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Abstract: Thermal barrier coating (TBC) plays a vital role in the gas turbine combustor liner (CL) to
mitigate the internal heat transfer from combustion gas to the CL and enhance the parent material
lifetime of the CL. This present study examined the thermal analysis and creep lifetime prediction
based on three different TBC thicknesses, 400, 800, and 1200 pum, coated on the inner CL using the
coupled computational fluid dynamics/finite element method. The simulation method was divided
into three models to minimize the amount of computational work involved. The Eddy Dissipation
Model was used in the first model to simulate premixed methane-air combustion, and the wall
temperature of the inner CL was obtained. The conjugate heat transfer simulation on the external
cooling flows from the rib turbulator, impingement jet, and cross flow, and the wall temperature
of the outer CL was obtained in the second model. The thermal analysis was carried out in the
third model using three different TBC thicknesses and incorporating the wall data from the first and
second model. The effect of increasing TBC thickness shows that the TBC surface temperature was
increased. Thereby, the inner CL metal temperature was decreased due to the TBC thickness as well
as the material properties of Yttria Stabilized Zirconia, which has low thermal conductivity and a
high thermal expansion coefficient. With the increase in TBC thickness, the average temperature
difference between the TBC surface and the inner metal surface increased. In contrast, the average
temperature difference between the inner and outer metal surfaces remained nearly constant. The
von Mises equivalent stress, based on the material property and thermal expansion coefficient, was
determined and used to find the creep lifetime of the CL using the Larson-Miller rupture curve for all
TBC thickness cases in order to analyze the thermo-structure. Except in the C-channel, the increasing
TBC thickness was found to effectively increase the CL lifespan. Furthermore, the case without TBC
was compared with the damaged CL with cracks due to thermal stress, which was prevented by
increasing TBC thickness shown in this present study.

Keywords: thermal analysis; creep lifetime prediction; thermal barrier coating; gas turbine combustor
liner; coupled CFD/FEM

1. Introduction

In gas turbine engines, the combustor design and development are more important
to achieve a reduction in size, weight, manufacturing costs, and maintenance as well as
an increase in reliability and durability. The high flame temperature, of about 1826 K, in
F-class gas turbines causes structural damage on combustor liners due to a heavy thermal
loading when operating for a long period of time, which also affects the life time of engine
components eventually [1]. Therefore, advanced wall-cooling techniques are required for
thermal protection to the combustor liner to keep away from the structural damages. There
are various cooling techniques, but the most effective cooling techniques in modern times
are the angled effusion cooling hole (AEC) and thermal barrier coatings (TBC) techniques.
When using the AEC hole technique, multiple holes are drilled on the combustor liner wall
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at a shallow angle to inject the cooling air to remove heat from the metal surface initially,
after which it forms a thermal barrier between the liner wall side and hot combustion gases.
The AEC hole is used broadly in the modern gas turbine combustor. However, the liner
weight is increased by 20% due to the thicker wall requirement for drilling, which is a
significant drawback [2]. Therefore, researchers have found an alternative and promising
alternative, namely, to spray a thermal coating material on the inner side of the combustor
liner. In this way, the thermal coating can reduce the wall temperature of the base metal by
150 K. In the past six decades, researchers have attempted to find adequate liner materials
that can withstand higher temperatures [2,3]. Currently, nickel- or cobalt-based alloys,
such as NiCoCrAlY, NiAl, etc., are used to fabricate the combustor liner, where the carbon
composites are used to enrich the material properties to withstand the higher temperature,
whereby the TBC is an attractive approach to enhance the combustor liner life by coating
materials of low emissivity and low thermal conductivity [4]. By applying the TBC, the
hot streaking or uneven combustion gas temperature distribution on the base metal of
liner can be removed by reflecting the incident gas radiation from the flame and forming
a thermal barrier between the base metal and hot gases [5]. A typical thickness of TBC is
0.1-0.5 mm [2].

