
Article Not peer-reviewed version

Investigation on Hydrodynamic

Performance and Wall Temperature of

Water-cooled Wall in a 1000 MW Boiler

under Low-load Conditions

Peian Chong , Xiaolei Zhu , Jianning Li , Xiao Li , Lei Deng *

Posted Date: 24 September 2024

doi: 10.20944/preprints202409.1783.v1

Keywords: Supercritical boiler; Water-cooled wall; Hydrodynamic performance; Wall temperature

characteristics; Deep peak shaving

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/769116


 

Article 

Investigation on Hydrodynamic Performance and 
Wall Temperature of Water-Cooled Wall in a 1000 
MW Boiler under Low-Load Conditions 
Peian Chong 1, Xiaolei Zhu 1, Jianning Li 1, Xiao Li 2 and Lei Deng 2,* 

1 Shanghai Power Equipment Research Institute Co., Ltd., Shanghai 200240, China 
2 State Key Laboratory of Multiphase Flow in Power Engineering, School of Energy and Power Engineering, 

Xi’an Jiaotong University, Xi’an 710049, China 
* Correspondence: leideng@mail.xjtu.edu.cn; Tel: +86-29- 82668703; Fax: +86-29-82668703 

Abstract To enhance the peak-shaving capability of the boiler, a mathematical model of hydrodynamic and 
wall temperature characteristics for the water-cooled wall of a 1000 MW boiler was established. The attributes 
pertaining to the mass flow distribution, the temperature of the effluent working fluid, pressure drop, and the 
thermal distribution across the wall surfaces at 30% of the boiler's maximum continuous rating (BMCR) were 
meticulously computed and subjected to a thorough analytical review. The findings suggest that, under the 
operation at 30% BMCR load, there is a substantial equilibrium in the flow distribution across the quartet of 
walls that constitute the water-cooled wall assembly. The maximum mass flow rate deviations in the helical 
and vertical sections are 1.95% and 3.47%, respectively, showing small flow deviations and reasonable 
distribution. The temperature deviation in the helical section is 0.3 °C, reflecting the characteristic low thermal 
deviation in helical tubes. While the temperature deviation at the outlet of the vertical section is higher, it 
remains within safe limits. The pressure loss across the water-cooled wall system amounts to 0.4 MPa. The 
peak wall temperature reaches 337.5°C, remaining within the material's permissible safety limits. In-depth 
performance analysis ensures the safe operating conditions of the water-cooled wall during low load 
conditions. 

Keywords supercritical boiler; water-cooled wall; hydrodynamic performance; wall temperature characteristics; 
deep peak shaving 

 

1. Introduction 

Recently, with the swift advancement of renewable energy, effectively integrating these energy 
sources has become a significant challenge for power systems [1–4]. Particularly in China, thermal 
power continues to dominate the energy mix [5]. Achieving the goals of carbon peaking and carbon 
neutrality as part of the energy transition [6] makes advanced deep peak-shaving technologies in 
coal-fired power plants specifically critical [7–10]. This technology facilitates the stable operation of 
coal-fired power units at reduced load capacities, thereby enabling the electrical grid to integrate a 
higher proportion of renewable energy sources while concurrently ensuring grid stability [11–13]. 

Supercritical and ultra-supercritical boilers, as core equipment in modern thermal power 
generation, have hydrodynamic characteristics and combustion efficiency that directly affect the 
operational safety and economic performance of the entire power plant [14–17]. During low-load 
operations, the water-cooled wall bears the full process from subcooled to superheated states of the 
working fluid, ensuring that the wall temperature remains within the permissible range for metal 
materials, which is crucial for the safe operation of the boiler [18–20].  

Previous studies [21–23] indicate that when supercritical units operate under deep load-
following conditions, their load response speed is slow, and coal consumption per unit of electricity 
significantly increases. Additionally, the water-cooled walls of the boiler face challenges in flow 
stability and thermal deviation, as the boiler load decreases, the high temperature area and flame 
move toward the side wall [24], which can lead to overheating of metal tube walls and equipment 
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damage [25,26]. Consequently, an exhaustive investigation into the hydrodynamic properties and 
wall temperature distribution within boiler systems under reduced-load conditions is crucial to 
guarantee the safety of operational units during such scenarios, enhance energy efficiency, and 
mitigate environmental pollution through the reduction of contaminant emissions. 

