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Abstract In a nuclear power plant, thermal striping
occurs at the T-junction, where high-temperature
steam and low-temperature processed fluids mix.
The non-uniform temperature distribution and tem-
perature fluctuation in the pipe produced by thermal
striping may lead to cracks and high cycle thermal
fatigue failure. The use of a thermal sleeve can prevent
this issue to a certain extent, but delamination is a
major concern in such thermal striping. Functionally
graded materials (FGMs) in which the material
properties are graded along the thickness direction
can relieve the thermal stress gradient in the pipe,
eliminating the delamination problem. In this study, a
one-way fluid structure interaction simulation of
ceramic and structural steel functionally graded T
pipes under thermal striping was performed using the
detached eddy simulation method. The initial
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condition of velocity and temperature was used based
on the “WATLON” experiment conducted by the
Japan Atomic Energy Agency. Spectral analysis was
performed to evaluate the temperature fields for both
the fluid and the pipe, as well as to determine the
temperature fluctuation characteristic. The tempera-
ture variation in the pipe was then used in the transient
structural analysis to evaluate fluctuations in the
thermal stress. Finally, the rainflow counting method
was employed to determine the stress cycles of the
pipe. The thermal stress cycles of homogenous,
composite, and FGM pipes were compared. The
reduced amplitude of the stress cycle of the FGM
pipe confirms a higher fatigue life and potential
application of the FGM at the T-junction.

Keywords Functionally graded material - T junction
pipe - Detached eddy simulation - Thermal striping -
Thermal stress

1 Introduction

Thermal striping occurs when fluids with different
temperatures mix. Temperature variation generated by
the thermal striping may lead to cracks and thermal
fatigue failure in the structure. In 1998, a leakage was
reported at the nuclear power plant (NPP) in Civaux,
France (Chadeyron 1999). Investigations (Blondet and
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Faidy 2002; Chapuliot et al. 2005) reported a through-
wall crack downstream of a T junction, where hot and
cold streams mixed. Moreover, several studies have
also been conducted to better understand thermal
striping. Kawamura et al. (2003) conducted thermal
striping tests in a mixing T junction with a velocity
ratio ranging from 0.1 to 5 and a temperature gradient
of 40 °C to characterize the flow patterns and
temperature fluctuation in the thermal striping. Japan
Atomic Energy Agency performed a water experiment
called “WATLON?” to clarify the thermal hydraulic
aspects of thermal striping with a T pipe (Kamide et al.
2009). Miyoshi et al. (2013) determined the temper-
ature characteristics at the pipe inner surface to
figure out the thermal fatigue in T pipe. Chuang and
Ferng (2017) also conducted the experiment to reveal
the thermal striping characteristics in a T pipe.
Recently, Zhou et al. (2019a, b) reported the mixing
characteristics at the T junction which was horizontal
oriented. In addition to experimental studies, numer-
ical studies on thermal striping have also been
conducted by many researchers owing to the devel-
opment of computational fluid dynamics. The Rey-
nolds averaged Navier—Stokes model is not suitable to
describe the realistic mixing of flow in thermal striping
(Nakamura 2007; Hohne 2014). However, the large
eddy simulation model (Jayaraju et al. 2010; Ayhan
and Sokmen 2012; Timperi 2014; Selvam et al. 2015)
and detached eddy simulation model (Nakamura et al.
2009; Kang et al. 2019) can adequately capture the
characteristics of thermal striping. For evaluating the
thermal fatigue in T pipe, Tanaka et al. (2010)
numerically studied the thermal striping with pro-
posed evaluation method. Recently, Evrim and Lau-
rien (2021) numerically studied the thermal mixing
mechanisms at T junctions, where a wall-resolved
large eddy simulation was used.