The deterioration of the material due to the more significant heat flux is retarded
with the TBC, and thus, the operating temperature ranges can be raised to a greater
degree [6,7]. The operating temperature of the turbine inlet temperature needs to be
higher for maximum performance, which can be easily accomplished by a higher flame
temperature in the combustor, and the increasing flame temperature can cause structural
failure of the combustor. Therefore, the TBC has two coating layers: a bond coat using
NiCrAlY/MCrAiY and a top coat using Yttria Stabilized Zirconia (YSZ). Based on the
coating thickness, the TBC is classified into the B- and C-class, in which the B-class coating
is about 355.6 £ 101.6 pm thick and C-class coating is about 508 + 50.8 um thick [8,9]. The
ceramic thermal coating material is mainly applied on the inner wall combustor liner to
provide the thermal barrier [10,11].

The 7FA combustor is a type of dry low NOx emission system. The assembled parts of
the combustor are swirl injectors for premixed combustion and cross flow and an impinging
sleeve surrounding the liner and transition piece to provide a flow channel between them
for forced convective cooling. The after-shell section of the gas turbine combustor liner
with internal cooling passages is called the C-channel [12-14]. Numerous studies on the
combustor liner to improve structural stability and reliability have been published using
fluid and mechanical simulations. In these categories of simulation work, Kim et al. [14]
conducted thermal and failure analyses using commercial tools such as ANSYS CFX and
ANSYS Mechanical to estimate the C-channel creep lifetime prediction, which further
demonstrated the high thermal stress distribution on the combustor liner that results in
structural damages. Kim et al. [15] studied the flow structure of combustion gas inside
the combustor and cooling flow outside the combustor liner. Moreover, Kim et al. [16]
showed the calculation of thermal-mechanical lifetime using the C-channel heat transfer
distribution to predict cracks, such as weld crack and axial crack, in an actual combustor
liner. Moon et al. [17] performed the thermal-mechanical analysis using the same geometry
configuration as Kim et al. [16], mainly on the after-shell section with the three various
after-shell configuration arrays, i.e., the inline-discrete divider wall, staggered diver wall,
and swirler wall, to mitigate the structural damage of crack formation. Recently, Moon
et al. [18] used the Larson-Miller parameter to predict the creep lifetime of the combustor
liner using the thermal stress of the combustor liner based on the actual operating condition.
With these various topics of investigations conducted by other researchers, there is a lack
of thermal barrier coating research work on the 7FA combustor liner, which is taken into
account in the present work.

With a review of previous studies on the gas turbine combustor liner, the present
study aims to predict the thermal distribution and creep lifetime on the inner and outer
surface of the combustor liner by considering three different TBC thicknesses. In order
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to achieve these goals at a low computational cost, first, model 1, employing FVM, is
used to simulate the premixed combustion for obtaining the inner liner metal temperature
distribution. Second, model 2, employing FVM, is used to simulate the cooling flow
over the outer surface of the combustor to obtain the outer surface metal temperature
distribution. Consequently, the predicted data from the models 1 and 2 will be imported
into model 3, where FEM is used to predict the thermal distribution on the inner combustor
surface based on the three different TBC thicknesses: 400, 800, and 1200 um. The creep
lifetime prediction will be determined using the thermal stress and the Larson—-Miller
parameter. Finally, the result of the without TBC case will be compared with the actual
damaged liner with cracks to show the structural damage due to thermal stress.

2. Numerical Methodology
2.1. Geometry

The schematic design in Figure 1 is the dry NOx combustor liner of the land-based gas
turbine. The CL has three divisions, namely forward shell, center shell, and after shell. The
location of the six swirlers at the inlet section of the forward shell is shown in Figure 2a;
the clockwise swirlers have a vane angle of +50°, while the counter-clockwise swirler has a
vane angle of —50°. The inner diameter at the inlet of the forward shell section is 457.2 mm.
The length of the combustor from the swirler inlet to the combustor outlet is 908 mm.
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Figure 1. Schematic sketch of a low-NOy premixed combustor.
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Figure 2. Simulation model of an inner combustor liner with six swirlers only for Model 1.
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2.2. Premixed Combustion and Heat Transfer for Inner Combustor Liner Modeling