Currently, numerous researchers [23,24,27–30] have conducted investigations into the 
hydrodynamic characteristics of boilers under low loads. Zhu et al. [28] designed an orifice situated 
at the 50% threshold of the boiler's maximum continuous rating (BMCR), with the intention of 
enhancing the hydrodynamic performance of the water-cooled walls within an ultra-supercritical 
pressure boiler. The implemented design was found to facilitate consistent heat transfer efficacy 
across a spectrum of boiler loading scenarios, concurrently guaranteeing the integrity of the water-
cooled wall's metallic temperature for safe operational parameters. Wan et al. [29] investigated the 
hydrodynamic characteristics of the water-cooled walls in a 1000 MW ultra-supercritical boiler under 
30% and 75% BMCR loads, finding that flow distribution was influenced by pipeline length and the 
horizontal non-uniformity of heat flux. Furthermore, the study showed that the outlet steam 
temperature exhibited an inverse relationship with flow rate. Zhou et al. [30] explored the 
hydrodynamic behavior of a supercritical boiler at 30% BMCR load. When subjected to a 1.2 times 
heat flux disturbance, the flow pulsation within the furnace eventually stabilized, indicating that no 
flow instability occurs when operating at low loads. Chen et al. [23] studied the hydrodynamic 
characteristics of the water-cooled wall system within a 600 MW supercritical boiler under 60%, 80%, 
and 100% BMCR loads. Their findings indicated that at 80% BMCR load, water temperature 
approached the boundary of the high specific heat capacity region, suggesting a risk of heat transfer 
deterioration. This condition requires careful monitoring to prevent overheating of the water-cooled 
wall tubes. 

However, previous studies [23,24,27,28,31] have mostly focused on conditions above 30% BMCR 
load, with limited research on the hydrodynamic characteristics at 30% BMCR load. Therefore, this 
study not only examines the mass flow distribution and pressure loss behavior of the water-cooled 
wall at 30% BMCR load but also delves into the correlation between wall temperature variation and 
the material's safe operating limits. 

Additionally, the hydrodynamic computational model formulated in this study treats the water-
cooled wall flow network as an interconnected system of flow channels, pressure junctions, and 
connecting conduits. A series of pressure equations for each component is established based on the 
principles of mass conservation, momentum conservation, energy conservation, and the fundamental 
equations of fluid mechanics [16,32–34]. 

This study investigates a 1000 MW supercritical boiler by developing a mathematical model to 
analyze the hydrodynamic behavior and wall temperature distribution in its water-cooled walls. The 
model evaluates the hydrodynamic behavior and wall temperature safety at 30% BMCR load. The 
findings are significant for enhancing the peak-shaving capability of the boiler. 

2. Mathematical Model 

2.1. Hydrodynamic Calculation Method 

Fig. 1 outlines the calculation process used to determine the boiler's hydrodynamic 
characteristics in this study. The water-cooled wall flow network system can be viewed as consisting 
of flow paths, pressure nodes, and interconnecting pipelines. Adhering to the tenets of conservation 
of mass, momentum, and energy, a suite of pressure equations is formulated for each constituent 
element. [16,32–34]. By formulating and solving the nonlinear pressure loss balance equations, the 
branch flow rates are calculated utilizing the obtained partial pressures. The iterative calculation 
continues until the solution meets the predetermined accuracy requirements, ultimately yielding the 
pressure loss, flow distribution, working fluid outlet temperature, and wall temperature distribution 
along the furnace height. 
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Figure 1. Flow chart for hydrodynamic calculations. 

2.2. Analysis of Pressure Equation 

In order to uphold the principle of mass conservation, it is imperative that the mass flow rate 
influx into each component is equivalent to the mass flow rate efflux from that component. The inflow 
and outflow situation of the target component is displayed in Fig. 2, where 1iG and 2iG  (kg s-1) 

represent the mass flow rates of the two branches flowing into component 0, 1oG  and 2oG  (kg s-1) 

represent the mass flow rates of the two branches flowing out of component 0, sG  (kg s-1) denotes 
the water flow source term in the specified component 0. 

