
 

1. Introduction 

In subcritical boilers, the heat flux distribution on the width of 

the combustion chamber wall is close to uniform. Therefore, the 

temperature of the walls of neighbouring waterwall tubes is sim-

ilar. In supercritical boilers, the heat flux distribution on the 

width of the combustion chamber wall is uneven – on the centre 

of the wall, its value is about 50% higher than close to the com-

bustion chamber corners [1].  

The most common method of reduction of thermal stresses 

resulting from uneven heating of neighbouring waterwall tubes 

is differentiation of mass flux of fluid flowing inside tubes – the 

mass flow in tubes near the centre of the combustion chamber 

wall is higher than in tubes close to the corners of the combus-

tion chamber. Another method analysed by designers of com- 

bustion chambers is to vary the spacing of the waterwall tubes. 

In some publications, the idea of reducing the spacing near the 

centre of the combustion chamber wall to increase the number 

of waterwall tubes on the unit width of the wall is presented. 

2. Literature review 

Many publications may be found in the literature regarding the 

heat and mass transfer in subcritical and supercritical boilers. 

Authors of [2] proposed one of the first computer-based moni-

toring systems for boilers with natural water circulation. A com-

puter system allows the calculation of, among others, the boiler 

efficiency, combustion gas mass flow rate, and heat load at the 

walls of the combustion chamber. The results of the calculations 

were validated with the measurement data.  
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Abstract 

The article presents the results of thermal and flow analysis of the working conditions of neighbouring waterwall tubes, loaded 

with heat streams of different values for two different widths of tube spacing. The numerical model used for the analysis allows 

us to calculate the temperature distribution at the tubes and in the fluid flowing through them at each time step, depending on 

the thermo-physical parameters of the fluid and the material from which the tubes and fins were made. By using the algorithm, 

it is possible to precisely determine the three-dimensional temperature distribution for tubes, allowing us to determine the 

places where the most divergent temperatures occur and in which thermal stresses of the highest value may occur. The analysis 

of several adjacent tubes will allow for determining the effect of temperature differences in the tubes and fins connecting them, 

and to collect data that may be used for the determination of stress distribution in the tubes and fins. In the presented case 3, 

smooth tubes connected by fins were used, and the heat flux on the centre tube was by 50% higher than on the outer ones. 
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Nomenclature 

A – tube cross-section surface area, m2 

c ‒ specific heat per mass unit, kJ/(kg‧K) 

dτ ‒ time step, s 

e – energy per fluid mass, J/kg 

g – gravitational acceleration, m/s2 

i – enthalpy, kJ/kg 

𝑚̇ – mass flow 

p ‒ pressure, kPa 

q – heat flux, W/m2 

r – radius, m 

s – tube spacing, m 

t – fluid temperature, °C 

u – unit internal energy, J/kg  

U – tube perimeter, m 

V – fluid volume, m3 

 

Greek symbols 

α – heat transfer coefficient, W/(m2‧K) 

∆r  – tube wall thickness, m 

∆V – finite volume, m3 

∆x – fin width, m 

∆z – length of control volume, m 

∆φ – characteristic angle, - 

δ –thickness, m 

θ – temperature of wall material, °C 

λ – thermal conductivity, W/(m‧K) 

ρ – density, kg/m3 

στ – tangential stresses, N/m2 

τ ‒ time, s 

 

Subscripts and Superscripts 

in – inner 

j – spatial step number 

m – medium  

o – outer  

tw – tube wall 

τ – time step number 

w – wall  

Experimental measurements performed for the ultra-super-

critical boiler were presented in [3]. Authors of the publication 

monitored the main thermal and flow parameters of steam flow-

ing inside the waterwall tube for different steam pressures and 

boiler loads. During the tests, steam reached subcritical, near-

critical and supercritical pressures, so the conclusions drawn 

from the analysis of the results can be successfully applied to 

a wide range of steam flows. 

