,
and connecting pipe. According to the mass conservation, momentum conservation, and
energy conservation equations, a mathematical model for the calculation of the water wall
flow and wall temperature of the boiler was established. The hydrodynamic simulation
calculation of the water wall under field operation of 517 MW was conducted by directly
solving the nonlinear flow balance and pressure drop balance equations.

The hydrodynamic simulation results of the water wall under the field operation
condition of 517 MW were calculated. The relative errors of the maximum value, minimum
value, and average value of the working medium temperature at the outlet of the upper
furnace between the simulation calculation and the field operation data were 2.62%, 1.11%,
and 1.4%, respectively. The simulated value was in good agreement with the field operation
data. The simulated value can reflect the real situation of the field furnace type to a certain
extent. The established hydrodynamic calculation model and heat load selection have
high reliability.

The causes of water wall steam temperature deviation are analyzed on the basis of
the hydrodynamic calculation results of the water wall of the boiler. Combined with
our rich boiler design and operation experience, the measurements to reduce the water
wall steam temperature deviation are proposed from three aspects: combustion operation
adjustment, control system optimization, and structural optimization transformation. The
front wall 16 circuit and some adjacent circuits with large steam temperature deviation
are proposed to perform the optimization of the orifice diameter to improve the steam
temperature deviation.
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Appendix A. Light Pipe Resistance and Heat Transfer Calculation

Appendix A.1. Single-Phase Supercooled Water and Superheated Steam

(1) Friction pressure drop

The “Hydrodynamic Calculation Method of Power Plant Boiler” uses the following
formula to calculate the frictional pressure drop of single-phase superheated water and
superheated steam in the light pipe:

∆Pf = λ
l
di

(ρw)2

2ρ
(A1)

in the formula: ∆Pf —friction pressure drop, Pa;
λ—coefficient of frictional resistance;
l—Tube length, m;
di—Tube inner diameter, m;
ρw—mass flow rate, kg/(m2 s);
ρ—The average density of the working medium in the pipe section, kg/m3.
Frictional resistance coefficient λ Calculated by the following formula:

λ =
1

4
{

lg(
3700di

k
)

}2 (A2)

in the formula: di—Tube inner diameter, m;
k—The absolute roughness of the inner wall of the tube, mm for 15CrMo, take

k = 0.06 mm;

(2) Weight drop

The gravity pressure drop of single-phase supercooled water and superheated steam
in the light pipe is calculated as follows:

∆Ph = ρgh (A3)

in the formula: ∆Ph—weight drop, Pa;
ρ—The average density of the working medium in the pipe section, kg/m3;
h—Section height, m.

(3) Heat transfer coefficient

(a) P ≤ 17.66 MPa supercooled water

Under normal heat transfer conditions, the heat transfer coefficient of the single-phase
working medium in the light pipe is calculated as follows:

α =
λ

di
Nu = 0.023

λ

di
(

wdi
ν

)
0.8

Pr0.4 (A4)

in the formula: α—Heat transfer coefficient, W/(m2 K);
λ—Thermal conductivity of working fluid, W(m K);
Nu—Nusselt number;
w—Flow rate of working fluid in the tube, m/s;
ν—Working fluid kinematic viscosity, m2/s;
Pr—Prandtl number.

(b) P > 17.66 MPa supercooled water
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Under normal heat transfer conditions, the heat transfer coefficient of the single-phase
working medium in the light pipe is calculated as follows:

α = 0.023
λ

di
(

wdi
ν

)
0.8

Pr0.8
min (A5)

in the formula: Prmin—The smaller of the Pr values calculated according to the working
fluid temperature and the inner wall temperature respectively.

(c) P < 22.12 MPa superheated steam

When the working fluid pressure in the light tube is below the critical pressure, it shall
be calculated according to the “Hydrodynamic Calculation Method of Power Plant Boiler”.

(d) P > 22.12 MPa superheated steam

For ultra-supercritical pressure steam, it can be obtained according to the calculation
method of the middle line of “Hydrodynamic Calculation Method of Power Plant Boiler”.

