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investigated under variations of fluid temperature and crack size. A commercial finite
element analysis (FEA) was used to find the highly stressed regions in the geothermal
pipe by using solid-fluid interaction model and calculate the stress intensity factors.
Variations used in this study are a fluid temperature in pipes of 80°C, 115°C, and 150°C
and surface crack size of 1 mm, 3 mm, and 5 mm. This study used ASTM A106-B steel
material which is geothermal pipe standard. The result showed that the fluid
temperature and crack size in the pipe installation affects the stress intensity factor.
The stress intensity factor increased with increasing the fluid temperature in the pipe
and crack size. Furthermore, the pipe installation with 5mm crack size and fluid
temperature in pipes 115°C and 150°C has stress intensity factor value that exceeds
the fracture toughness value of the material. This condition will lead the crack to
propagate along the pipe.
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1. Introduction

Fuel from coal, natural gas, crude oil, sunlight and geothermal is needed to generate the electrical
energy. Geothermal energy is an abundant energy, environmentally friendly and not dependent on
weather conditions. Geothermal energy is extremely suited to meet the growing needs of electricity
in the world especially Indonesia. The pipe is a component that often fails. As a result of pipe, failures
can occur environmental damage, disruption to daily life, structural damage in the area around the
pipe, even the emergence of the soul of the victim. Most of the pipe failures are due to the crack
propagations or defects in pipe surfaces [1]. There are two possibilities due to the repair of the crack
in the pipe i.e. the crack will extend slowly and penetrate the wall causing leakage before or suddenly
without leakage [2].
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The pipe is a very important component for the installation of geothermal power plants to drain
the water vapor from the inside of the earth. Long-term use, surface defects, or environmental
conditions of geothermal pipeline installations may lead the crack to initiate. Further research is
needed to predict the possibility of crack propagation in pipes.

The main objective of this present study is to investigate the cracking behavior in geothermal pipe
installation by using a commercial finite element analysis (FEA). This study uses ASTM A106-B steel
material which is geothermal pipe standard. FEA modelling is applied to obtain the stress distribution.
The stress distribution is evaluated according to proper failure criteria to identify the highly stressed
regions. The principal direction is calculated to define the crack direction. Finally, Stress intensity
factors mode | (K) is calculated at these regions in the geothermal pipe during operation for various
fluid temperature and surface crack size [3].

2. Methodology

A commercial FEA was used to calculate the internal pressure due to fluid velocity and
temperature, the stress distributions, and the stress intensity factors for mode I. The FEA model was
constructed based on ASTM A106-B steel material which is geothermal pipe standard [4]. ASTM
A106-B steel is carbon steel type which is commonly used as structural materials of piping systems
used in these vessels because of their lower cost and wider availability [5-8]. The outer wall diameter
(Do) of 324 mm with a thickness of 10 mm. The fluid velocity remains constant at 40 m/s [9]. The pipe
act as a 900 elbow which is failure mostly occurred in this area [10-13]. Table 1 shows the numerical
configurations. T and a are defined as fluid temperature and surface crack size (mm), respectively.
The surface crack is considered in the present work as semi-circular crack, as shown in Figure 1.

Table 1
Numerical configurations
Temperature (°C) Surface crack size (mm)
1
80 3
5
1
115 3
5
1
150 3
5
< < >
A
a
Crack tip
v

Fig. 1. Semi-circular crack type wherec=a
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The crack direction is defined as a principal direction of the maximum principal. The principal
direction was calculated using the following equation,

tan 2a = 2Txy/(0xx - Oyy) (1)

where ox is normal stress in x-direction, oyy is normal stress in y-direction, and 1y is shear stress
[14,15]. The value of stress intensity factor calculates along the crack tip which is divided into 41
nodes.

The materials used in this study include fluid (hot steam) and pipe (ASTM A106-B steel). The
material properties of fluid and pipe are shown in Table 2-5, respectively [16]. The material modeling
used in this study is assumed as bilinear isotropic. And the Poisson’s ratio of the geothermal pipe is
also assumed constant at all temperatures.