 
Figure 2. Mass conservation diagram of component 0. 

Assuming that a target component possesses m entrances and n exits, the mass conservation 
equation can be formulated as 

1 1

m n

I i O j s
i j

G G G− −
= =

= +∑ ∑                                                    (1) 

where I iG −  (kg s-1) represents the mass flow rate of the i-th stream entering the target component, 

while O jG −  (kg s-1) represents the mass flow rate of the j-th stream leaving the target component. 

The equation for determining the pressure loss during fluid flow through a tube is given by 
2p RG ghρ∆ = +                                                             (2) 
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where 2RG  (kg2 s-2) denotes the pressure losses in the tube due to local effects, friction, and 
acceleration. The gravity pressure loss is separately mentioned here because the first three types of 
pressure losses are all proportional to 2G (kg2 s-2), while the gravity pressure loss can be considered 
as a constant for mass flow rate G (kg s-1). R  is the coefficient of 2G  in resistance calculation, 
which is similar to resistance in an electrical circuit. 

Define 0G  (kg s-1) as the value superior to G  (kg s-1), where G  represents the flow rate to be 
solved at the current level, pressure loss-flow relationship equation can be obtained using 

 0

p ghG
RG
ρ∆ −

=  (3) 

The substitution of Equation (3) into the mass flow balance equation (1), considering the upward 
flow of the working fluid, yields the following result. 

 O OI I
S0 0

1 1I I O O

( )( )m n
j ji i

i ji i j j

p ghp gh G
R G R G

ρρ − −− −

= =− − − −

∆ −∆ −
= +∑ ∑  (4) 

Taking into account the pressure loss across the target element, with the inlet pressure serving 
as a reference point, the following expression is obtained. 

 I i i ip p p p−∆ = −∆ −  (5) 

 O j jp p p p−∆ = −∆ −  (6) 

where I iP −∆  denotes the pressure loss due to the fluid flow between the intake of Component I and 

the designated target component (Pa), iP  indicates the pressure at the inlet of component I (Pa), 

iP∆  refers to the pressure loss generated internally within component I (Pa), P  represents the 
pressure at the intake of the target component (Pa). The nomenclature for the determinants involved 
in the computation of pressure loss at the outlet of the component is analogous to that of the inlet. 

Combining Equations (4), (5), and (6), the pressure equation can be obtained as 

 0 00 0 0 0 0 0
1 1 1 1 1 1

( ) ( )1 1[ ] [ ]
m n m n n m n m

I I I I
I S

I I I I i iI I I I Io Io Ii Ii Io Io Ii Ii

p p gh ghp p G
R G R G R G R G R G R G

ρ ρ+ +

= = = = = =

∆
− = ∆ − + − −∑ ∑ ∑ ∑ ∑ ∑

 (7) 

where the symbol before sG  (kg s-1) is '-' indicating that this flow is exiting the component. If sG  

represents the flow entering the component, the symbol before sG  should be '+'. 

2.3. Heat Transfer Calculation Model 

Moreover, the heat transfer coefficient is of paramount importance for the efficacy of water-
cooled walls. Corroborated by empirical research into the thermal exchange properties of helical and 
vertical conduits, precise correlations pertaining to the heat transfer coefficient have been 
meticulously formulated. 

For vertical tubes, the convective heat transfer coefficient of the fluid contained within the lumen 
is determined in accordance with the subsequent formula [35]. 

In the lower-enthalpy zone 

 
0.841 0.281

0.65435.21 w f w w
w

m f

h h
Nu Re

T T
µ ρ
λ ρ

 −  
= ⋅    −   

 (8) 

In the higher-enthalpy zone 
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0.453 0.361

0.351246.6 w f w w
w

m f

h h
Nu Re

T T
µ ρ
λ ρ

 −  
= ⋅    −   

 (9) 

where wRe  is Reynolds number which calculated based on the temperature of the inner tube wall, 

wh  is enthalpy of the fluid at the tube wall surface (J kg–1), fh  is enthalpy of bulk fluid (J kg–1), mT  

is metal temperature corresponds to the outer tube wall (°C), fT  is fluid temperature (°C), wµ  is 

dynamic viscosity which determined by the temperature at the inner tube wall (N s m–2), λ  is 
thermal conductivity of tube (W m–1 K–1), ρ  is average density of fluid (kg m–3), wρ  is density 
while the inner tube wall temperature being a key parameter (kg m–3). 

