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A Failure Mechanism Study of Boiler Water-Wall
Tube using Numerical and Experimental Analysis
Saeed Asiri
Abstract: The aim of this study is to investigate the boiler
tube failure mechanism using finite element analysis and
experimental Analysis. The numerical software used is ANSYS
steady-state thermal and static structural analysis. The
independent variable for the analysis is temperature from flue
gas and wall thickness of boiler tube. The scope of the study is to
determine the temperature distribution, von mises stress,
deformation and safety factor by implemented design of
experiment. The material of boiler tube sketch in two
dimensional for simulation is SA210 Grade C. this is standard
requirements for the boiler made of seamless medium-carbon
steel with superheater tubes according to ASTM. From the result
and discussion, the potential of failure mechanism will determine
upon independent variables. In addition, hoop stress or
circumference stress will help to support the statement of failure
of boiler tube.
Keyword: Thermal stress, static structural, temperature
distribution, stress distribution, safety factor

I.

Therefore, the damage due to high temperature can be
considered as the major boiler tube failure mechanism
which can happen in varies approaches like oxidation, creep,
microstructural changes because of thermal fatigue, low
cycle fatigue, or combination of them in addition to
overheating or interaction with the environment. The
objective of this study is to discuss the failure in boiler tube
in the steam power plant. This phenomenon can reduce the
availability of plant around 20%. The tube material is
SA210 C-Grade. The tube diameter is 65mm with various of
thickness and temperature. Therefore thermal-steady state
and static structural are the finite element analysis element
used in Ansys. Implementation of design of experiment
(DOE) in order to analysis result systematically. The design
of experiment will implement in order to determine the
temperature distribution, stress, deformation and safety
factor by combination of thickness and temperature. Most of
recent investigation, the tube boiler failure due temperature
or hoop stress that over the allowable stress of the material.
The surface of tube that exposed to the flue gas or fly-ash
was tendency to wall thinning due to erosion [12].
Therefore, the scope of this study is focus on the surface of
tube that facing or absorb the higher temperature. A 2D
mathematical model of the tubes represent boiler tube is
proposed to simulate thermal, stress, deformation and safety
factor using the finite element analysis software Ansys.

INTRODUCTION

Boiler classification can be divided based on fuel
type, application, firing method, the pressure of steam and
so on. There are 2 types of boilers, fire tube that flue gas
flows through the tubes and water tube that water or steam
or both flows through tubes. In this paper, the water tube is
the selected for the study. The water tube boiler consists of
many coils, burners and drums. The coils divided into 4
groups which water wall tube, superheat, reheat and
economizer. These group designed to specific function and
operating condition. The boiler water tube is mainly used to
absorb the radiation heat generated by flame and high
temperature flowing gas in the furnace and has a function of
cooling and protecting the furnace wall [1]. Failure of water
wall tube is the main reason of boiler shutdown. Recent
investigation and study have been concerned with report of
failure cases in power plant associated with high
temperature and corrosion factors. Overheating is another
main reason for premature rupture of reheater and
superheater tubes [4].

II.

METHODOLOGY

2.1 Data Collection
The design data collected from a power plant located in
Saudi Arabia. The boiler was designed to carry 390MW
load and supply the steam turbine with steam in different
temperature and pressure (high pressure turbine 560 oC and
160 Bar, intermediate turbine 360oC and 160 Bar and lowpressure turbine supply directly from IP section). Table I
below shows the design data.
Table I: Design data
Parameter
Input
Description
Material Type
SA210 Grade C
Outside diameter of
65mm
tube
Wall thickness
6.8mm
Internal pressure
196 Bar
Internal temperature
364oC
Flue gas temperature
1000oC
Mass flow rate
466.01 kg/s 50%; Required 2
circulation of pump
Velocity rate
8 ms-1
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2.2 Geometry Model
The boiler tube sketch in Ansys Design Modeller in a 2D
as shown in Figure 1. Due to design of experiment

methodology, 3 sets of sketch design to represent 8mm,
5mm and 2mm wall thickness with same outside diameter
and constant finned dimension.

Fig. 1: Geometry model
2.3 Numerical Method
Numerical simulation has been performed using ANSYS to
study the stress, deformation, safety factor due to applied
variation variables of thermal and wall thickness of boiler
tube. The analysis system involved in this study is steadystate thermal and static structural. At first steady-state
thermal shall simulate and imported into static structural
analysis in order to run the FEA based on the temperature
given. Mesh convergence study shall simulate in order to
define the accurate grid size for this study.