The non-uniform temperature distribution in the
structure causes thermal fatigue and cracking. Ther-
mal sleeves can prevent the transfer of temperature
fluctuations. However, delamination is a major prob-
lem when using such thermal sleeves. Functionally
graded material (FGM) is a constituent of two
materials that are graded along the thickness direction
and has the potential to relieve the thermal stress
gradient in a pipe. Hence, the use of FGM in
T-junction pipes can overcome this delamination
problem. The concept of FGM was first introduced
by Kawasaki and Watanabe (1997) in 1984 for the
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development of thermal barrier materials. In FGM, the
compositions would continuously change from one
phase to another and as smoothly as the designed
gradient. This smooth interface in the material reduces
the stress concentration, and de-bonding or delamina-
tion can be eliminated. Applications of FGMs in
aviation, energy, nuclear power plants, and medical
fields have increased exponentially over the last
decade (Saleh et al. 2020). For the pipe application,
FG pipe had been fabricated by the centrifugal force
method and the micro structure was investigated.
(Watanabe et al. 2005). Thermal striping in the
T-junction pipe is an unavoidable situation, and the
application of FGM can mitigate the thermal stress by
reducing the fluctuation of temperature from the fluid
to the pipe.

From the review of open literature, it is evident that
thermal striping is a concern for T-junction pipes in
NPP. Several experimental and analytical works have
been reported on the wall temperature and fatigue life
of pipes. However, the use of FGM in T-junction pipes
for potentially reducing thermal striping and enhanc-
ing fatigue life has not received much attention;
further, analysis of thermal stripping in FGM T-junc-
tion pipes is rare. Therefore, to fill the apparent void in
research identified in the literature review, this study
simulated the performance of structural steel and
ceramic functionally graded T pipes under thermal
striping using a one-way fluid structure interaction
simulation using the detached eddy simulation
method. The main and branch flow condition of
velocity and temperature in the simulated thermal
striping case is the same as in the “WATLON”
experiment conducted by the Japan Atomic Energy
Agency (Kamide et al. 2009). Spectral analysis was
performed to evaluate the temperature field in both the
fluid and the pipe. The temperature field was obtained
from the DES simulation and was used to classify the
temperature fluctuation characteristics. Finally, the
temperature field in the pipe was imported into the
transient structural analysis to evaluate the fluctuation
of the thermal stress. The rainflow counting method
was used to count the stress cycles during the
calculated duration. The amplitudes of the stress cycle
and mean stress of the junction pipes made of
homogenous, composite, and FGM were compared.
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2 Numerical simulation
2.1 Simulation model

The geometry of the T-junction pipe and the flow
conditions used in the simulation are referred to in the
WATLON experiment. Figure 1 shows the schematic
diagram of the calculation domain. The main pipe has
150 mm in diameter (D,,) and 7.6 mm in thickness
(tn)- The branch pipe has 50 mm in diameter (D}) and
5.3 mm in thickness (#,). Table 1 lists the flow
conditions of the main and branch pipes. The value
of the momentum ratio (Mp), calculated using the

4DuVy s larger than 1.35. This indi-
Dy V3’ g e

cates that the flow pattern is wall jet flow. According to
the research conducted by Kamide et al. (2009), the
stratified flow of thermal striping has the largest
potential for generating thermal fatigue in the pipe
owing to a higher fluctuation of temperature.

equation Mp =

2.2 Thermal striping simulation set up

The mesh of the simulation model was generated using
ICEM CEFD. Figure 2 shows the mesh at the cross-
section of the main pipe and the side view of T-
junction. Hexahedral elements were used for mesh
generation. In the fluid domain, the first layer at the
boundary has a height of 1.2x107> m. In the solid
domain, the hexahedral mesh elements have the same
thicknesses of 2.4x10~* m and 1.7x10~* m in the main
and branch pipes, respectively to accurately capture
temperature and stress fluctuation in the thickness
direction. There are a total of 2.1 million nodes in the
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Table 1 Flow conditions in the main and branch pipes
Main Branch
Temperature [°C] 48 33
Mean velocity [m/s] 1.46 1.0
computational domain (fluid domain ~ 1.2 million

nodes; solid domain = 0.9 million nodes).