For helical tubes, the heat transfer coefficient pertaining to the fluid contained within the lumen 
is determined by means of the subsequent formula [36] 

 
0.231

0.6130.9230.00459 w
w wNu Re Pr ρ

ρ
 

=  
 

 (10) 

where wRe  is Reynolds number which calculated based on the temperature of the inner tube wall, 

wPr  is average Prandtl number which calculated using the inner wall temperature as the reference 

temperature, ρ  is average density of fluid (kg m–3), wρ  is density while the inner tube wall 
temperature being a key parameter (kg m–3). 

2.4. Wall Temperature Calculation Model 

When the boiler functions at low load, the flame distribution is uneven, resulting in significant 
differences in flue gas temperature, velocity, and combustion products. Additionally, the differences 
in the structure of the heating surfaces and the degree of ash deposition lead to uneven heat intensity 
distribution within the furnace. 

As per the requirements of Russian Standard 98 [37] for thermal calculation, by introducing the 
concept of the heat split coefficient, the temperature of the tube wall subjected to non-uniform heating 
can be ascertained through derivation. 

 3
c w w, max

2

1( ) 10
( 1)m

t t r q δµ β
α λ β
 

= + + + 
 (11) 

where ct  is the mean temperature between the inner and outer walls, i.e., the calculated wall 

temperature (℃), wt  is the average temperature of the medium in the evaluated section component 

(℃), δ  is the wall thickness of the tube (m), β  is the ratio of the tube’s outer to inner diameter, 

given by structural dimensions, 
2

d
d

β
δ

=
−

, µ  is the heat split coefficient, w, maxq  is the 

maximum unit heat absorption of the deviation tube at the calculated section (calculated at the outer 
wall surface) (kW m-2), mλ  is the thermal conductivity of the tube wall metal (W m-1 K-1), 2α  is the 
rate of heat transfer from the wall surface to the heated medium (W m-2 K-1). 

It is readily ascertainable from the formula for calculating wall temperatures that the thermal 
state of the heating surface is contingent upon an array of factors, including but not limited to the 
conditions of heat load, the temperature of the medium undergoing heating, the heat transfer 
properties between the medium and the wall, the thermal conductivity of the material, as well as the 
geometric configuration. 

2.5. Calculation Loop Division 
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Based on the geometric characteristics of the furnace and the burner arrangement, the lower 
helical section of the water-cooled wall structure improves the uniformity of heat absorption. The 
distribution of heat flux density in the vertical direction necessitates meticulous examination. 
Horizontally, the heat flux is compartmentalized into spiral patterns at the inlet headers situated at 
the periphery of the four corners. This is consistent with the actual working fluid flow pattern. The 
vertical section is divided into five sections in the height direction, and is equally divided 
circumferentially according to the wall surface, with the calculation results corresponding to each 
divided pipe section. The distribution of the computational loop for the water-cooled wall is 
delineated in Fig. 3. 

 

Figure 3. Structure division of water-cooled wall. 
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3. Case Study 

The boiler of a certain power plant is a 1000 MW ultra-supercritical, spiral furnace, single reheat, 
balanced ventilation, dry ash extraction, all-steel framed, outdoor-arranged π-type opposed firing 
boiler. The furnace depth of the boiler is 15,728.7 mm, the width is 33,128.7 mm, and the total height 
is 64,500 mm, spanning from the central axis of the lower header of the anterior water-cooled wall to 
the central axis of the furnace ceiling tube. The primary design specifications of the boiler are 
delineated in Table 1. 

Table 1. The main design parameters of the boiler. 