The three-dimensional simulation was performed using FVM (Finite Volume Method),
available in the commercial CFD code ANSYS CFX 18.1 [19]. The computational do-
main was a cylinder as shown in Figure 2. The inlet and outlet diameter were 457.2 and
348.85 mm, respectively. Unstructured tetrahedral mesh was used to mesh the domain
and the domain had 727,360 elements with an element size of 3.1 mm used in the main
flame area (injector side). A steady simulation was carried out in the present work using
the RANS equations of k-omega SST turbulence model to reduce the computational cost.
The detailed inlet boundary condition is shown in Table 1. The temperature of premixed
methane-air inlet was 675.55 K; the air temperature at the center inlet was 675.55 K. The
inlet side wall was fixed with a temperature of 673 K. A medium turbulence intensity level
of 5% was specified at each inlet. Inside the combustor, the average combustion pressure
was 1,522,700 Pa. For the outlet, 1,522,700 Pa average static pressure outlet boundary
condition was applied. The adiabatic wall condition was applied at the inner CL. In the
CFX solver control, the high-resolution advection scheme was used for solving the spatial
discretization equations. A physical time scale of 0.25 s was specified in the fluid time scale
option to control the outer iteration loop of solving flow fields for steady analyses.

Table 1. Inlet boundary conditions for combustion simulation in model-1.

Mass Fraction, %

Parameters Mass Flow Rate, kg/s CH, o, N,
Clockwise swirler inlet, individual 5.0392 2.436 20.469 77.095
Center inlet 3.81 - 20.469 79.531
Counter clockwise swirler inlet 2.3342 2.436 20.469 77.095

Based on the concept that the chemical reaction is fast relative to the transport pro-
cesses in the flow, the reaction time scale is higher than the turbulent time scale (i.e., the
Dombkohler number is greater than unity). Therefore, the reaction rate dominated turbulent
mixing. The Eddy Dissipation Model (EDM) proposed by Magnussen and Hjertager [20] is
the simplest model with robust performance in the infinite fast turbulent reacting flows.
Therefore, the EDM was used to stimulate the turbulence—chemistry interaction of the
premixed combustion, and the reaction rate was assumed to be greater than the flow
timing in the present model. The methane-air global equation proposed by Westbrook and
Dryer [21] was used in the present work, and it is given in Equation (1). The transport
equation for component I in Equation (2) was used for calculating the chemical reaction
rate using the source term S; in Equation (3). The burning process begins immediately after
the premixed fuel enters the computational domain. Therefore, the reaction rate based on
the turbulent scale in the EDM was determined using the minimum of the two expressions
in Equations (4) and (5), where the eddy dissipation constants A and B were 4.0 and 0.5,
respectively. The ratio of turbulence quantities (¢ /k) in Equation (5) was kept as a constant
value of 2500 s~! [22] to avoid the unphysical behavior near the wall predicted by the
EDM. A value to the forward reaction rate constants, 8.3 x 10° s~ and 30 kcal/mol for
the pre-exponential factor and activation energy, respectively, was applied in the Arrhe-
nius equation. However, due to the presence of air, the NOx formation can occur in the
combustor, which was modeled by enabling the prompt NO and thermal NO in ANSYS
CFX. The prompt and thermal NO models are based on the Zeldovich mechanism. The
constants in the Arrhenius equation for modeling the prompt NO are as follows: the pre-
exponential factor was 6.4 x 10° s~! and the lower and upper temperature were 300 and
2300 K, respectively. The constants in the Arrhenius equation for modeling the thermal
NO: the pre-exponential factor was 1.8 x 10! s~! and the lower and upper temperature
were 300 and 2300 K, respectively. As a result, a realistic accuracy in the simulation can be
obtained. Through this simulation, the wall temperature of inner CL will be obtained and
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used for thermal analysis and creep lifetime prediction, which will be discussed in the next
sections. The flow chart of how model 1, using CFD, is performed is shown in Figure 3.
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Figure 3. Flow chart that shows how the three simulations were carried out in the present work.
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Validation

To validate the numerical methods applied in model-1, the temperature profile from
the simulation was compared with the experimental data provided by Masri et al. 2004 [23].
For this purpose, the swirl burner was chosen and has three inlets; fuel inlet, primary air
inlet for swirling flow, and secondary air inlet. The diameter of the fuel inlet was 3.6 mm.
The inner and outer diameter of the primary inlet were 50 and 60 mm, respectively, while
the inner and outer diameter of the secondary air inlet were 60 and 260 mm, respectively.
The chamber diameter and length were 260 and 350 mm, respectively. A 3D model with
595,525 mesh elements was used. The single-step global equation was considered. The
same boundary condition of the SM1 flow configuration from the literature was used,
which were the axial velocity in the fuel (gaseous CHy) inlet = 32.7 m/s at 293 K, axial
and tangential velocity in the primary inlet for air swirling flow = 38.2 and 19.1 m/s,
respectively, and the axial velocity in the secondary air inlet = 20 m/s. Figure 4a,b shows
the experimental flame image and temperature contour from the simulation for comparison.
In addition, the comparison of the radial temperature profile at an axial position of 40 mm
from the simulation against the experimental data is shown in Figure 4c, and it was
observed that the trend was similar between the simulation and experimental data; thereby,
the numerical methods used in model-1 were validated. With this validation, the same
numerical methods without employing the reaction equations were also used for model-2.