Table 2
The material properties of fluid (hot steam)
Properties Constant
Mass density (kg/mm3) 5.54E-10
Dynamic viscosity (MPa.s) 1.34E-11
Table 3
The material properties of pipe (ASTM A106-B steel)
Properties Constant
Mass density (kg/mm3) 7.85E-06
Yield strength (MPa) 345
Ultimate tensile strength (MPa) 483
Elongation 0.35
Fracture toughness MPavm 81

Table 4
The Young’s modulus of pipe (ASTM A106-B steel) for
different temperature

:&1’5'5 Modulus o i ccon's Ratio  Tem perature (°C)
203400 2111

198570 93.33

198570 148.89

190900 0.3 204.44

188200 260

184000 315.56

175800 371.11
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Table 5
The thermal expansion coefficient of pipe (ASTM
A106-B steel) for different temperature

Coefficient of Thermal Expansion Temperature (°C)

10.62 -17.78
11.03 37.78
11.48 93.33
11.88 148.89
12.28 204.44
12.64 260
12.82 287.78

This numerical procedure is divided into several sequences. Firstly, set up the fluid geometry and
boundary conditions as shown in Figure 2. Secondly, computational fluid dynamic (CFD) was used to
analyze the internal pressure by using properties of materials as listed in Table 2. Thirdly, mesh the
fluid in the pipe at 25 mm by using hexagonal type. Finally, compute the internal pressure as loading
in the geothermal pipe. After that, the value of internal pressure which is obtained from CFD will be
used to calculate the stress distribution in the geothermal pipe by using solid-fluid interaction (SFl).
Figure 3 shows the stress distribution in the pipe due to internal pressure. In Figure 3, the red area in
geothermal pipe installation indicated the highly stressed regions. So, it can be determined as the
position of the surface crack in the pipe. The next sequence is creating the surface crack model in the
pipe which is in highly stressed regions by using structural modeling. Standard and explicit (Structural)
modeling was used to calculate the stress and stress intensity factor by using properties of materials
as listed in Table 3-5. Meshing along the crack used mesh control of wedge type with element number
on the seed edge of 10. While around crack regions, mesh control of hexagonal type with element
number on the seed edge of 30 was used.The data were collected at 41 points. An example of
distance along a crack tip for 5 mm crack shown in Figure 4. Finally, the stress distribution and the
stress intensity factor obtained from the simulation results.

F € |nlet
Outlet =———

Fig. 2. Boundary conditions and fluid flow directions

Fig. 3. The stress distribution in
pipe due to internal pressure
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contour 2 crack tip

Fig. 4. The stress distribution in pipe due to internal
pressure

3. Results
3.1. The Stress Intensity Factor for Mode | under Various Surface Crack Size and Fluid Temperature

The numerical results of the stress intensity factor for mode | under various surface crack size of
1 mm, 3 mm, and 5 mm (for ¢ = a) at fluid temperature of 80°C, 115°C, and 150°C are shown in Figure
5-7. The order of stress intensity factor values in all temperature variations from the biggest to small
is the 5mm, 3mm, and 1mm crack size. At all fluid temperature, the stress intensity factor was
increased by increasing the surface crack size. Furthermore, the pipe installation with 5mm crack size
and fluid temperature in pipes 115°C and 150°C has stress intensity factor value that exceeds the
fracture toughness value of the material. This condition will lead the crack to propagate along the
pipe. All the results have been validated by using empirical equation of stress intensity factors i.e.

K, = fG\/E (2)

Where Kjis the stress intensity factor at the crack for mode 1, fis the geometry factor, ois the working
stress, and a is the crack depth [16-18]. In example the value of stress intensity factor for the surface
crack size of 1 mm at temperature of 80°. The working stress of 20 MPa and the geometry factor is
0.64, so, by using Eq. (2) the value of stress intensity factors is 15.96 MPavmm. In addition, the value
of stress intensity factors from numerical result is 11.49 MPavmm. However, both the value of stress
intensity factor from empirical equation and numerical result have the same trend. It means that the
numerical result is valid.