Item Value 
Superheated steam flow (t h-1) 1913 

Superheated steam outlet pressure (MPa) 25.40 
Superheated steam outlet Temperature (℃) 571.0 

Reheated steam flow (t h-1) 1586 
Reheated steam inlet pressure (MPa) 4.35 

Reheated steam inlet temperature (℃) 310.0 
Feedwater temperature (℃) 282.0 

The operational and combustion parameters of the boiler are inherently intricate, encompassing 
a complex array of factors such as fluid dynamics, heat transfer mechanisms, chemical reactions, and 
the interplay amongst these variables. The models employed in this study are reported in Table 2. 
These models have been tested by many scholars and have been proven to be applicable to the 
combustion simulation of coal-fired boilers.  

Table 2. Models employed in numerical simulation. 

Name Model 
Gas phase turbulence Standard k-ε model 

Radiation heat transfer DO 
Component combustion PDF 

Discrete phase DPM Euler-Lagrange model 
Volatile analysis Single-step reaction model 
Char combustion Diffusion-power model 

Turbulent combustion Classical two-step reaction mechanism 
The boundary conditions for the numerical simulation at 30% BMCR load are listed in Table 3 
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Table 3. Basic working condition setting parameters. 

Parameter 
Mass flow rate 

(kg s-1) 
Flow volume 

(m3 s-1) 
Velocity 
(m s-1) 

Temperature 
(K) 

Density 
(kg m-3) 

burner tiers 

Primary air 103.12 102.13 24.43 353 1.00 

A-B 
Secondary air 249.11 419.90 

20.97 (internal) 
612 0.58 

43.72 (external) 
Over fire air 

(OFA) 
62.62 101.35 

43.28 (internal) 
- - 

20.86 (external) 

In practical engineering, unstructured grids are more adaptable to complex models and yield 
better prediction results. Therefore, FLUENT MESHING is applied for grid generation. To improve 
the connectivity within the boiler, the entire boiler is selected as a single unit for grid generation. The 
burner area, furnace area, heat exchanger area, and ash hopper area have complex structures and 
high turbulence intensity, so unstructured tetrahedral grids are employed to adapt to their complex 
physicochemical processes. For the burner area, considering the presence of many small-scale 
structures, the grid size is reduced to achieve grid refinement and minimize computational errors. 
The grid improvement function in FLUENT MESHING is utilized to enhance the initially generated 
grids, thereby improving grid quality and computational accuracy. The grid model is presented in 
Fig. 4. 

 
Figure 4. The grid model. 

To balance computational speed and accuracy, this study sets up three grid systems with 
different grid counts, namely 1.56, 2.03, and 3.13 million. The increase in grid count is achieved by 
refining the grids in areas such as the burner based on the previous grid system. 

In the course of executing grid independence assessments, the mean cross-sectional temperature 
gradient across the furnace's vertical axis is adopted as a critical metric. Fig. 5 illustrates the 
comparative distribution of this average cross-sectional temperature profile along the furnace height 
for three distinct grid configurations, all under uniform operational parameters. The swirling air from 
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the secondary air nozzle within the burner yields a diminished temperature gradient at the core of 
the burner layer. It is readily observable that the temperature distribution across the vertical axis of 
the furnace is generally consistent across all three grid systems, with the temperature profiles of the 
2.03 and 3.13 million models showing greater similarity. The 2.03 million grid system can ensure good 
computational accuracy while reducing computational costs. All numerical simulation studies in this 
study are conducted on this grid system. 

 

Figure 5. Grid independence test. 

4. Results and Discussion 

4.1. Model Verification 

To validate the reliability of the numerical simulation outcomes, the present investigation 
conducts a comparative analysis between the empirical measurements or thermodynamic 
computations of parameters at 100% BMCR conditions and the results derived from numerical 
simulations, as delineated in Table 4. The table illustrates that the relative discrepancy between the 
numerical simulation outcomes and the empirical or thermodynamic computational values for the 
boiler remains within a 3% threshold. Considering the actual industrial production scale, the selected 
numerical model can be considered reliable. 

Table 4. Comparison of simulation values and measured or thermal calculation values under 100% 
BMCR. 