2.3. Cooling Flow Modeling Outside the Combustor Liner

The model-2 using the steps in Figure 3 was used to find the temperature distribution
on outer CL by coolant air. For performing this simulation, the outer CL geometry with
the cooling flow paths only was considered. In this simulation, the hot gas of the inner
combustor geometry was ignored. The computational domain with the cooling schemes
is shown in Figure 5, which includes the rib turbulator, impinging jets with 24 holes in
each row, and a C-channel. The diameter of the hole in the first and second row was
15.8 mm. Similarly, the hole diameter in the third and fourth hole was 18.95 and 12.9 mm.
The cross-flow inlet is located on the C-channel inlet side, where the cross-flow moves
towards the forward shell section associated with the additional flow from the impinging
jet. The unstructured tetrahedral mesh was used to mesh the domain, and the domain
had 16,405,131 elements. A steady simulation was carried out in the present work using
the RANS equations of the k-omega SST turbulence model. The detailed inlet boundary
condition for cooling flow simulation is shown in Table 2. The temperature of cooling air at
the inlet was 673.35 K. The outer wall of the cooling flow path was assumed to be in an
adiabatic condition, and the outer wall of the CL was assumed to be in a constant heat flux
of 10,000 W/m?. The pressure outlet boundary condition was applied at the C-channel
outlet with 1,530,000 Pa and flow path outlet with 1,534,302 Pa. With these conditions, the
wall temperature from the outer CL will be obtained and used for thermal analysis and
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creep lifetime prediction, which will be discussed in the next section. The flow chart of
how model-2 performed, using CFD, is shown in Figure 3.
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Figure 4. Comparison of the flame image from the experiment (a) with the temperature contour from the simulation (b);
numerical comparison between the experiment and the simulation (c).
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Figure 5. Simulation model of the cooling flow only between CL and flow sleeve for model-2.
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Table 2. Boundary condition for cooling flow simulation in model-2.

Cooling Scheme Rib Turbulator, Impingement Jet, C-Channel
Total cooling mass flow 15.086 kg /s
Cross flow 10.056 kg/s
Impingement flow 5.03kg/s
Inlet compressed air 1,549,800 Pa

2.4. Thermo-Structural Modeling and Analysis

The final step in Figure 3 for thermal analysis and creep life prediction is thermo-
structural modeling. The solid model in Figure 6 was used to perform the steady thermal
simulation using FEM in ANSYS Mechanical 18.1 [24,25]. The inner and outer wall tem-
perature for inner and outer CL were imported from model-1 and model-2, as discussed
in previous sections. The solid model has the inner surface coated with three different
thicknesses, i.e., 400, 800, and 1200 um, of the YSZ material and outer surface. The solid
model was mesh using the unstructured tetrahedral mesh, and the number of meshes in the
solid model without TBC and with TBC were 1,687,680 and 3,198,240 elements, respectively.
The CL was made up of Inconel 617 alloy material, which is a nickel-chromium-cobalt-
molybdenum alloy. This allows for high oxidation resistance at high temperatures due to
the addition of aluminum. The properties of the Inconel 617 alloy are given in Table 3 [26].
The inner wall of the CL was coated with YSZ of three different thicknesses and their
properties are given in Table 4. The thermal stress in the stress analysis simulation is
proportional to the material and thermal properties, which can be expressed as:

o = Ea(dT) (6)

where E denotes Young’s modulus, a is the thermal expansion coefficient, and (dT)
denotes the temperature difference. The von Mises equivalent stress can be calculated
using these calculated results and is used in failure theory to determine the yield of the
ductile materials.