The components of the FG T pipe were considered
to be structural steel and ceramic. The material
gradually changed from ceramic to structural steel
from the inner side of the pipe to the outer side. Su
et al. (2021) used a multi-layer model to simulate
FGM in the commercial FEM software. The transient
heat conduction simulation of FG pipe, which related
to the conjugate heat transfer in the one-way fluid
structure interaction simulation in this work was
validated when 8 or more layers used in multi-layer
model. Therefore, in the present work, the mesh of the
FGM solid domain is divided into 8 layers, and each
layer is assigned the material property based on the
power-law distribution (Das and Karmakar 2018), as
given in Eq. (1).

(Z -
8

) 1\
+— ] +P2Z

P(2)

(PI_P2)< 16

=1,2,3,...,8 (1)

where N is the power law index. By changing the value
of the index, the material gradient in the thickness
direction can be tailored based on the application.
Three types of gradient indexes, 0.2, 1, and 5 were
used corresponding to Case A, Case B, and Case C,
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Fig. 2 View of the T (a)
junction pipe mesh from:
a yz plane; b xz plane

(b

respectively. Two more cases were considered to
compare the FG pipe performance with that of the
normal homogenous pipe. Case D with a structural
steel pipe (homogenous) and Case E with two-layer
structural steel-ceramic composite pipe reconsidered.
The material properties of fluid and pipe components
are tabulated in Table 2. Figure 3 depicts volume
fraction of steel for each case along the non-dimen-
sional thickness direction. A linear variation of the
volume fraction was observed for a power-law index
of 1. The fluid properties during the calculation were
kept constant and obtained from the water properties at
40 °C.

ANSYS FLUENT (2019 R3) was used to perform
the simulations. In order to obtain fully developed flow
profile at the two inlets of the T junction pipe, another
two pipes with the same diameter as the main and
branch pipes were calculated with the identical inlet
velocity presented in Table 1. The lengths of these two
pipes are 10 D,, and 10 Dy, respectively. The velocity
profiles at the outlets of the two pipes were mapped to
the inlets of the T-junction pipe. The no-slip velocity
boundary condition was used at the inner surface of
pipe. For the thermal boundary condition, a coupled
wall boundary condition was used at the interface of
the fluid to the pipe and different layers interface
within the pipe. The thermal boundary condition set
outside the pipe was adiabatic.

Turbulence model selection is crucial for transient
calculation. The Reynolds averaged Navier—Stokes
(RANS) can be used for unsteady calculations because
it can model the entire range of scales of turbulence,
and it significantly reduces the computational effort
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Fig. 3 Volume fraction of steel along the thickness

and resources. However, it is difficult to capture the
fluctuation characteristics within the fluid in the
RANS model; hence, it is not suitable for this study.
Large eddy simulation (LES) in which small scales
turbulence are spatially filtered out while large scales
are resolved directly can also be used. Because the
large scales of turbulence are resolved directly, the
statistics of the time-varying RMS value can be
collected; however, this requires a significant amount
of computational resources. For pipe flow in particu-
lar, the resources needed in a near-wall resolving LES
are unaffordable. Therefore, a hybrid RANS-LES
model, that is, detached eddy simulation (DES), was
adopted in this work. In DES, the RANS model is
applied to the boundary layers, and LES is used in the
other places. In the following simulation cases, the
SST k — ® RANS model was used in the DES
calculation.

Table 2 Material
properties for thermal

striping analysis

Fluid Structural steel Ceramic
Density [kg/m3] 992 7850 2300
Specific heat [J/(kg - K)] 4180 434 590
Thermal conductivity [W/(m - K)] 0.6 60.5 1.3
Viscosity [Pa - s] 6.65 -107°° - -
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Table 3 Turbulence model and numerical discretization

Software ANSYS FLUENT 2019R3

DES SST k — »
SIMPLE

Bounded second order implicit

Turbulence model
Pressure—velocity coupling
Transient formulation

Momentum Bounded central differencing
Energy Second order upwind
Pressure Second order