Appendix A.2. Soda Water Two-Phase Mixture

(1) Friction pressure drop

(a) Calculation Method of Power Station Boiler in my country

∆Pf = ψλ
l
di

(ρmwm)
2

2ρL
[1 + x(

ρL
ρG
− 1)] (A6)

in the formula: ψ—Friction pressure drop correction factor;
λ—Single-phase fluid frictional resistance coefficient;
ρmwm—Mass flow rate of vapor-liquid mixture, kg/(m2 s);
x—The average mass steam content of the working fluid in the tube.
The friction pressure drop correction coefficient ψ is calculated by the following formula:

(a) when ρw = 1000 kg/(m2 s), ψ = 1;
(b) when ρw < 1000 kg/(m2 s),

ψ = 1 +
x(1− x)(

1000
ρw
− 1)

ρL
ρG

1 + x( ρL
ρG
− 1)

(A7)

(c) when ρw > 1000 kg/(m2 s),

ψ = 1 +
x(1− x)(

1000
ρw
− 1)

ρL
ρG

1 + (1− x)(
ρL
ρG
− 1)

(A8)

(d) Chisholm method

Introduce two-phase pressure drop ratio ΦL
2:

ΦL
2 =

∆Pf

∆PLO
= 1 +

C
Xtt

+
1

Xtt2 (A9)

Xtt
2 =

∆PL
∆Pg

=

{(
1− x

x

)0.9(ρv

ρl

)0.5( µl
µv

)0.1
}2

(A10)

in the formula: Xtt—Martinelli parameter.
The coefficient C value is calculated as follows
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C = [λ + (C2 − λ)(
νG − νL

νG
)

0.5
][(

νG
νL

)
0.5

+ (
νL
νG

)
0.5
] (A11)

(a) Mass flow rate G ≤ G∗ = 1500 kg/(m2 s) (rough tube)

If λ = 1.0, C2 = G∗/G, caculate the value of C.

(b) Mass flow rate G > G∗ = 1500 kg/(m2 s)

ΦL
2 =

(
1 +

C
Xtt

+
1

Xtt2

)
ψ (A12)

ψ =
1 + C/T + 1/T2

1 + C/T + 1/T2
(A13)

C =

(
vG
vL

)0.5
+

(
vL
vG

)0.5
(A14)

T =

(
x

1− x

)(2−n)/2( µL
µG

)n/2(µG
µL

)0.5
(A15)

For rough pipes, n = 0, λ = 1.0.
After getting ΦL

2, ∆Pf = ∆PLOΦL
2. It can be seen from the above calculation process

that the Chisholm method comprehensively considers the effects of physical parameters
and mass flow rate.

(2) Weight drop

The density of the soda-water mixture is calculated as follows:

ρ = αρG + (1− α)ρL (A16)

in the formula: α—Average steam content of section.
Theoretically, there is the following relationship between the vapor content of the

section and the vapor content of the volume:

α =
1

1 + S
1− β

β

(A17)

The relationship between volume steam content β and mass steam content x

β =
1

1 +
vL
vG

1− x
x

(A18)

It can be concluded that:
α =

1

1 + S
vL
vG

1− x
x

(A19)

where S is the ratio of the steam speed to the water speed, called the slip ratio.
There are various calculation methods for the slip ratio S, and the hydrodynamic

calculation method of the power station boiler is now used:

S = 1 +
(0.4 + β2)

(G · vL)
0.5 (1−

P
221.5

) (A20)
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In the specific calculation, first determine the volume steam content, and then deter-
mine the slip ratio S, obtain the cross-section steam content α, and then obtain ρ, then the
gravity pressure drop ρ can be determined.

(3) Heat transfer coefficient

The heat transfer coefficient of the steam-water two-phase mixture in the light pipe is
calculated by the following formula:

α2 = α

√
1 + 1.027× 10−9(

ρ′whr
q

)
3/2

(
0.7αch

α
)

2
(A21)

α =
√

α2
dx + (0.7αch)

2 (A22)

αdx = 0.023
λ

di
Re0.8Pr0.4(

µnb
µgz

)
0.11

(A23)