Results of numerical simulations of thermo-physical param-

eters of supercritical steam were also presented in [4]. A four-

pass steam superheater was used as an analysis system for the 

calculation of the specific heat of steam based on the tempera-

ture and pressure of steam, and the temperature of the waterwall 

tube wall. The heat transfer of a cross-counter-current super-

heater consisting of 48 tubes was analysed. 

Spirally rifled waterwall tubes are used in power boilers to 

reduce thermal stresses and allow faster heat-transfer stabilisa-

tion. Results of numerical simulations of thermal and flow phe-

nomena for smooth and internally ribbed tubes mounted verti-

cally were presented by the authors of [5−8]. The calculations 

were performed to examine the temperature and thermal stress 

distributions in tubes, and the thermo-physical parameters of the 

working fluid. In [7], numerical data were also verified with ex-

perimental data from the measurement performed on the dedi-

cated experimental stand. 

Authors of [9] presented the results of experimental studies 

on the application of internally rifled vertical tubes in a combus-

tion chamber. They have listed the advantages of this system of 

waterwall tubes compared to spirally wound smooth tubes. In 

the paper, the main advantages of using internal spirally rifled 

tubes can be found in the field of installation, flow characteris-

tics, flow stability and load follow-up capability, as well as  

a short analysis of possible directions for optimising this type of 

system was presented. 

Another possibility of minimising the thermal and pressure 

stresses can be the use of corrugated furnace tubes. Authors of 

[10] analysed stress distribution for different corrugations of 

depths and spacings of the tube. It was found that in this high-

power fire-tube boiler, a corrugated furnace tube with a greater 

corrugation depth should be used, because it allows for the re-

duction of the maximum value of stresses in the structure.  

In publications [11−13], cases were analysed considering the 

influence of the variability of heat load with increasing height 

above the inlet to the waterwall tubes on the thermo-physical 

parameters of walls and tubes. In the analysed studies, an addi-

tional measuring insert was used, located on the front wall of the 

tube, which allowed for obtaining more accurate temperature 

values. 

Waterwall tubes mounted on the combustion chamber walls 

are heated on one side, which results in a significant temperature 

difference between front and rear tube walls [14,15]. Due to the 

uneven temperature distribution in the cross-sections of the 

tubes, their division into smaller elements is often analysed. In 

publications [16−20], a model of the division of the half cross-

section of the waterwall tube with the fin on the control volumes 

was presented. In the articles, temperature distributions in tubes 

and fins were presented, obtained by simulation performed for 

the operating parameters of a supercritical boiler. 

Authors of [21] analysed the temperature distribution in the 

wall of the waterwall tube covered with ash deposits on the outer 

surface of the tube. The calculation of heat transfer for tubes 

with scale deposits on the inner surface of the tube was also pre-

sented. A complex numerical model can be used for calculations 

for steam, tube wall, and flue gas temperature for the entire su-

perheater. 

In the article [22], the results of numerical simulation carried 

out by using the Runge-Kutta method to solve the equations of 

energy, mass and momentum balance were presented. The au-

thors proposed a calculation algorithm for the medium flowing 

inside the waterwall tubes of the furnace chamber. The pre-

sented results were based on parameters of the supercritical fur-

nace with a steam capacity of 2400103 kg/h. 

The computational models proposed in the literature allow 

for carrying out calculations for one or several waterwall tubes, 
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with various calculation details. The novelty proposed in this 

publication will be the analysis of the change in temperature dis-

tribution depending on the width of spacing of the waterwall 

tubes under the same initial conditions. 

3. Problem analysis  

In the article, an analysis of temperature distribution in water-

wall tubes connected by fins was presented. The proposed model 

allows for determining the three-dimensional temperature distri-

bution, which will be presented for the cross-sections of water-

wall tubes and fins between them, taking into account the varia-

bility of thermo-physical parameters of fluids and tubes in every 

control volume at each time step.  