Turbulent kinetic energy First order upwind

Specific dissipation rate First order upwind

Table 3 presents the turbulence model and numer-
ical discretization for the thermal striping simulation.
The DES SST k — ® model require the y* value to be
smaller than 1. With the 1.2x107> m thickness of the
first layer, the maximum y* value during the calcu-
lation is 1.36. Although the maximum y* value is
slightly larger than the required value 1, it occurred
only on limited number of nodes. The time step was
fixed as 2x10~* s. Under this time step, iteration in
each time step could converge within 20 times and the
maximum Courant number is 0.82. Therefore, the
Courant—Friedrichs—Lewy condition can also be sat-
isfied. A total of 7 s physical time was obtained, and
the last 5 s data were used for the statistical analysis.

2.3 Structural analysis of the T junction pipe

In the calculation presented in the previous section, a
7 s temperature field was obtained in the T-junction
pipe under thermal striping. By importing this tem-
perature field into the transient structural analysis
module in ANSYS, the stress generated by thermal
striping can be calculated.

The mesh used in the structural analysis is the same
as that in the thermal striping simulation. There are a
total of approximately 0.9 million nodes. The temper-
ature field is saved every 100 time steps; therefore, the
time step in the transient structural analysis is 0.02 s.
The boundary condition of the pipe was set as free
because the stress generated by the internal restraint is
the primary concern. Five types of pipe cases (Cases
A-E) were obtained as in the thermal striping simu-
lation. Material properties for the structural simulation
are tabulated in Table 4.

3 Results and discussion
3.1 Velocity field in fluid

The mean axial velocity at the central line on the x =
—0.36D,, cross-section before the T-junction mixing
part is illustrated in Fig. 4a. The velocity profile from
each case was compared with data from the WATLON
experiment. It can be clearly observed that the mapped
inlet velocity is sufficient to offer the fully developed
flow profile before the mixing. It also indicates that
before the flow passes the mixing part, the flow
characteristics would not be affected by the different
settings in the pipe through cases A-E.

Figure 4b presents the mean velocity at the down-
stream cross-section where x = 1D,,. There is a
decrease in the magnitude of the mean axial velocity
at the mixing part. A slight increase in the velocity at
the upper part of the center was observed. This is
because a recirculation zone is generated owing to
mixing of the flow from the main and branch pipes.
The recirculation zone is clearly recognized in Fig. 5Sa,
which presents the mean velocity contour from Case
D. Figure 5(b) shows the RMS value of the axial
velocity calculated using Eq. (2) using the last 5 s of
the data. It is easy to find the highest fluctuation
occurring near the interface between the high-and low-
velocity flows. The velocity contour also indicates that
the wall jet flow of the thermal striping mainly
influences the bottom part of the pipe.

N i — Uave :
Zi:l (u;v ) (2)

URMS =

In addition, in Fig. 4(b), the FGM cases, Case A-C
which has 8 layers in the pipe domain, the velocity
near the recirculation zone is smaller than WATLON
data when compared with Case D and E. Because in
Case D and Case E, the material in T junction pipe is
completely different, the change in the composition of
the T-junction pipe has minimal effect on the flow
velocity. Therefore, the author infers the dividing pipe
domain into 8 layers makes the difference between
FGM cases and others. On the other hand, the good
match of velocity RMS value between simulation and
experiment verified that the used DES SST £k —
turbulence model can accurately capture the fluctua-
tion characteristic in the flow caused by thermal
striping. The low fluctuation intensity at the upper part
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Table 4 Material Structural steel Ceramic

properties for thermal stress

analysis Density [kg/m’] 7850 2300
Young’s modulus [GPa] 200 90
Poisson’s ratio 0.3 0.25
Coefficient of thermal expansion [/°C] 1.2x107° 1.4x107°

Fig. 4 Mean axial velocity
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Fig. 5 a Mean velocity contour at YZ plane from Case D, b RMS of axial velocity at the central line at x = 1D,,

of the flow is considered to be near wall flow and was
treated using the RANS model SST k£ — o.