Table 3. Properties of Inconel 617 alloy.

. Young’s ) ) ) Coefficient of. Therm'al.
Temperature (°C) Modulus (GPa) Poisson’s Ratio Thermal Expoansmn Conduct:vﬂy
(um/m. °C) (W/m. °C)
25 211 0.3 - 13.4
100 206 0.3 11.6 14.7
200 201 0.3 12.6 16.3
300 194 0.3 13.1 17.7
400 188 0.3 13.6 19.3
500 181 0.3 13.9 20.9
600 173 0.3 14.0 22.5
700 166 0.3 14.8 239
800 157 0.3 15.4 255
900 159 0.3 15.8 27.1
1000 139 0.3 16.3 28.7
1100 129 0.3 - -
Table 4. Properties of Yttria Stabilized Zirconia (YSZ).
Density (kg/mm?) 5850.0
Young’s modulus (GPa) 200.0
Poisson’s ratio 0.3
Bulk Modulus (GPa) 166.7
Coefficient of thermal expansion (pm/m. °C) 12.0
Thermal conductivity (W/m. °C) 2.2

Resistivity ((Om) 0.17
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Figure 6. Simulation model of combustor liner only without and with TBC for model-3.

To determine the creep lifetime (¢) of the combustor liner, the calculated wall temper-
ature and von Mises equivalent stress were used. The temperature and stress provide a
correlation between the Larson-Miller parameter (P) and log(«). Then, the third-order
polynomial function (f(«)) from the Larson—-Miller rupture curves [27] forms a correlation
with the Larson-Miller parameter (P), and the creep lifetime can, thus, be predicted using
the expression in Equation (7).

P = (460 + T)(25+logt) 1072 @)

3. Results and Discussion
3.1. Analysis of the Heat Transfer by Hot Gas to the Inner Wall of the CL

To find the amount of convective heat transfer to the parent metal of the CL from
the combustion gas, the swirl combustion using premixed methane-air was simulated
by adopting the numerical methods (model-1) shown in the flow chart in Figure 3. The
result of premixed combustion will be analyzed and discussed using the combustion
temperature, inner side wall temperature of the CL, and HTC contours. Figure 7 shows
the combustion temperature contour (YZ plane) at five different locations and mid of XY
plane. According to the contours of five different locations in Figure 7a, the maximum
flame temperature occurred around 1900 K near the swirl injector side in the forward shell
section, indicating that a high-level mixing occurred due to the turbulence generated by
the clockwise rotating flow from the center swirler and the counter-clockwise rotating flow
from the five swirler surrounded circumferentially. Following the forward shell section, the
flame temperature was gradually reduced to 1700 K in the center shell section, resulting
in a uniform temperature distribution at the end of the after-shell, as shown in Figure 7b,
which indicates that the reaction was completed inside the combustor.

A high wall temperature occurred at the point of reattachment to the CL wall in
Figure 8 due to the flow development of the swirled flame. Because of the clockwise
swirling flow from the five circumferential swirler, the high wall temperature distribution
on the parent metal of the inside CL was obtained in clockwise direction. The forward
shell section from the injector side to the AA-cross section had a lower wall temperature
range of about 1450-1464 K than the other two shell sections, as shown in Figure 8a. In
contrast, the non-uniform wall temperature around 1464-1520 K caused a large gradient
inside the CL due to the mixing and flame formation influenced by the swirling flow, as
shown in Figure 8a. The wall HTC was high along the flame reattachment area. The wall
HTC distribution range of 1360-1500 W/m?K was particularly high near the nozzle where
the flame is primarily mixed, and gradually decreased from the center shell section to the
end of after shell section in Figure 8b. These non-uniformity distributions of the hotspot
peak temperature are the primary causes of the gas turbine combustor failure modes, such
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as cracking, spalling, and so on, which reduce the lifetime of the CL. As a result, the wall
temperature from model-1 will be used to perform model-3 to estimate the creep lifetime
prediction of the CL.

Temperature
1800.000

1770.000
1740.000
1710.000
1680.000
1650.000
1620.000
1590.000
1560.000
1530.000

1500.000
[K]

(b)

Figure 7. Temperature (K) distribution of combustion gas. (a) Various cross-section in the YZ plane
along the X direction. (b) Combustor cross-section in the middle of the XY plane.