Parameter 
Simulation 

value 

Measured or 
thermal calculation 

value 

Relative deviation 
(%) 

Screen-type superheater outlet flue gas temperature (℃) 1057.1 1042.1 1.44 
Screen-type reheater outlet flue gas temperature (℃) 1002.5 972.9 3.04 

Average heat load of radiation heating surface (kW m-2) 134.85 131.78 2.33 
Outlet oxygen percentage (%) 2.85 2.90 -1.72 

4.2. 30% BMCR Load Hydrodynamic Characteristics 

The distribution of the average heat flux density along the furnace height direction of the boiler's 
four walls under the 30% BMCR load obtained from the numerical simulation is illustrated in Fig. 6, 
including two working conditions. It is evident that the highest heat flux density for both scenarios 
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is concentrated in the central region of the furnace. Specifically, under condition b, the thermal load 
in the central region of the furnace varies more smoothly along the furnace height. This is attributed 
to the enhanced airflow filling and a more consistent velocity distribution within the furnace, thereby 
yielding an expanded high-temperature region at the furnace's core. 

. 

Figure 6. The distribution of average heat flux density along the height of the furnace across the four 
walls of the boiler under 30% BMCR load. 

Fig. 7 clarifies the mass flow distribution circuit under the 30% BMCR load. The maximum mass 
flow rates of helical tube section and the vertical tube section are 0.746 and 0.147 kg s-1, respectively. 
The imbalance in water-cooled wall loop flow primarily stems from several key factors. Firstly, heat 
absorption deviation is a significant contributor, resulting in uneven heat absorption across water-
cooled wall tubes at different locations during the heat exchange process. Secondly, the arrangement 
of introduced tubes also impacts flow distribution, as different arrangement strategies lead to 
variations in fluid flow within the pipelines [38]. Additionally, differences in the lengths of water-
cooled wall tubes themselves are also a significant factor contributing to flow imbalance. 

For helical tube loops, due to their design characteristics, the vertical height difference between 
each tube is essentially the same, indicating a relatively minor influence of gravity on fluid pressure 
loss. Simultaneously, these tubes are uniformly arranged around the furnace in a helical ascent 
manner, ensuring uniform heating surface. However, in this structure, even with uniform heating, 
significant flow resistance is induced due to factors such as the positions of burner nozzles and flue 
gas outlet nozzles, leading to a reduction in mass flow of the working fluid.  

For the vertical tube sections, the distribution of flow in each tube loop is not solely determined 
by tube length, in fact, the total heat absorption within the tube is also a crucial factor. By observing 
Fig. 7, we can observe that the mass flow rates at the front, right, and left walls are relatively close, 
indicating a relatively balanced flow distribution. Nonetheless, the mass flow rate at the rear wall is 
comparatively diminished, primarily due to the relatively complex design of the rear wall and 
significant influence from the flame bending angle. Due to the presence of the flame bending angle, 
the heat absorption at the rear wall is lower, which in turn results in a drop in gas content within the 
tube, thereby an increase in the working fluid's density. As a result of this density increase, the 
hydrostatic head also increases, ultimately leading to a reduction in flow within the loop [39]. 
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. 

Figure 7. The mass flow rate distribution of water-cooled wall under 30% BMCR load. 

Fig. 8 illuminates the outlet temperature of the working fluid in the helical and vertical sections 
under the 30% BMCR load. At this point, the dryness of the working fluid at the effluent of the water-
cooled wall boundary remains below 1, indicating that it is not superheated steam. From Fig. 8, it can 
be observed that the helical section manifests the minimum outlet steam temperature at 323.5 ℃, 
while the maximum recorded temperature at the outlet is 323.8 ℃. The temperature deviation is 0.3 
℃, which is consistent with the characteristic of small thermal deviation in helical tubes [22]. The 
outlet steam temperature deviation in the vertical section is relatively large. The maximum outlet 
steam temperature is invariably recorded at the rear wall, whereas the front wall consistently 
manifests the minimum outlet steam temperature. Moreover, the distribution of outlet steam 
temperatures on the lateral walls, both to the left and right, exhibits a comparable pattern, whereas 
the rear wall typically exhibits outlet steam temperatures that surpass those on the front wall. This 
discrepancy is attributed to variations in flow rates resulting from differing flow cross-sections 
between the front and rear walls. 