3.2 Temperature fluctuation

The temperature fluctuation caused by thermal strip-
ing is the primary focus of this study. Figure 6 shows
the mean static temperature contour at the x = 1D,,
cross-section for each case. In the homogenous steel
pipe (Case D) and ceramic steel two-layer composite
pipe (Case E), the separation of the temperature field
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between inner ceramic layer and outer steel layer
could be clearly observed from Case E. The existence
of a thermally resistant ceramic prevents temperature
transfer to the outer steel layer to some degree.
However, it also causes an uneven temperature profile
in the T-junction pipe along thickness direction. The
three FG cases showed similar mean temperature
distributions in the fluid domain. The low-temperature
region is limited to the bottom part of the pipe, which
is a characteristic of wall jet flow. In the solid domain,
the ceramic-rich Case C, which has a power law index
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Fig. 6 Mean temperature (a)
contours at the x = 1D_m
XY plane for each case

48

42

Mean static temperature [°C]

of N = 5, also has a slight temperature separation near
the outer part of the pipe, similar to Case E.

A schematic diagram of different positions used for
statistical analysis is shown in Fig. 7. In the fluid
domain, the temperature fluctuation on a curve of
1 mm from the interface of the fluid and pipe was also
calculated, in addition to the vertical central line of the
cross-section. Then, power spectral density of tem-
perature was calculated on three points in the 0°, 30°,
and 60° directions. In the solid domain, the temper-
ature fluctuations on three curves, the inner wall of the
pipe, 1 mm to the inner wall, and 1 mm to the outer
wall were determined. For the temperature power
spectral density in the solid, points in the 30° direction
were used. To compare with data from the WATLON
experiment, we used the non-dimensional temperature

Fig. 7 Schematic diagram of the x = 1D,, cross-section
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described in Eq. (3).

N 2
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T — b vT;MS _ \/Zz—l( i ave) (3)

T, —Tp N

The mean non-dimensional temperature and tem-
perature fluctuation in the central line and the curve
near the pipe in the fluid domain are shown in Fig. 8.
The bottom part of the pipe shows a higher fluctuation
in temperature intensity owing to mixing of the two
flows. The peak value was observed in the region
where the high-and low-temperature fluid separated.
The temperature profiles from cases A to E are similar,
indicating that differences in pipe material do not
affect the flow characteristics. Although there is a
difference in non-dimensional mean temperature
between simulation cases and WATLON, a close
match in the temperature RMS value, which is more
crucial in terms of evaluating thermal striping, con-
firms the feasibility of the mesh and turbulence model
used in the simulation. The mean non-dimensional
temperature and fluctuation intensity at the curve near
the interface are presented in Fig. 8c and d, respec-
tively. After 90°, temperature has the same value as
that in the main pipe, and the fluctuations also
disappear. Combining the temperature profiles on the
central line, it can be observed that in the wall jet flow
of thermal striping, the bottom half of the flow is
mainly affected. The peak of the temperature fluctu-
ation in the region close to the interface will occur in
the 30° direction.

Figure 9 depicts the temperature profiles of the
three curves within pipe. From left to right, the
figure shows the curves at the pipe wall, 1 mm to the
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Fig. 8 Temperature field in (a) (b)
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inner wall, and 1 mm to the outer wall. It can be
observed that the low-temperature region becomes
smaller when the distance increases gradually away
from the fluid. In curves near the outer wall in Fig. 9c,
Cases C and E have a relatively smooth temperature
change on the curves, which shows that a high ratio in
the ceramic volume fraction could relieve the sharp
change in the temperature distribution. In the temper-
ature fluctuation intensity plots, only the curves at the
pipe wall retain the peak fluctuation value at 30°, as in
the fluid domain. However, the fluctuation intensity is
much smaller than that in the fluid domain. The
fluctuations in the temperature are almost negligible in
the curves near the outer wall. Although different
compositions in the pipe can result in a difference in
the mean temperature distribution in the pipe, how-
ever, in terms of temperature fluctuation, both cases
provide a similar result.