The analysis was performed by using parameters of water 

and steam calculated on the basis of the International Associa-

tion for the Properties of Water and Steam table and the proper-

ties of 13CrMo4-5 steel received from its manufacturer. 

As input data, the operating parameters from the supercriti-

cal boiler operating in one of the Polish power plants were used. 

Due to the fact that the boiler generates steam with supercritical 

parameters, the analysis took into account the uneven distribu-

tion of the heat flux density across the width of the combustion 

chamber wall. Based on experimental studies conducted by 

many teams, it was determined that the heat flux incident on the 

combustion chamber walls near the corners is up to 50% lower 

than the heat flux incident on the wall at half its width at the 

same height; a graphical interpretation of this condition is pre-

sented in Fig. 1 [1]. 

The model of the division of the cross-section of waterwall 

tubes connected by fins was proposed in [23,24]. In the cross-

section of the tube with two halves of fins, 36 characteristic 

points are identified (Fig. 2); this method of division can be 

scaled to a system consisting of multiple tubes, as presented for 

three tubes in Fig. 3. 

The energy balance equations written for all elements of the 

analysed system allow for the determination of the temperature 

distribution in the waterwall tubes connected by fins. Equations 

for selected control volumes are presented below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The distribution of the thermal flux density in the cross-section 

of the supercritical boiler’s furnace chamber. 

 

Fig. 2. The method of division of the cross-section of the waterwall 

tube with two halves of fins into control volumes. 

 

Fig. 3. The division of the cross-section of three waterwall tubes with fins into control volumes with the adopted coordinate system. 



Majdak M. 
 

90 
 

For the point on the centre of the outer surface of the front 

wall of the tube (“7” in Fig. 4), the energy balance equation takes 

the form of Eq. (1). Analogical equations can be obtained for 

points “42” and “77” by increasing the numbers in the lower in-

dex by 35 or 70, respectively. 

 

 

 

 

 

 

 

 

 
 

 𝑐7,𝑗𝜌7,𝑗
∆𝜑̂1

2
(𝑟𝑜

2 − 𝑟𝑚
2 )∆𝑧

𝑑𝜃7,𝑗

𝑑𝜏
= 𝜆7,𝑗

𝜃6,𝑗−𝜃7,𝑗

∆𝜑̂1𝑟𝑜

∆𝑟

2
∆𝑧 +  

 +𝜆7,𝑗

𝜃8,𝑗−𝜃7,𝑗

∆𝜑̂1𝑟𝑜

∆𝑟

2
∆𝑧 + 𝜆7,𝑗

𝜃24,𝑗−𝜃7,𝑗

∆𝑟
∆𝜑̂1𝑟𝑚∆𝑧 +  

 +𝜆7,𝑗
∆𝜑̂1

2
(𝑟𝑜

2 − 𝑟𝑚
2 )

𝜃7,𝑗−1−𝜃7,𝑗

∆𝑧
+  

 +𝜆7,𝑗
∆𝜑̂1

2
(𝑟𝑜

2 − 𝑟𝑚
2 )

𝜃7,𝑗+1−𝜃7,𝑗

∆𝑧
+ 𝑞̇7,𝑗∆𝜑̂1𝑟𝑜∆𝑧. (1) 

For the point on the centre of the inner surface of the front 

wall of the tube (“24” in Fig. 4), the energy balance equation 

takes the form of Eq. (2). Analogical equations can be obtained 

for points “59” and “94” by increasing the numbers in the lower 

index by 35 or 70, respectively. 