αch = 3.16(
P0.14

0.722
+ 0.019P2)q0.7 (A24)

in the formula: wh—Mixture speed, m/s;
r—latent heat of vaporization, kJ/kg;
q—heat load, W/m2;
αch—Boiling heat transfer coefficient when the pool is boiling, W/(m2 ◦C);
αdx—Forced Convective Heat Transfer Coefficient of Single-Phase Fluid, W/(m2 ◦C);
Re—Reynolds number at circulating flow rate w0;
µnb, µgz—Viscosity coefficient calculated by inner wall temperature and by working

fluid temperature, Pa·s;
P—pressure, MPa.
The physical properties in the above formulas are determined according to the working

fluid temperature. The applicable conditions for the above formula are: P = 0.2~17 MPa;

q = 8 × 104~6 × 106 W·m−2; wh = 1~300 m·s−1; ( ρ′whr
q )( 0.7αch

α )
4/3

> 5× 104.

(4) Calculations when heat transfer deterioration occurs

(a) Critical heat load calculation when DNB occurs

Gcr = 800.44 + 223.85 ln(22.115− p) (A25)

When G < Gcr

qcr = 3343.92(22.115− p)0.4091 · G−0.3835(1− x)0.6792 (A26)

When G > Gcr

qcr = 2.2665(22.115− p)0.1007 · G0.7385(1− x)0.1888 (A27)

in the formula: p—Working fluid pressure in calculation section, MPa;
Gcr—Critical mass flow rate used as discriminant in calculation, kg·m−2·s−1;
G—mass flow rate, kg/(m2 s);
qcr—critical heat load, kW/m.

(b) Criteria for judging critical dryness when DNB occurs and calculation formula for
heat transfer after drying

xcr,0.008 = 0.3 + 0.7× e−45.0·Ω (A28)

Ω =
G · µl
σ · ρl

(
ρl
ρg

)
1
3
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in the formula: G—mass flow rate, kg/(m2 s);

µl—Saturated hydrodynamic viscosity coefficient, kg/(m s);
ρl—saturated water density, kg/m3;
ρg—Saturated Vapor Density, kg/m3;
σ—surface tension coefficient, N/m.
When the inner diameter of the pipe is not equal to 0.008 m, it is corrected as follows;

xcr = xcr,0.008(
0.008

di
)

0.15
(A29)

After DRYOUT occurs, use the Groeneveld formula to calculate α2

α2 = 0.023×
λg

di
· Reg

0.8 · Prg
0.4 · [x +

ρg
ρl
(1− x)]

0.8·

[1− 0.1× (
ρl
ρg
− 1)

0.4
· (1− x)0.4]

(A30)

in the formula: Reg—Reynolds number of saturated steam;
Prg—Prandtl number of saturated steam;
ρl—saturated water density, kg/m3;
ρg—Saturated Vapor Density, kg/m3;
x—Working fluid dryness.

Appendix B. Calculation of Resistance and Heat Transfer of Internally Threaded Tubes

Appendix B.1. Calculation of Resistance in Subcritical Region

(1) Friction pressure drop between single-phase supercooled water and superheated steam

(a) Formulas from CE company

The CE company of the United States believed that the friction pressure drop of
internally threaded pipe was 1.66 times that of smooth pipe, namely

∆Pf
∗ = 1.66∆Pf (A31)

where ∆Pf
∗ is the friction pressure drop of internally threaded pipe; ∆Pf is the friction

pressure drop of smooth tube.

(b) Kohler formula

Kohler obtained the following calculation formula through experiments

∆Pf
∗ = λ

l
di

(ρw)2

2
v = (0.0213 +

1.01× 104

Re1.2 )
l
di

(ρw)2

2
v (A32)

(c) Experimental formula

∆Pf
∗ = λ

l
di

(ρw)2

2
v = (

2.595
Re0.545 + 0.037)

l
di

(ρw)2

2
v (A33)

(2) Calculation of friction pressure drop of steam water two-phase

(a) Calculation method of utility boiler in China

It is calculated by multiplying the friction pressure drop of the smooth tube by the
coefficient of 1.66

∆Pf
∗ = 1.66∆Pf (A34)

where ∆Pf is friction pressure drop of steam and water two phase in smooth pipe.
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(b) Kohler formula

R = (1− x)2 + x2(vL/vg
)(

λg/λL
)
+ 6x1.2(1− x)0.41(vg/vL

)
=
(
µg/µL

)0.4[1− (µg/µL
)]

FrL
−0.05WoL

−0.033 (A35)

where FrL =
(
G2vL

2)/(gDi) and WoL =
(
G2DivL

)
/σ.