In addition to statistical analysis of the temperature
field, spectral analysis of the last 5 s data in each case
was performed to determine the frequencies in the
fluctuations caused by the thermal striping. Figure 10
shows the power spectral density of the three points on
the curve in the fluid at a distance of 1 mm from the
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RMS of non-dimensional temperature

pipe. It can be observed that the fluctuation power in
the fluid domain is almost the same in both cases. In
the 30° and 60° direction points, the 6 Hz component
contains the peak fluctuation power, which is also
consistent with the result obtained by Evrim and
Laurien (2020) using large eddy simulation and as
well as the WATLON experiment data. In the
O°direction, the peak fluctuation power is on the
13 Hz component. However, similar to the RMS value
in Fig. 8d, the 30° points have the largest fluctuation
power. Therefore, in the solid domain, the temperature
PSD of four points in the 30° direction from each case
was calculated. The PSD of the temperature in the
solid domain is shown in Fig. 11. In each case, the
PSD plot in the solid shows that the temperature
fluctuation decreases as the distance between the
points and fluid gradually increases. This clearly
indicates that in the PSD of Point S2, which is on the
curve 1 mm to the inner wall, the characteristic of the
6 Hz component has a peak fluctuation power. How-
ever, at Point S3, which is close to the outer wall, no
peak frequency was observed. In the PSD of Cases C
and E, the fluctuation from Point S3 cannot be
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Fig. 10 Temperature PSD of the points in the fluid on the curve near the wall: a 0°; b 30°; ¢ 60°

captured as a large volume fraction of ceramic is
present.

3.3 Thermal stress in T pipe
Transient structural analysis was performed for each

case of the T-junction pipe by importing the temper-
ature history in the pipe domain from the thermal

striping simulation. Similar to the analysis of the
temperature field in the pipe, the PSD of the stress at
the points at 30° was calculated. Figure 12 shows the
stress PSD results. It can be observed that when the
volume fraction of the ceramic is increased in the pipe,
the power of the stress fluctuation gradually decreases
from Case A to Case C and in Case E. It should be
pointed out that for the two-layer composite pipe
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(Case E), the same fluctuation is observed for points
near the outer and inner walls. In the homogenous pipe
(Case D), the fluctuation in the position close to the
outer surface is smaller than that near inner surface.
The FG pipes (Cases A—C) exhibit similar behavior to
the homogenous case. In the stress PSD, the peak
power occurred at 6 Hz, which is the same as the
temperature fluctuation. They differ only at the point
near the outer wall where fluctuation in the temper-
ature has already ceased; the 6 Hz frequency compo-
nent retains the largest stress fluctuation power.

In addition to spectral analysis, the rainflow count-
ing method was used on the stress history to capture
the stress cycle generated in the pipe due to thermal
striping. Table 5 lists the stress cycle mean amplitude
and average stress at points S2 and S3. From the
average stress, it can be observed that the homogenous
steel pipe (Case D) has the lowest average stress.
However, the average stresses in the other cases with
ceramic are larger. This can be attributed to the fact
that the homogenous pipe has a relatively average
temperature distribution in the thickness direction.
The other configuration with two-layer composite pipe
(Case E) has a different temperature distribution, as
shown in Fig. 6(e). This specific variation in the
temperature field may lead to uneven deformation due
to thermal expansion and finally lead to high stress
generation. However, the homogenous steel pipe has
the largest amplitude in the mean amplitude of the
stress cycle. This is because without the thermal
resistant ceramic, the temperature fluctuation gener-
ated from the thermal striping directly affects the
stress fluctuation within the pipe. In FG T pipe cases,
the mean stress lies between the homogenous steel
pipe and the two-layer composite pipe. The mean