 𝑐24,𝑗𝜌24,𝑗
∆𝜑̂1

2
(𝑟𝑚

2 − 𝑟𝑖𝑛
2 )∆𝑧

𝑑𝜃24,𝑗

𝑑𝜏
= 𝜆24,𝑗

𝜃25,𝑗−𝜃24,𝑗

∆𝜑̂1𝑟𝑖𝑛

∆𝑟

2
∆𝑧 +  

 +𝜆24,𝑗

𝜃23,𝑗−𝜃24,𝑗

∆𝜑̂1𝑟𝑖𝑛

∆𝑟

2
∆𝑧 + 𝜆24,𝑗

𝜃7,𝑗−𝜃24,𝑗

∆𝑟
∆𝜑̂1𝑟𝑚∆𝑧 +  

 +𝜆24,𝑗
∆𝜑̂1

2
(𝑟𝑚

2 − 𝑟𝑖𝑛
2 )

𝜃24,𝑗−1−𝜃24,𝑗

∆𝑧
+  

 +𝜆24,𝑗
∆𝜑̂1

2
(𝑟𝑚

2 − 𝑟𝑖𝑛
2 )

𝜃24,𝑗+1−𝜃24,𝑗

∆𝑧
+  

 +𝛼𝑗(𝑡𝑗 − 𝜃24,𝑗)∆𝜑̂1𝑟𝑖𝑛∆𝑧. (2) 

For the point in the centre of the fin between waterwall tubes 

(“36” in Fig. 5), the energy balance equation takes the form of 

Eq. (3). An analogical equation can be obtained for point “71” 

by increasing the number in the lower index by 35. Equations 

for points “1” and “106” located at the ends of the analysed frag-

ment of the cross-section of the combustion chamber wall can 

be determined assuming the symmetry of parameters for adja-

cent characteristic points. 

 

 

 

 

 

 

 

 

 𝑐36,𝑗𝜌36,𝑗∆𝑥𝛿𝑤∆𝑧
𝑑𝜃36,𝑗

𝑑𝜏
= 𝜆36,𝑗

𝜃37,𝑗−𝜃36,𝑗

∆𝑥
𝛿𝑤∆𝑧 +  

 +𝜆36,𝑗

𝜃12,𝑗−𝜃36,𝑗

∆𝑥
𝛿𝑤∆𝑧 + 𝜆36,𝑗∆𝑥𝛿𝑤

𝜃36,𝑗−1−𝜃36,𝑗

∆𝑧
  

 +𝜆36,𝑗∆𝑥𝛿𝑤

𝜃36,𝑗+1−𝜃36,𝑗

∆𝑧
+ 𝑞̇36,𝑗

∆𝑥

3
∆𝑧. (3) 

After transforming Eqs. (1)–(3), the dependencies for deter-

mining the temperature values are obtained in the form of  

Eqs. (4)−(6): 

 𝜃7,𝑗
𝜏+∆𝜏 = 𝜃7,𝑗

𝜏 +
∆𝜏

𝑐7,𝑗
𝜏 𝜌7,𝑗

𝜏 ∆𝜑̂1
2

 (𝑟𝑜
2−𝑟𝑚

2 )∆𝑧
[𝜆7,𝑗

𝜏 𝜃6,𝑗
𝜏 −𝜃7,𝑗

𝜏

∆𝜑̂1𝑟𝑜

∆𝑟

2
∆𝑧 + 𝜆7,𝑗

𝜏 𝜃8,𝑗
𝜏 −𝜃7,𝑗

𝜏

∆𝜑̂1𝑟𝑜

∆𝑟

2
∆𝑧 + 𝜆7,𝑗

𝜏 𝜃24,𝑗
𝜏 −𝜃7,𝑗

𝜏

∆𝑟
∆𝜑̂1𝑟𝑚∆𝑧 +  

 +𝜆7,𝑗
𝜏 ∆𝜑̂1

2
(𝑟𝑜

2 − 𝑟𝑚
2 )

𝜃7,𝑗−1
𝜏 −𝜃7,𝑗

𝜏

∆𝑧
+ 𝜆7,𝑗

𝜏 ∆𝜑̂1

2
(𝑟𝑜

2 − 𝑟𝑚
2 )

