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Abstract: Industrial growth depends significantly on energy supply. Nearly every industry that uses a significant amount of power uses steam 

and steam generators. Using boilers fired with pulverized coal and steam turbines operating on the Rankine cycle generates ab out 40% of 

the world's power. There are few types of boilers including Fire-Tube, Water-Tube, and Waste-Heat. This paper will analyze the suspension 
structure of Water-Tube boilers welds, the critical section on hooks, the stress in tube wall, and equivalent stress distribution on buckstays 

under the influence of vacuum and overpressure. For analysis are used two methods, described in this paper. Both methods require 
numerical solutions of given geometry and loads. Because of the large number of finite elements, a tube wall is approximated by an 

equivalent orthotropic plate with equal elastic properties as a tube wall. 
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1. Introduction 

Basic human needs can be met only through industrial growth, 

which depends significantly on energy supply. The significant 

increase in population during the last few decades has placed a 
tremendous burden on the electrical utility industry and process 

plants. They produce chemicals, fertilizers, petrochemicals, and 
other essential commodities, resulting in additional capacity needed 

in power and steam generation throughout the world. Nearly every 
industry uses steam. Steam generators, and heat recovery boilers are 

vital for plant operation and processing.  

Several technologies are available for power generation, such as 
gas turbine-based combined cycles, nuclear power, wind energy, 
tidal waves, and fuel cells, to mention a few. However, using 

boilers fired with pulverized coal and steam turbines operating on 

the Rankine cycle generates about 40% of the world's power. [1] 

Steam production requires thermal energy. When water is 
heated, its temperature rises. At normal atmospheric pressure, if the 

water temperature is at 100°C and additionally heated, the water 

temperature will not increase but converts some of the water into 
the steam. Steam quality relates to moisture present in the steam 

where 100 % quality specifies no moisture content, and 0% quality 
specifies all liquid. When applying additional heat to steam, it’s 

temperature will rise, and it will cause steam to dry, thus the quality 
of the steam increases. The transition from liquid to steam is 

happening in a steam boiler. There are three types of boilers: Fire-
Tube, Water-Tube, and Waste-Heat. [2,3] 

2. Problem description and analysis 

This paper aims to verify the existing structure of the Water-
Tube boiler and determine whether design changes are needed. The 

verification will be performed by determining the utilization 
percentage of the suspension elements. Utilization results are 

obtained by comparing the stresses obtained by FEM analysis and 
allowable stress of the material. Welds, hooks, and radiated tube 

walls of the Water-Tube boiler will be analyzed. 

Discretization of real geometry of tube wall with classical finite 

elements will result in a large number of created finite elements and 
nodes, which will cause the long calculation time. In order to reduce 

calculation time, the discrete model needs the reduction of finite 
elements and nodes.  

An equivalent orthotropic plate approximates the tube wall with 

the same elastic properties as the actual tube wall. Applying this 
approximation, the number of finite elements and the time required 

for computation will reduce significantly. Figure 1 shows cross-

sections of tube wall geometry and equivalent orthotropic plate 
geometry. 

 

Fig. 1 Tube wall cross section and corresponding equivalent 

orthotropic plate [4] 

To calculate the members of the elasticity matrix of equivalent 

plates, it is essential is to know the dimensions of tube wall cross-
section, as shown in Figure 1, where D = 57 mm, δ=5,6 mm t = 6 

mm, and b = 23 mm. 

It is necessary to know material and material properties. The 

tube wall material is 16Mo3. Under calculation temperature of 
ϑ=356°C, the Young’s modulus of elasticity for this material is E = 

178070 MPa, yield strength Rp0,2 = 173,08 MPa and the value of 
Poisson's ratio is ν=0,3. [6, 8]  

In order to get needed results necessary for further analysis of 

downcomers influence on suspension structure, using software 
package Abaqus/CAE, steam boiler model is created from available 

documentation.  

The finite element model contains one-half of the boiler 

geometry due to the single boiler symmetry. Figure 2 shows the 
finite element model used for analysis. 

There are three types of loads on the tube wall, vacuum and 
overpressure caused by the flow of combustion gases, the pressure 

of the working medium inside the membrane wall pipe, and the load 
caused by the self-weight of the structure and the working medium 

[3] 

Due to the symmetry of the model, it is necessary to set 
symmetry boundary conditions. The displacement boundary 

condition is applied to the appropriate location on the model. 
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Fig. 2 Finite element model of steam boiler 

3. Results of analysis 

This analysis uses two methods. First, numerical-analytical 

analysis, to check welds between fins and hooks and also to check 
the hook's critical section. The same type of analysis checks stresses 

within tubes of tube wall caused by downcomers weight. The 
second approach is a visual evaluation of the stress distribution of 

supporting profiles and buckstays. 

For checking the welds and critical sections of the hooks, 

extraction of numerical data is done for observed hooks suspension. 
Those numerical data contain normal forces, shear forces, and 

bending moment for each hook. Figure 3 shows the hooks geometry 
side view with belonging force caused by moment. Bending 

moment, caused by the influence of downcomers load, through 

buckstays affects hooks as force couple on distance L = 245 mm. 