amplitude gradually decreases with an increase in the
ceramic volume fraction as it can be seen in the
Table 5 from Case A to Case C. It shows the FGM has
the ability to reduce the amplitude of the stress cycle
generated by the thermal striping while mean stress
level can be monitored and tailor-made based on
specific need. Highest amplitude is observed for the
homogeneous (Case D) configuration while two-layer
composite (Case E) predicts lower amplitude. Use of
FGM with power law index 5 will reduce the
amplitude ratio close to homogeneous structure while
it will reduce the thermal stripping significantly.
Therefore, it can be concluded that use of FGM with
higher ceramic volume fraction (governed by power
law index, N = 5) can be used in T junction pipe to
reduce the thermal stripping and increase the fatigue
life of the component.

Further, in order to estimate the fatigue life for each
case T junction pipe, a fatigue safety factor based on
the Gerber method was applied. Equation 4 gives the
way to estimate the fatigue safety factor by the stress
amplitude and mean stress from the stress cycle.

where Sy is fatigue limit and S, is the ultimate strength.

Based on Eq. 4, the parameter 1 = Z,(%

2
(wsi)) )/i which represents the average stress cycle

risk was calculated for each case and listed in Table 6.
Because the low-temperature difference, only 15 °Cin
the simulation, the value of 1 from each case is small.
However, for the functionally graded T pipe, Case A to
C, the clearly decrease trend in the m could be

Table 5 Mean amplitude and mean stress of the stress cycle at points S2 and S3

Point S2 [MPa]

Point S3 [MPa]

Mean amplitude Average stress AM (%) Mean amplitude Average stress AM (%)
[MPa] [MPa] [kPa] [MPa]
Case A 0.33 10.35 32.1 54.6 10.35 53
Case B 0.08 14.07 5.5 13.9 17.28 0.8
Case C 0.02 6.72 29 7.3 13.55 0.5
Case D 0.32 1.60 199.4 75.6 1.29 58.9
Case E 0.02 20.40 1.1 9.3 20.48 0.5

@ Springer



472

Z. Su et al.

Table 6 Fatigue safety factor from each case

Case A Case B Case C Case D Case E

n 0.0022 0.0013 0.0003 0.0017 0.0019

observed. The power law index N in these 3 cases are
0.2, 1, and 5, respectively. This means the composition
of ceramic is gradually increase. The present result
shows by applying FGM to the T junction pipe, the
performance in terms of resisting thermal fatigue
generated by thermal striping could be improved.

4 Conclusions

A numerical study on the behavior of a T pipe made of
FGM under thermal striping was conducted using the
detached eddy simulation (DES) method. Tempera-
ture data of T junction pipe was obtained from the
thermal stripping simulation through statistical and
spectral analyses; furthermore, the transient stress was
determined. The results of the present analysis were
compared with data from the WATLON experiment.
The similarities in the RMS value from the two studies
indicate that the present DES SST k — o turbulence
model can accurately capture the temperature fluctu-
ation in the thermal striping. However, the differences
in the mean velocity field and temperature field
indicate the limitation of DES turbulence model and
FGM modeling method. The following conclusions
can be drawn from the results of the present study:

1. The mean temperature distribution in the com-
posite pipe exhibited a separation phenomenon,
whereas the FG pipe cases have a more even
distribution like the homogenous pipe.

2. The 6 Hz component in the temperature fluctua-
tion caused by thermal striping has the largest
fluctuation power, and the 30° direction in the pipe
has the highest fluctuation intensity.

3. The 6 Hz peak power frequency is maintained
when the temperature is transferred from the fluid
to the pipe wall. However, this peak frequency
component disappears at the outer side of the pipe.
On the other hand, the stress generated throughout
the pipe maintains optimal power on the 6 Hz
component, unlike the temperature.

@ Springer

4. The mean stress in the homogenous pipe gener-

ated by thermal striping is smaller than that in the
composite and FG pipes owing to the even
distribution of temperature across the thickness.
However, the stress cycle amplitude is much
larger.

5. FG pipe experiences lower stress amplitude as a

result thermal stripping phenomenon will be
reduced.
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