𝜃7,𝑗+1
𝜏 −𝜃7,𝑗

𝜏

∆𝑧
+ 𝑞̇7,𝑗

𝜏 ∆𝜑̂1𝑟𝑜∆𝑧], (4) 

 𝜃24,𝑗
𝜏+∆𝜏 = 𝜃24,𝑗

𝜏 +
∆𝜏

𝑐24,𝑗
𝜏 𝜌24,𝑗

𝜏 ∆𝜑̂1
2

 (𝑟𝑚
2 −𝑟𝑖𝑛

2 )∆𝑧
[𝜆24,𝑗

𝜏 𝜃23,𝑗
𝜏 −𝜃24,𝑗

𝜏

∆𝜑̂1𝑟𝑖𝑛

∆𝑟

2
∆𝑧 + 𝜆24,𝑗

𝜏 𝜃25,𝑗
𝜏 −𝜃24,𝑗

𝜏

∆𝜑̂1𝑟𝑖𝑛

∆𝑟

2
∆𝑧 + 𝜆24,𝑗

𝜏 𝜃7,𝑗
𝜏 −𝜃24,𝑗

𝜏

∆𝑟
∆𝜑̂1𝑟𝑚∆𝑧+  

 +𝜆24.𝑗
𝜏 ∆𝜑̂1

2
(𝑟𝑚

2 − 𝑟𝑖𝑛
2 )

𝜃24,𝑗−1
𝜏 −𝜃24,𝑗

𝜏

∆𝑧
+ 𝜆24.𝑗

𝜏 ∆𝜑̂1

2
(𝑟𝑚

2 − 𝑟𝑖𝑛
2 )

𝜃24,𝑗+1
𝜏 −𝜃24,𝑗

𝜏

∆𝑧
 + 𝛼𝑗

𝜏(𝑡𝑗
𝜏 − 𝜃24,𝑗

𝜏 )∆𝜑̂1𝑟𝑖𝑛∆𝑧], (5) 

 𝜃36,𝑗
𝜏+∆𝜏 = 𝜃36,𝑗

𝜏 +
∆𝜏

𝑐36,𝑗
𝜏 𝜌36,𝑗

𝜏 ∆𝑥𝛿𝑤∆𝑧
[𝜆36,𝑗

𝜏 𝜃12,𝑗
𝜏 −𝜃36,𝑗

𝜏

∆𝑥
𝛿𝑤∆𝑧 + 𝜆36,𝑗

𝜏 𝜃37,𝑗
𝜏 −𝜃36,𝑗

𝜏

∆𝑥
𝛿𝑤∆𝑧 +  

 +𝜆36,𝑗
𝜏 ∆𝑥𝛿𝑤

𝜃36,𝑗−1
𝜏 −𝜃36,𝑗

𝜏

∆𝑧
+ 𝜆36,𝑗

𝜏 ∆𝑥𝛿𝑤

𝜃36,𝑗+1
𝜏 −𝜃36,𝑗

𝜏

∆𝑧
+ 𝑞̇36,𝑗

𝜏 ∆𝑥

3
∆𝑧]. (6) 

In order to determine the average temperature of the fluid in 

the cross-sections of waterwall tubes, the mass, energy and mo-

mentum balance equations were used. The balance equations 

were used in the form of separable differential equations – on 

the left side, expressions containing time derivatives were pre-

sented, while on the right side, spatial derivatives were replaced 

using the backward difference quotient method [22]. 