2.4 Boundary Condition
As shows in Figure 2, fixed support is applied on the edge
of finned (both) tube. The tube is the section for this
investigation for failure which is the wall thickness. While
internal pressure and convection heat is applied inside
diameter of tube which 19.6MPa and 364 oC. Variable’s
radiation heat of flue gas (fireside) is applied outside
diameter of tube which 800oC, 1000oC and 1200oC.

Fig. 2: Thermal Steady-State and Static Structural boundary condition
Table II: Mechanical properties of SA210 Grade C, ASTM
Min Strength in MPa [ksi]
Grade C
Tensile
485 [70]
Yield
275 [40]
Refer to Figure 3, the stress significantly reduces due to
temperature increased particularly for maximum allowable
stress and tensile stress. However, yield stress gradually
decreased. In this study, the temperature is the main input in
thermal-steady state study.
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Fig. 3: Mechanical properties SA210 Grade C dependent to temperature
2.5 Design of Experiment
Refer to Table 3, 9 sets of simulation will run dependent to
thickness of tube and temperature. From this study,

Design Point Number

III.

comparison of data or result will be achieved in order to
determine the mechanism of the failure for the boiler tube.

Table III: Experimental design point
Thickness, mm
Tube Maximum Temperature, oC

1

2

1200

2

2

1000

3

2

800

4

5

1200

5

5

1000

6

5

800

7

2

1200

8

2

1000

9

2

800
number 4 slightly indicates very low different in stress to
number 5. However, the computational time for grid number
5 is longer than number 4. To meet the efficiency of
computational study, grid size 0.7mm is selected for this
research. The selected grid size shall apply to all tube
thickness. The computer used to run the mesh convergence
study is DELL Precision 3551, Intel® Core™ i7-10750
CPU @ 2.60Hz 2.59 GHz, RAM 32.0 GB.

VERIFICATION AND VALIDATION

3.1 Mesh Convergence
The mesh convergence study has been made with 6 grid
system. to determine the accuracy for the investigation. A
sets of grid number set up in face mesh in order to compare
the stress result at y-axis, 32.5mm of upper part boiler tube
8mm with 800oC flue gas temperature. Thermal steady-state
and static structural simulated for 6 grid sizes separately and
plot the graph as shown in Figure 4. The results of
Equivalent Von Mises Stress is the value to compared
among the grid size in determining the constant result or
saturation of elements. Table 4 shows the grid arrangement,
mesh and Equivalent Von Mises Stress result. The results
are plotted as per shown in Figure 4, indicates that grid 1, 2
and 3 shows a gap stress to grid size number 4. While, grid
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, Grid 1

Fig. 4: Mesh convergence study chart

Grid Number
1
2
3
4
5
6
IV.

Table IV: Mesh convergence study results
Grid Size, mm
Nodes
Elements
Stress, MPa
4.953
314
80
451.81
2.5
939
261
436.95
2
1,418
406
433.59
0.7
11,491
3,645
432.16
0.3
58,247
18,985
431.98
0.1
Error!!
nodes and elements number for respective tube of boiler.
The numbers of nodes and elements is depending on the
external area of tube cross-section.

RESULT AND DISCUSSION

4.1 Mesh Model
The grid size selected after considering the mesh
convergence study which 0.7mm, as shown in Table 5 is the

1000

5mm

2mm

o

C8
mm
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Fig. 5: Mesh model
Table V: Nodes and elements number
Tube Thickness
Nodes
Elements
8mm
11,491
3,645
5mm
7,608
2,340
2mm
4,069
1,151
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temperature gap between 1000oC and 1200oC is getting
higher which is 18%. The whole of tubes shows a similarity
in contour of temperature respect to the temperature given to
the fireside of tube. The fireside or upper part boiler tube
exposed with high temperature can lead to the oxidation,
corrosion, and erosion. According to the recent
investigation, short-term overheating was recognised as the
main reason of boiler tube failure [12]. Refer to results of
FEA, there are 2 major factors of increasing boiler tube
stress which are thinning and high temperature. Tube skin
temperature increasing due to short-term overheating
increases the tube stress. Assume that, 8mm and 5mm is a
uniform case and 2mm is thinning or non-uniform tube
cross-section, the stress 1MPa increased in between 300oC
to 600oC and 2MPa stress increase for non-uniform tube
cross-section. The upper part of tube boiler is the concern
position to investigate. Local displacement in this area may
tend to not safe according to the mechanical engineering
design standard. Expected the higher temperature can
caused higher deformation and stress. In addition, it will
affect the factor of safety for the tubes.