λg and λL can be determined by

λg = 0.0213 +
(

1.01× 104/Reg
1.2
)

(A36)

λL = 0.0213 +
(

1.01× 104/ReL
1.2
)

(A37)

Reg = GDi/µg, ReL = GDi/µL (A38)

∆Pf
∗ = R∆PL = Rλ(h/Di)

(
G2/2

)
vL (A39)

(c) Experimental formula

Through experimental research, the friction pressure drop of the steam water two-
phase in internally threaded pipe can be determined by

∆Pf
∗

∆PLO
= ΦLO

2 = 1 + (
ρL
ρG
− 1)[C(x) + x2] (A40)

where ∆PLO is the friction pressure drop of full liquid phase. C(x) can be determined by

C(x) = 1.2914x0.707(1− x)0.271 P = 13 ∼ 19 MPa (A41)

C(x) = 0.971x0.583(1− x)0.2 P = 19 ∼ 22 MPa (A42)

(3) Gravity potential pressure drop of single-phase and two-phase working medium

It is considered that the two-phase gravity pressure drop of single-phase supercooled
water, superheated steam and steam water in the internally threaded pipe is the same as
that of the smooth pipe.

Appendix B.2. Calculation of Heat Transfer in Subcritical Zone

(1) Supercooled water and superheated steam

The following calculation formula is obtained through experimental research

α2 = 0.05298
λ

di
Re0.7417Pr0.4 (A43)

It should be noted that its scope of application is P = 9~22 MPa.

(2) Steam-water two phase

The following calculation formula is obtained through experimental research

α2

αL
= 0.8936 · 1

Xtt0.2627 ·
(

P
Pcr

)−1.3889
·
( ρw

2000

)−0.6731
(A44)

where αL is the convective heat transfer coefficient of liquid phase in internally threaded
tubes; Pcr is the critical pressure, Pcr = 22.115 MPa.

(3) Criteria for determining critical heat load in case of DNB

(a) The critical heat load is calculated by Japanese

qcr = 22.95[(212− P)(ρw)]0.5(1− x) (A45)
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where qcr is the critical heat load of inner wall; P is the pressure.

(b) Experimental formula

qcr = 55.58(22.115− P)0.0255(ρw)0.3703(1− x)0.0526 (A46)

where P is the pressure.

The above formulas are applicable to P = 12.0~19.0 MPa, ρw = 400~1800 kg/(m2 s),
q = 200~800 kW/m2 and x = 0~0.75.

(4) Criterion for judging critical dryness in case of DRYOUT and calculation formula for
heat transfer after DRYOUT

(a) Calculation method of utility boiler in China

xcr = (605− 22.9P)(0.86qn)
−0.6(ρw)0.33 (A47)

where P is the pressure; qn is the heat load of inner pipe wall.

(b) Experimental formula

xcr = 115.11qn
−1.0255(ρw)0.5801e−2.5036(P/22.115) (A48)

where qn is the heat load of inner pipe wall; P is the pressure.

The heat transfer coefficient after drying is calculated by the following formula

αG = 0.012
λG
di

{
ReG

[
x +

ρG
ρL

(1− x)
]}0.86

PrG,w
2.1qn

0.95
(

λG
λcr

)−1.3( P
Pcr

)−0.98
(A49)

where λG is the thermal conductivity of vapor phase; ReG is the Reynolds number of
vapor phase; PrG,w is the Prandtl number obtained by taking the wall temperature as the
qualitative temperature; qn is the heat load of inner pipe wall; λcr is the thermal conductivity
at critical point, λcr = 0.914 W/(m K).

It is worth pointing out that the following formulas is recommended in the “hydro-
dynamic calculation method for utility boilers in China” to calculate the heat transfer
coefficient after the smooth tube dries up

α2 = 0.023
λG
di

[
(ρw)di
ρGνG

]
0.8

PrG
0.4[x +

ρG
ρL

(1− x)]
0.8

y (A50)

y = 1− 0.1(
ρL
ρG
− 1)

0.4
(1− x)0.4 (A51)

where νG is the kinematic viscosity of vaper phase; PrG is the Prandtl number of vaper phase.