The mass balance equation takes the form: 

 
𝜕(∆𝑉𝜌)

𝜕𝜏
= (𝐴𝜌𝑣)|

𝑧−(
𝜕𝑧

2
)

−  (𝐴𝜌𝑣)|
𝑧+(

𝜕𝑧

2
)
. (7) 

The momentum conservation law takes the form: 

 
𝜕(𝐴𝑣𝜌∆𝑧)

𝜕𝜏
= (𝑚̇𝑣)|

𝑧−(
𝜕𝑧

2
)

− ( 𝑚̇𝑣)|
𝑧+(

𝜕𝑧

2
)

+  

 𝐴‧(𝑝|
𝑧−(

𝜕𝑧

2
)

−  𝑝|
𝑧+(

𝜕𝑧

2
)
)  − 𝜎𝜏𝑈∆𝑧 − 𝜌𝑔∆𝑉 sin𝜑. (8) 

The energy of the fluid, related to unit mass, must be ana-

lysed as a sum of internal, kinetic and potential energy:  

 𝑒 =
𝑣2

2
+ 𝑔𝑧 sin𝜑 + 𝑢. (9) 

 

Fig. 4. The control areas containing points 7 and 24. 

 

Fig. 5. The control area containing point 36. 
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For the purpose of this analysis, it was assumed that the work 

done by surface and volume forces is negligible. After rearran- 

gements presented in [22], Eq. (9) can be presented in the form 

of a differential equation with separable variables: 

 
𝜕𝑖

𝜕𝜏
= (1 −

1

𝜌

𝜕𝑝

𝜕𝑖
)

−1

(
𝑚̇

𝐴𝜌
(

1

𝜌

𝜕𝑝

𝜕𝑧
−

𝜕𝑖

𝜕𝑧
+

1

𝜌

𝜕𝑝𝜏

𝜕𝑧
) +

4𝛼(𝜃−𝑡)

2𝑟𝑖𝑛𝜌
−

1

𝐴𝜌

𝜕𝑝

𝜕𝜌

𝜕𝑚̇

𝜕𝑧
). (10) 

By using the method presented in [24], balance equations for 

fluid can be solved and written in a form presented below for 

each time step “τ” and each spatial step “j”, with space deriva-

tives on the left side of the equation and time derivatives re-

placed with difference quotients on the right side. Therefore, the 

following equations were applied to the numerical model: 

 the energy balance equation: 

 
𝑑𝑖𝑗

𝜏

𝑑𝑧
=

𝐴𝜌𝑗
𝜏−∆𝜏

𝑚̇𝑗
𝜏−∆𝜏 (−

𝑖𝑗
𝜏−𝑖𝑗

𝜏−∆𝜏

∆𝜏
+ 4𝛼𝑗

𝜏−∆𝜏‧
𝜃𝑗

𝜏−∆𝜏−𝑡𝑗
𝜏−∆𝜏

2𝑟𝑖𝑛𝜌𝑗
𝜏−∆𝜏 ), (11) 

where the density of the fluid can be found as a function of en-

thalpy and pressure of the fluid: 

 𝜌𝑗
𝜏 = 𝑓(𝑖𝑗

𝜏, 𝑝𝑗
𝜏−∆𝜏), (12) 

 the mass balance equation: 

 
𝑑𝑚̇𝑗

𝜏

𝑑𝑧
= −𝐴

𝜌𝑗
𝜏−𝜌𝑗

𝜏−∆𝜏

∆𝜏
, (13) 

 the momentum balance equation: 

  
𝑑

𝑑𝑧
(

(𝑚̇2)
𝑗

𝜏

𝐴2 𝜌𝑗
𝜏 + 𝑝𝑗

𝜏) = −
1

𝐴

(𝑚̇2)
𝑗

𝜏
−(𝑚̇2)

𝑗

𝜏−∆𝜏

∆𝜏
−

𝑑𝑝𝜏

𝑑𝑧
− 𝜌𝑗

𝜏𝑔 sin𝜑. (14) 

Using the relations (11)−(14), the parameters of the fluid in 

each cross-section of the tube can be determined in each time 

step. In the proposed model, the heat transfer coefficient for the 

supercritical fluid flow is calculated on the inner surface of the 

tube by using the dependency determined by Kitoh et al. [25]. 