4.2 Temperature Distribution
The steady-state thermal analysis is used to understand and
determine the boiler tube temperature based on the given
temperature and wall thickness of boiler tube. The fireside
surface. Figure 6 shows the temperature distribution radiant
heat 800oC to the upper part of boiler tube. Refer to the
graph on Figure 9, the temperature on the surface tube
increase from 2mm to 8mm. The maximum temperature
recorded for 8mm tube is 428.89oC compared to 5mm at
425.31oC and 2mm at 420.78oC. Figure 7 shows the
temperature distribution of radiant heat 1000oC to the upper
part of boiler tube. Refer to the graph on Figure 9, the
temperature on the surface increase from 2mm to 8mm. The
maximum temperature recorded for 8mm tube is 502.57 oC
compared to 5mm at 493.95oC and 2mm at 484.35oC. The
average temperature gap between 800 oC and 1000oC is
higher which is 14%. Figure 8 shows the temperature
distribution of radiant heat 1200 oC to the upper part of
boiler tube. Refer to the graph on Figure 9, the temperature
on the surface increase from 2mm to 8mm. The maximum
temperature recorded for 8mm tube is 619.67 oC compared to
5mm at 603.77oC and 2mm at 586.06oC. the average

8mm @ 800oC

5mm @ 800oC

2mm @ 800oC

Fig. 6: Temperature distribution at 800oC

o

8mm @ 1000 C

o

5mm @ 1000 C
Fig. 7: Temperature distribution at 1000oC
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o

o

o

8mm @ 1200 C

2mm @ 1200 C

5mm @ 1200 C
Fig. 8: Temperature distribution at 1200oC
Tube Outside Surface, Max Temperature

650.00
619.67

Temperature, 0C

600.00

603.77
586.06

550.00
502.57
500.00
493.95
484.35

450.00
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400.00
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700
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800
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1100
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2mm

Fig. 9: Temperature on tube outside surface
side of tube. Figure 10 shows the stress distribution of tube
boiler based on the 800oC flue gas temperature set up on the
upper part of tube. The maximum stress at fireside of 8mm
tube which 432.16MPa but 2mm shows a significant stress
420.34MPa. Due to very low thickness, the stress is
distributed to the circumferential of tube.

4.3 Equivalent Von Mises Stress
The temperature solution in steady state thermal analysis
imported into static structural analysis to study the reaction
of the stress to the respective temperature. The internal
pressure, 19.6MPa set up and pin the fixed point at the edge
of finned tube to study the behaviour of stress on the upper

o

8mm @ 800 C

o

5mm @ 800 C
Fig. 10: Von Mises Stress at 800oC
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The maximum stress recorded at fireside is 8mm tube which
466.37MPa and followed by 2mm at 431.21MPa. Wall
thickness 2mm tube shows lower stress at 402.3MPa.

Figure 11 shows the stress distribution of tube boiler based
on 1000oC flue gas temperature set up on the part of tube.

o

8mm @

o

5mm @ 1000 C

2mm @ 1000 C

Fig. 11: Von Mises Stress at 1000oC
Figure 12 shows the stress distribution of tube boiler based
on 1200oC flue gas temperature set up on the upper part of
tube. The maximum stress recorded on the surface of tube is
520.53MPa for 8mm tube. It is followed by 2mm tube at
448.6MPa. While 5mm tube still show lower stress at
437.73MPa. The thermal effects on the internal convection
and external radiation heat caused the increasing of stress at

each of tubes. In addition the internal pressure caused
compressive stress at the side of tube and tensile stress on
upper and lower part of tube. Significantly, the tube wall
thickness 8mm and 5mm show gradually increase stress
when the flue gas temperature increases as shown in Figure
13. However, the tube 2mm indicate constant stress value.

o

o

o

5mm @ 1200 C

8mm @ 1200 C

2mm @ 1200 C

Fig. 12: Von Mises Stress at 1200oC
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Fig. 13: Average stress along the y-axis on top tube
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Expected the shape of tubes will deformed more when
higher temperature applied to the tube. The thickness of tube
is another major factor for the deformation process due to
temperature.

4.4 Deformation
Deformation is a change of the dimension of shape of a
body due to an applied external force. In this study, 3
variation of flue gas temperature, internal pressure and
temperature shall affect the shape of 2-dimensional tube.

o

8mm @ 800 C

o

5mm @ 800 C

o

8mm @ 800 C

Fig. 14: Deformation at 800oC
Figure 14 shows the deformation of tubes based on 800 oC
flue gas temperature on the upper part of tube. Observed that
the contour of deformation is lower at opposite of upper side
due to temperature difference. The maximum deformation
recorded at tube wall thickness 2mm at 0.45mm. While
8mm and 5mm indicates 0.35mm and 0.38mm. Figure 15

o

8mm @ 1000 C

shows the deformation of tubes based on 1000 oC flue gas
temperature on the upper part of tube. The maximum
deformation recorded on 2mm tube thickness at 0.50mm.
While 8mm and 5mm indicate measurement at 0.40mm and
0.44mm.