Appendix B.3. Calculation of Resistance in Ultra Supercritical Zone

(1) Frictional pressure drop

(a) Formulas from CE company

It is considered that the friction pressure drop of the threaded tube in the ultra super-
critical region is 1.66 times that of the smooth tube. Friction pressure drop of smooth tube
is calculated according to Formulas (A3)–(A16)

(b) Experimental formula

∆Pf
∗ = λ

l
di

(ρw)2

2
v = (

2.595
Re0.545 + 0.037)

l
di

(ρw)2

2
v (A52)

(2) Gravity drop
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It is considered that the calculation method for the gravity drop of single-phase
supercooled water and superheated steam in the threaded pipe in the supercritical zone is
the same as that of the smooth pipe.

Appendix B.4. Heat Transfer Calculation in Ultra Supercritical Zone

(1) Near critical zone

The low enthalpy zone before the pseudo critical temperature (the pseudo critical
temperature refers to the temperature corresponding to the maximum constant pressure
specific heat CP of the working medium under supercritical pressure)

α2 = 611.08
λw

di

(
hw − h f

tw − t f
Prw

)0.3953(
ρwdi
µw

)0.7926( ν f

νw

)0.2284
(A53)

High enthalpy zone after pseudo critical temperature

α2 = 642.8
λw

di

(
hw − h f

tw − t f
Prw

)0.4635(
ρwdi
µw

)0.9181( ν f

νw

)0.3369
(A54)

where h is the enthalpy, its w and f represent that the qualitative temperature is based on
the wall temperature and the working medium temperature; v is the specific volume and its
scope of application is pressure P = 22.5~24.0 MPa, mass flow rate G = 400~1500 kg/(m2 s),
and inner wall heat load q = 200~600 kW/m2.

(2) Ultra supercritical zone

Low enthalpy region before pseudo critical temperature

α2 = 0.7469
λw

di

(
hw − h f

tw − t f
Prw

)1.1109(
ρwdi
µw

)0.459( v f

vw

)0.468
(A55)

High enthalpy region after pseudo critical temperature

α2 = 47.39
λw

di

(
hw − h f

tw − t f
Prw

)1.183(
ρwdi
µw

)0.203( ν f

νw

)1.696
(A56)

Its scope of application is pressure P = 24.5~32.0 MPa, mass flow rate G = 400~1500 kg/(m2 s)
and inner wall heat load q = 200~600 kW/m2.

Appendix C. Calculation of Water Wall Temperature of Ultra Supercritical Boiler

According to the principle of heat transfer, the temperature of working medium in
the water-cooled wall tube of ultra supercritical boiler is related to the geometric structure
of the tube, the heat transfer coefficient of the inner wall, the thermal conductivity of the
tube and the heat load distribution of the flue gas outside the tube. According to the
“hydrodynamic calculation method for utility boilers”, the calculation formula for the inner
wall temperature of the front side of the pipe is as follows

tn = t f + Jn
β

α2
qw (A57)

where t f is the temperature of working medium in pipe at wall temperature calculation
point; Jn is the heat flow sharing coefficient of inner wall in front of pipe and can be obtained
from the line calculation Equations (A57) and (A58) of the “the hydrodynamic calculation
method for utility boilers”; β is the ratio of tube outer diameter to inner diameter and
β = dw/di; qw is the radiant heat load of front outer wall at wall temperature calcula-
tion point.
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Calculation formula of outer wall temperature at the front of pipe

tw = t f + Jn
β

α2
qw + Jqw

δ

λ

2β

β + 1
(A58)

where J is the average heat current sharing coefficient along the thickness direction on the
front of the pipe, and can be obtained from line calculation diagram of the “hydrodynamic
calculation method for utility boiler”;

δ is the thickness of pipe wall; λ is Metal thermal conductivity of pipe.
For the calculation of pipe wall temperature of ultra supercritical fluid, because the

heat release coefficient is not only related to the local fluid temperature, but also related to
the inner wall temperature. Therefore, it is necessary to use the iterative solution method
to calculate the inner wall heat transfer coefficient.
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