In order to compare the temperature distributions in the wa-

terwall tubes connected by fins of different widths, the operating 

conditions of a supercritical boiler working in the supercritical 

stage were used. The geometrical parameters of tubes and fins 

in the first case were adopted directly from the combustion 

chamber walls geometry; in the second case, the width of fins 

between tubes was increased. The working fluid is single-phase 

because its thermodynamic parameters exceed the water critical 

point parameters. A model was developed that allows online cal-

culation of parameters of waterwall tubes and working fluid, in 

which the assumptions mentioned below were taken into ac-

count. 

The fluid temperature inside the tubes was assumed to be 

constant; it is also assumed that the parameters of the fluid in the 

entire cross-section of the tube are the same. Equations for 

points “1” and “106” located at the ends of the analysed frag-

ment of the cross-section of the combustion chamber wall  

(Fig. 3) can be determined assuming the symmetry of parame-

ters for adjacent characteristic points. For the purpose of this 

analysis, it was assumed that the work done by surface and vol-

ume forces is negligible. To approximate the actual simulation 

conditions, a plane strain state was assumed, meaning that there 

was no deformation in the Z-axis direction perpendicular to the 

analysed cross-section. One side of the model was fixed to  

a point, and the other side was blocked from moving relative to 

the Y-axis. 

The most important adopted parameters are: 

 mass flow per tube: ṁ = 0.77 kg/s, 

 water pressure at the tube inlet: pin = 299.6 bar, 

 waterwall tube material: 16Mo3 steel, 

 outer tube diameter: do = 33.7 mm, 

 tube wall thickness: δtw = 6.1 mm, 

 tube spacing: s1 = 50 mm (case 1), s2 = 58.15 mm (case 2). 

For the purpose of the analysis, it was assumed that the av-

erage heat flux would vary with the height of the combustion 

chamber according to the characteristics shown in Fig. 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The analysed waterwall tubes are 166.5 m long, and the as-

sumed step along the tube length (along the Z axis) is 0.75 m. 

The entire analysed model was divided into 222 levels with a to-

tal number of characteristic points equal to 23 532. 

The comparison of temperature values obtained in both cases 

is presented in the next chapter. 

4. Results and discussion 

Two cases of heating of the system were analysed, consisting of 

three tubes connected by fins. In each case, the heat flux on the 

centre tube was by 50% higher than that on the outer tubes. In 

the second case, the tube spacing was increased from 50 mm to 

58.15 mm to compare the temperature and thermal stress distri-

bution in cross-sections of the analysed tubes. 

The temperature distribution at the characteristic points ob-

tained from the developed numerical algorithm was imported 

into the ANSYS environment as input data and graphically in-

terpolated. Thermodynamic parameters of the material were de-

termined according to data provided by the steel manufacturer.  

 

Fig. 6. Distribution of the average heat flux at the furnace waterwalls 

along the height of the combustion chamber. 
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The mounting conditions for the analysed tube cross-sections 

and connecting fins were determined, allowing for the simula-

tion of the operating conditions of the entire combustion cham-

ber wall section. On the basis of the imported temperature dis-

tribution and determined parameters, the static distribution of 

the thermal stresses is calculated. Due to the relatively simple 

geometry analysed in this single case, a 0.25 mm quadrangular 

mesh was applied to the system. 

The temperature distributions obtained using the numerical 

model for the case with “standard” tube spacing (fin width is 

equal to 16.3 mm) are presented in Figs. 7−9, for the case with 

wider tube spacing (fin width is equal to 24.45 mm) in  

Figs. 10−12. The thermal stress distributions for the case with 

“standard” tube spacing are presented in Figs. 13−15, for the 

case with a wider tube spacing in Figs. 16−18.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. The temperature distribution in the cross-section of the analysed system with "standard" tube spacing at a distance of 40 m from the tube inlet. 

 

Fig. 8. The temperature distribution in the cross-section of the analysed system with "standard" tube spacing at a distance of 80 m from the tube inlet. 