. 

Figure 8. The outlet temperature of the working fluid in the water-cooled wall under 30% BMCR load. 

Table 5 delineates the computed pressure loss metrics within the water-cooled wall system 
under 30% BMCR operating conditions. The cumulative pressure loss across the water-cooled wall 
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spans from the inlet header to the steam-water separator. The pressure loss in the helical coil covers 
the section from the inlet header to the intermediate header, while the pressure loss in the vertical 
tube panel occurs between the intermediate header and the furnace top outlet header. The 
computational outcomes reveal that the deployment of helical tube coils within the water-cooled wall 
of the lower furnace, coupled with the increased length of the helical tubes and the augmented flow 
rate of the operating fluid, predominantly contributes to the concentration of system pressure loss 
within the helical tube coil segment [40]. The diminished flow velocity of the working fluid within 
the vertical conduits, coupled with their relatively reduced length, results in a significantly smaller 
proportion of pressure loss attributed to these conduits within the context of the overall pressure loss 
in the water-cooled wall system. 

Table 5. Calculated value of pressure loss of water-cooled wall system. 

Parameter 30% BMCR 
Pressure loss across helical coil (MPa) 0.35 

Pressure loss across vertical tube panel (MPa) 0.06 
Total pressure loss of water-cooled wall (MPa) 0.40 

4.3. Wall Temperature Characteristics 

Fig. 9 demonstrates the circumferential wall temperature distribution along the vertical segment 
of the water-cooled wall. The high-temperature section appears near the centerline of each wall, with 
the highest wall temperature occurring on the front side wall. The wall temperature distribution 
across the boiler's front wall, left wall, and right wall demonstrates a relative homogeneity, whereas 
the temperature of the rear wall exhibits less fluctuation compared to the other walls. This is due to 
the smaller heating region of the rear wall's water-cooled wall and the presence of suspension tubes, 
resulting in more uniform heat distribution.  

. 

Figure 9. The circumferential wall temperature distribution of the vertical section. 

Fig. 10 illustrates the distribution of wall temperatures along the vertical axis of the furnace. Due 
to the increase of heat flux density, the wall temperature rises rapidly. Then, with the decrease of heat 
flux along the height of the furnace, the wall temperature shows a decreasing trend as a whole. 
Additionally, as the working medium traverses into the biphasic zone, the fluid's heat transfer 
coefficient increases substantially, leading to an overall reduction in wall temperature, with the 
maximum reaching 337.5°C. 
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. 

Figure 10. The distribution of wall temperature along the height of the furnace. 

5. Conclusions 

In this study, an analysis is conducted on the hydrodynamic performance and wall temperature 
of the water-cooled wall within a 1000 MW supercritical boiler under low-load conditions. Moreover, 
computations are performed to ascertain the mass flow distribution, the temperature of the effluent 
working fluid at the outlet, the pressure drop, and the wall temperature at a load corresponding to 
30% BMCR. The conclusions can be described as follows: 
1. To ascertain the credibility of the numerical simulation outcomes, a comparative analysis was 

conducted between the empirical measurements and the thermodynamic computations for 
parameters, including the flue gas temperature at the outlet of the platen superheater, under 
conditions corresponding to 100% BMCR. The comparison results demonstrate that the 
established numerical model is correct and reliable. 

2. At 30% BMCR load, the flow distribution across the quartet of walls within the water-cooled wall 
is basically balanced. The flow distribution characteristics of the helical section and the vertical 
section are similar, with the maximum mass flow rates of 0.746 and 0.147 kg s-1 respectively, and 
the maximum mass flow deviations of 1.95% and 3.47% respectively, indicating small flow 
deviations and reasonable distribution. The flow deviation in the helical section is mainly 
influenced by uneven tube length, while the flow deviation in the vertical section is primarily 
affected by differences in heat load. 

3. At 30% BMCR load, the lowest outlet steam temperature of the uniformly heated helical section 
is 323.5 ℃, and the highest outlet steam temperature is 323.8 ℃, with a temperature deviation of 
0.3 ℃, which is consistent with the characteristic of low thermal deviation in helical tubes. The 
heat absorption deviation causes a larger temperature deviation at the outlet of the vertical 
section. However, it remains within the safe range.  