o

5mm @ 1000 C

o

8mm @ 1000 C

Fig. 15: Deformation at 1000oC
The deformation of tubes based on 1200 oC flue gas
temperature on the upper part of tube as shown in Figure 16.
The maximum deformation recorded on 2mm tube thickness
is 0.57mm. While 8mm and 5mm indicates deformation at
0.48mm and 0.51mm. Temperature from flue gas and fluid

o

8mm @ 1200 C

gave an effect the deformation of tube which higher
temperature tend to higher deformation as per shown in
Figure 17. It caused the tube to become oval during
operation which on x-axis is compressive stress and y-axis is
in tensile stress.

o

5mm @ 1200 C
Fig. 16: Deformation at 1200oC
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Fig. 17: Maximum deformation
allowable is 4. Figure 18 shows the FOS for tubes at 800 oC
4.5 Factor of Safety
flue gas temperature applied on upper part of tube. The
Factor of safety in this boiler tube study defined by the minimum safety factor indicates that 2mm tube is the lowest
ratio of the ultimate strength of a tube to the actual working at 1.1. While 8mm and 5mm shows 8.9 and 7.3. it is shows
stress when in use. The minimum safety factor value is that the failures of the 2mm is in high priority of concern.
depending on the safety rules of a country or organization.
Refer to previous study, the minimum safety factor

o

8mm @ 800 C

o

5mm @ 800 C

o

2mm @ 800 C

Fig. 18: Safety factor at 800oC
Figure 19 shows the FOS for tubes at 1000 oC flue gas
temperature on the upper part of tubes. Same the minimum
safety factor still at 2mm wall thickness tube. While 8mm
and 5mm is 8.8 and 7.83. Observed that the 5mm tubes

o

8mm @ 1000 C

indicate increasing of safety factor by increasing
temperature. Probability the optimum thickness for the
boiler tube at this parameter set up give an effect to the
safety factor.

o

5mm @ 1000 C
Fig. 19: Safety factor at 1000oC
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Figure 20 shows the FOS for tubes at 1200 oC flue gas
temperature on the upper part of tubes. The minimum safety
factor still holds by 2mm wall thickness at 1.217. While 8mm
and 5mm is 8.8 and 8.0. observed 5mm and 2mm shows an
increasing of safety factor by increase the temperature.
However, tube 2mm is not safe under operating of boiler due

o

8mm @ 1200 C

to changes of shutdown of boiler in a sudden. The safety
factor deteriorated by decreasing of wall thickness and high
temperature as shown in Figure 21. Therefore, the monitoring
of the thickness tube is the main priority for the maintenance
of the boiler to achieve better efficiency and longer operation
without predictable shutdown.

o

5mm @ 1200 C

o

2mm @ 1200 C

Fig. 20: Safety factor at 1200oC

Fig. 21: Safety factor along y-axis on top tube
4.6 Operating Hoop stress
Hoop stress is the stress that occurs along the
circumference of rotationally symmetric object such as pipe
or tube when pressure is applied. The hoop stress is twice of
longitudinal stresses and hence is of utmost importance. The
hoop stress developed in the tube is caused by internal
pressure and can be estimated by formula below:
𝑃𝑑
𝜎ℎ =
2𝑡
where P is operational internal pressure, d is inside diameter
and t is the thickness of tube.
Refer to operating hoop stress chart, tube thickness 2mm is
exceeding the maximum allowable stress and it is indicating
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Fig. 22: Hoop stress chart

V.

12. Hosseini, R. K., & Yareiee, S. (2019). Failure analysis of boiler tube
at a petrochemical plant. Engineering Failure Analysis,
106(February),
104146.
https://doi.org/10.1016/j.engfailanal.2019.104146
13. Duarte, C. A., Espejo, E., & Martinez, J. C. (2017). Failure analysis of
the wall tubes of a water-tube boiler. Engineering Failure Analysis,
79(May), 704–713. https://doi.org/10.1016/j.engfailanal.2017.05.032

CONCLUSION

The 2D boiler water wall tube simulated in Ansys
thermal steady-state and static structural tendency to failure
on fire-face side due to heat exposed. This study shows that
that potential failure mechanism occurs due to the wall
thinning of the top of the tube at the side which faces the fire
and exposed to high temperature. A scheduled maintenance
of the boiler tube and regular inspection of the wall
thickness is a top priority requirement.
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