 

Fig. 9. The temperature distribution in the cross-section of the analysed system with "standard" tube spacing at a distance of 120 m from the tube inlet. 
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Fig. 10. The temperature distribution in the cross-section of the analysed system with a wider tube spacing at a distance of 40 m from the tube inlet. 

 

Fig. 11. The temperature distribution in the cross-section of the analysed system with a wider tube spacing at a distance of 80 m from the tube inlet. 

 

Fig. 12. The temperature distribution in the cross-section of the analysed system with a wider tube spacing at a distance of 120 m from the tube inlet. 
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Fig. 13. The thermal stress distribution in the cross-section of the analysed system with "standard" tube spacing at a distance of 40 m from the tube inlet. 

 

Fig. 14. The thermal stress distribution in the cross-section of the analysed system with "standard" tube spacing at a distance of 80 m from the tube inlet. 

 

Fig. 15. The thermal stress distribution in the cross-section of the analysed system with "standard" tube spacing at a distance of 120 m from the tube inlet. 
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Fig. 16. The thermal stress distribution in the cross-section of the analysed system with wider tube spacing at a distance of 40 m from the tube inlet. 

 

Fig. 17. The thermal stress distribution in the cross-section of the analysed system with wider tube spacing at a distance of 80 m from the tube inlet. 

 

Fig. 18. The thermal stress distribution in the cross-section of the analysed system with wider tube spacing at a distance of 120 m from the tube inlet. 
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Due to the analysis of a small section of the combustion 

chamber wall, correctly representing the conditions occurring at 

the edges of the analysed area was a significant challenge. As it 

was mentioned before, to approximate the actual simulation 

conditions, a plane strain state was assumed, meaning that there 

was no deformation in the Z-axis direction perpendicular to the 

analysed cross-section. One side of the model was fixed to  

a point, and the other side was blocked from moving relative to 

the Y-axis. 

To compare the stresses occurring in the cross-sections of 

the analysed system depending on the length of the fins connect-

ing the tubes, thermal stress values were determined at the cen-

tres of the cross-sections of both fins; they are presented in Tab-

le 1. Differences between the stress values for each fin in the 

same cross-section result from the previously described method 

of mounting the analysed model.  

To facilitate the search for relationships between the ob-

tained stress and temperature values at the analysed points of the 

system, Table 2 presents the temperature values at points mar-

ked with numbers "36" and "71", located at the centres of the 

fins, for each of the analysed cross-sections of the tubes and fins 

connecting them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Conclusions 

A new model for determining the distribution of thermal stresses 

in fragments of combustion chamber walls for the considered 

cases of tube assembly with different tube spacing was pre-

sented. The proposed algorithm allows calculating thermody-

namic parameters of the working fluid and wall material for each 

control volume of the analysed model in each time step. By us-

ing this model, it is possible to calculate temperature values in 

36 characteristic points of the cross-section of each tube con-

nected with fins. The obtained temperature values are close to 

the temperature distributions obtained in other scientific papers 

and by using CFD software.  

The novelty of this paper is the comparison of thermal stress 

values for systems with identical input parameters of the work-

ing medium and identical values of the specific heat flux inci-

dent on the combustion chamber walls, but with different spac-

ing widths of the waterwall tubes. This allows for an analysis of 

the effect of the fin width between the tubes on the temperatures 

and thermal stresses obtained at the centres of fins.  

The obtained temperature and thermal stress distributions in-

dicate that as the fin width between the tubes increases, so do 

the temperatures and thermal stresses. The analysis allows us to 

conclude that in areas with high heat flux to the combustion 

chamber walls, it would be beneficial to reduce the spacing of 

the waterwall tubes to reduce thermal stresses and minimise the 

risk of damage resulting from exceeding the permissible operat-

ing temperatures for the metals from which the tubes and fins 

are made. 
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