4. At 30% BMCR load, the comprehensive pressure loss across the system amounts to 0.4 MPa, 
while the peak wall temperature recorded on the water-cooled wall reaches 337.5 ℃. The tube 
wall temperature remains within the material's allowable safety limits, with no degradation in 
heat transfer observed, indicating that the water-cooled wall design is both achievable and 
effective. 
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and Technology Project [grant numbers 2014CT12]. 
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G                     mass flow rate (kg s-1) 

I iG −                  mass flow rate of the i-th stream entering the target component (kg s-1) 

O jG −                 mass flow rate of the j-th stream leaving the target component (kg s-1) 

sG                    water flow source term in the specified component (kg s-1) 
0G                    mass flow rate of the previous level for the same branch flow (kg s-1) 
0
I iG −                  mass flow rate of the previous level of the i-th inlet branch of the 

component (kg s-1) 
0
O jG −                 mass flow rate of the previous level of the j-th outlet branch of the 

component (kg s-1) 
0
IG                    mass flow rate of the previous level of the I-th branch of the component 

(kg s-1) 
0
IoG                   mass flow rate of the previous level of the I-th outlet branch of the 

component (kg s-1) 
0
IiG                    mass flow rate of the previous level of the I-th inlet branch of the 

component (kg s-1) 
g                      gravitational acceleration (m s-²) 
h                      length of the tube segment (m) 

fh                     enthalpy of bulk fluid (J kg-1) 

wh                     enthalpy of the fluid at the tube wall surface (J kg-1) 
m                     number of branches where the working fluid enters component 0 
n                      number of branches where the working fluid flows out of component 0 
Nu                   Nusselt number 
P                      pressure at the inlet of the target component (Pa) 

I iP −∆               pressure loss is due to the working fluid flow between the component inlet 
and the target component inlet (Pa) 

jOP −∆               pressure loss is due to the working fluid flow between the component outlet 

and the target component outlet (Pa) 

iP                      pressure at the inlet of component (Pa) 

jP                     pressure at the outlet of component (Pa) 

iP∆                   pressure loss generated internally within component (Pa) 

P∆                   pressure loss of the target component (Pa) 

IP                     pressure of the I-th branch of the component (Pa) 

0P∆                   pressure loss of the component 0 (Pa) 

IP∆                   pressure loss of the I-th branch of the component (Pa) 

wPr             average Prandtl number is calculated using the inner wall temperature as the 
reference temperature 

0IP                    pressure of the I-th branch of the component 0 (Pa) 

w,maxq                ratio of the tube’s outer to inner diameter (kW m-2) 

R                      resistance coefficient 

IR                     resistance coefficient at the I-th branch of component 

IoR                    resistance coefficient of the I-th outlet branch of the component 

IiR                    resistance coefficient of the I-th inlet branch of the component 
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I iR −                   resistance coefficient at the inlet of component 

O jR −                  resistance coefficient at the outlet of component 

wRe                  Reynolds number is calculated based on the temperature of the inner tube 
wall 

ct                     mean temperature between the inner and outer walls (℃) 

fT                     fluid temperature (°C) 

mT                     metal temperature corresponds to the outer tube wall (°C) 

wt                     average temperature of the medium in the evaluated section component 
(℃) 

Greek symbols 

2α                    rate of heat transfer from the wall surface to the heated medium (W m-2 
K-1) 

β                     ratio of the tube’s outer to inner diameter 
δ                     wall thickness of the tube (m) 
µ                     heat split coefficient 

mλ                   thermal conductivity of the tube wall metal (W m-1 K-1) 

ρ    average density of fluid (kg m-3)  

wρ                   density while the inner tube wall temperature being a key parameter (kg 
m-3) 

λ                     thermal conductivity of tube (W m-1 K-1) 

wµ                   dynamic viscosity is determined by the temperature at the inner tube wall 
(N s m-2) 

Abbreviations 

BMCR  boiler maximum continuous rating 
OFA                over fire air  
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