 

Fig. 3 Side-view of hook geometry [8] 

Based on figure 3, and forces extracted from finite element 
analysis, normal stresses, shear stresses, and bending stresses are 

calculated for welds on upper and lower hooks and critical sections 
of upper hooks. 

Further, equivalent stress is calculated individually for each 

weld on an upper and lower hook and at a critical section as 
follows: 

 
2 2

eq b N1,25 4       (1) 

Where 
b  represents bending stress, normal stress, and   is 

shear stress. Equivalent stress is compared with allowed stress: 

p0,2

all

R

S
    (2) 

Where S = 1,35 is the safety factor according to EN 1993-1. 

Equivalent and allowed stress ratio give utilization: 

eq

all

U



   (3) 

Loads caused by masses of downcomers through backstays and 

hooks cause additional stresses on side tube walls. Due to the 

mentioned loads, the biggest deformations appear in areas around 
level A and level E. So, those tubes are isolated and for each one of 

them, internal forces and moments are extracted from cross-sections 
equally spaced along the length of the tube. 

 
Fig. 4 Buckstays sections naming 

Due to corrosion and deviation, it is necessary to reduce the 
wall thickness of a tube as follows: 

1
c 2,out

100

c
e e c e      (4) 

Where e = 5,6 mm represents wall thickness of a tube, 
2,out 1c   

mm is wearing due to corrosion, and 1 12,5c  % is negative 

tolerance. Calculation of inner id  and outer od  diameter is possible 

using previously described dimensions. 
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o 2,out2d D c    (5) 

where D = 57 mm and it represents nominal tube diameter. 

i v c2d d e    (6) 

Based on those diameters, cross-section area, section modulus, 

and torsional modulus are calculated. Also, the same parameters 
within combination with internal tube pressure due to working fluid 

c 9,2p   MPa, are used to determine axial 
x  and hoop 

 stress. 

Internal forces N, Q1, and Q2, and internal moments Mt, Mb1, 

and Mb2 are obtained from Abaqus, where N represents cross-

section normal force, 2 2

1 2Q Q Q  transverse section force, Mt 

torsional moment, and 2 2

b b1 b2M M M   is bending moment. 

Internal moments and forces are used to calculate all stresses in 

cross-section, including normal stress 
N ,  bending stress 

b ,  

shear stress
Q , and torsional stress

t .  All normal stresses summed 

up to obtain total normal stress: 

  b N x       (7) 

Normal stresses can be compared with circumferential stress 

under the following conditions: 
• if both are positive or both negative, it is considered the 

absolute value of bigger one, 

• if they have opposite signs, they are summed up as an absolute 
value. 

Results of the comparison are n1  and n2 . Using the 

following equations, takes the shear and torsional stresses into 
consideration. 

 
22

eq1 n1 Q t3        (8) 

 
22

eq2 n2 Q t3        
(9) 

The maximum value of calculated equivalent stress is used to 

determine the magnitude of utilization: 

 eq1 eq2

all

max ,
U

 


   (10) 

Diagrams shown in figures 5-7 presents utilization results. 

 
Fig. 5 Utilization of buckstay at level A vs. height of steam 

boiler under influence of vacuum 

 

 
Fig. 6 Utilization of buckstay at level E vs. height of steam 

boiler under influence of vacuum 

 
Fig. 7 Utilization of buckstay at level E vs. height of steam 

boiler under influence of overpressure 

 

 

 

 
Fig. 8 Utilization of buckstay at level A vs. height of steam 

boiler under influence of overpressure 

Checking of equivalent stress distribution in buckstays and 

supporting profiles is done by visual inspection. The following two 
figures show the most critical level E under the influence of 

overpressure. 
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Fig. 9 Equivalent von-Mises stress distribution on critical section 

(level E) under influence of overpressure 

Linear beam section stress at element nodes includes the 
torsional modes calculated for the beam elements because the beam 

elements have torsional stiffness. So, due to torsion influence in 
backstays, total beam stress shows the maximum value of 173 MPa. 

For comparison, maximum stress at integration points is 94 MPa. 

4. Conclusions 

The first part of the analysis includes checking welds between 
hooks and tube wall sheet metal as checking the critical sections. 

The analytical calculation uses forces and moments obtained from 
numerical solution on the location where tube wall and hooks 

connect. The ratio between equivalent and allowed stress is 
calculated and represents the utilization of the material.  

The second part of the analysis contains downcomers and 

suspension influence on the tube wall. The results of the analysis 
are shown in figures 5-8. It is noticeable that a considerable number 

of tubes exceeds a maximum value of utilization, which means that 

equivalent stress surpasses the allowed value of stress. Because 
utilization surpasses 100%, it is determined that additional changes 

in the design of suspension elements are needed, or experimental 
procedures should be applied to ensure that those parts will not 

break. 

The last part of the analysis is checking of equivalent stress 

distribution on buckstays. Level E is the critical buckstay. It is 

visible in figure 9 that torsional stress causes high equivalent stress. 
Buckstay's open profile is the main reason for that, due to much 

lower stiffness and strength than the "closed" section. It is 

recommended to use "closed" cross-section profiles if possible. This 
will be the subject of a different investigation to provide safe 

operation of the analyzed Water-Tube boiler. 
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