120
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Fig. 5. Stress intensity factor for a fluid temperature of 80°C in different crack
size
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Fig. 6. Stress intensity factor for a fluid temperature of 115°C in different crack
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Fig. 7. Stress intensity factor for a fluid temperature of 150°C in different crack
size

The numerical results of the stress intensity factor for mode | under fluid temperature of 80°C,
115°C, and 150°C at the surface crack size of 1 mm, 3 mm, and 5 mm (for ¢ = a) are shown in Figure
8-10. The order of stress intensity factor values in all temperature variations from the biggest to
small is the 150°C, 115°C, and 80°C. At all surface crack size, the stress intensity factor was increased
by increasing the fluid temperature. Similar to previous phenomena, the pipe installation with 5mm
crack size and fluid temperature in pipes 115°C and 150°C has stress intensity factor value that
exceeds the fracture toughness value of the material. This condition will lead the crack to propagate

along the pipe.
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Fig. 8. Stress intensity factor for the surface crack size of 1 mm in
different fluid temperature
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Fig. 9. Stress intensity factor for the surface crack size of 3 mm in
different fluid temperature
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Fig. 10. Stress intensity factor for the surface crack size of 5 mm in
different fluid temperature

3.2. Stress and Strain Distributions

The tendency of the stress intensity factor in all variations is the same i.e. having a large stress
intensity factor at the crack tip then decreasing to the point at distance equal to zero. This
phenomenon occurred due to the difference applied stress along the crack ass shown in Figure 11.
The stress intensity factor increased by increasing the applied stress. In general, for all variations at
the same temperature variation, the stress intensity factor increased by increasing the surface crack
size which is affected by the value of the strain along the crack line itself. The larger the surface crack
size means the longer the crack then the greater the strain value. So, the stress intensity factor is
getting bigger either. Figure 11 also shows the strain value along the crack front which is has a similar
trend with stress and stress intensity factor.

The principal stress distribution along the crack tip also affects stress intensity factor for mode I.
An example of the stress distribution along the crack tip is shown in Figure 12. While the contours of
stress distribution in front of the crack tip for all variations can be seen in Figure 13 (a-i). Figure 13
(a-i) shows that the area to the left of the crack tip shows the blue contours indicating that the area
has a low principal stress. The closer to the crack edge of the contour color changes into the green.
This indicates that the stress increases. While getting closer to the tip of the crack the color of the
contour turns yellow to red. The red color indicates the location of the largest stress on the crack.
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Fig. 11. Stress and strain along the crack tip in different surface crack
size

Fig. 12. An example of stress distribution along the crack tip
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Fig. 13. Contours of stress distribution in front of the crack tip for all variations
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The surface crack size of 5 mm has the highest stress intensity factor due to having the greatest
crack depth. This is in accordance with the theoretical basis of stress intensity factor as shown in Eq.
(3). At a fluid temperature of 150°C has the highest stress intensity factor due to the thermal stress
on the pipe is getting bigger by increasing temperature. This is accordance with thermal stress
formulai.e.

s=a.E.AT (3)

wheres is thermal stress, a is the coefficient of expansion long, E is the modulus of elasticity, and AT
is the temperature difference [19]. The strength of the geothermal pipe decreased by increasing the
thermal stress. This due to the thermal stress is directly proportional to the stress intensity factor.
This is according to the theoretical basis of the stress intensity factor formula in Eq. (3). From Figure
5-10, it can be seen that the pipe installation with 5mm crack size and fluid temperature in pipes
115°C and 150°C has stress intensity factor value that exceeds the fracture toughness value of the
material. This condition will lead the crack to propagate along the pipe.

4. Conclusions

The present study shows that the stress intensity factor is influenced by fluid temperature and
surface crack size in the geothermal pipe installation. The stress intensity factor increased with
increasing the fluid temperature in pipe and surface crack size. Furthermore, the pipe installation
with 5mm crack size and fluid temperature in pipes 115°C and 150°C has stress intensity factor value
that exceeds the fracture toughness value of the material. This condition will lead the crack to
propagate along the pipe.
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