Temperature
1520.000

1513.000
1506.000
1499.000
1492.000
1485.000
1478.000
1471.000
1464.000
1457.000

1450.000
K]

Wall Heat Transfer Coefficient
1500.000

1430.000
1360.000
1290.000
1220.000
1150.000
1080.000
1010.000

940.000

870.000

800.000
[quK B :I

(b)

Figure 8. Parent metal of the inside combustor liner. (a) Wall temperature (K) distribution and
(b) heat transfer coefficient (W /m?K) distribution.
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Figure 9. Wall heat transfer coefficient and velocity distribution on the outer CL from model 2 using the boundary condition

in Table 2.

Wall transfer coefficient

In the case of radiation heat transfer during combustion analysis, the radiation by
flame was dominant. In the case of flame radiation, the shape factor was calculated based
on the size of the flame. The shape factor of the flame in the main combustion was between
0.1 and 0.2, and the maximum heat flux by radiation heat transfer was 12,000 W/ m? based
on the maximum temperature of the flame in the combustion analysis. In addition, the
maximum temperature difference between the walls in the combustor was about 200 K, and
the average radiation heat flux was calculated at 81.65 W/m? when the emissivity of TBC
was set to 0.9. However, the average wall heat flux is 469,150 W/ m? in this calculation. The
heat flux by radiation heat transfer was about 2.75% compared to the average surface heat
flux. Thus, the radiation heat transfer could be neglected in this combustion calculation.

3.2. Analysis of the Heat Transfer by Cooling Flow to the Outer Wall of the CL

The heat transfers from the outer CL wall by the compressed air from the compressor
injected through the cooling schemes was determined using model-2. The cooling path
result is shown in Figure 9 using the boundary condition from Table 2. The circumferential
holes in the first and second rows had higher wall HTC than the third and fourth rows at
the impingement point on the outer CL caused by impinging air in the center shell section.
This was due to the impinging flow being deflected towards the forward shell section by
the cross flow from the transition piece, resulting in the impingement point of cooling
holes in the first and second rows having a higher wall HTC of 1184 W/m?K and in the
third and fourth rows having a lower wall HTC of 298-596 W/m?K due to the cross flow.
This impinged cooled air with the cross flow was then moved to the forward shell section
to improve the heat transfer through rib tabulators on the circumferential surface of the
outer CL. Only the impinging holes in the first row show a non-uniform distribution at the
impingement point along the circumferential path, which can be also seen in the second
row, but is reversed in the third and fourth rows. A comparison of these four rows revealed
that the wall HTC decreased from first row to fourth row. Furthermore, deflected cooling
air from the impinging holes by the cross flow moved to the forward shell section, where it
was heated due to the high combustion temperature from the inner CL, resulting in a lower
wall HTC compared to the center shell section. As a result, the cooling performance is
reduced as cooling air passes the rib turbulator. Furthermore, the outer CL wall data from
the model-2 will be used to perform the model-3 to estimate the creep lifetime prediction
of the CL.

1183.972 2 ‘2’2';”‘”
1085.586 — 23.660
987.201 A 21.031
888.815 N 18.402
790.429 it 15.774
1l HE )
ebis '] HEHTHET A R = 13.145
593.657 - HHA = 10516
HHIT TR .
495.272 It 7.887
396.886 5.258
298.500 2.629

200.114

I:Wm‘:K_l:I

0.000
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3.3. Thermo-Structural Analysis and Creep Life Prediction

The inner and outer wall data of the CL from model-1 and model-2 are imported in
model-3 using FEM in ANSYS Mechanical for thermo-structural analysis and creep lifetime
prediction, as shown in Figure 10.

2413.95 Max |
2154.95
1895.96
1636.96
1377.97
1118.98
859.983
600.99
341.997
83.0032 Min

Convection Coefficient (W/m? °C)

(a) Inner surface boundary condition imported from model-1 using FVM

1155.93 Max
1050.18
944.435
838.687
732.939
627.191
521.443
415.695
309.947
204.199 Min

Convection Coefficient (W/m? °C)

(b) Outer surface boundary condition imported from model-2 using FVM

Figure 10. The imported heat transfer coefficient on the hot side and cooling side of the combustor
liner for model-3.

Figure 11 shows the wall temperature distribution on the inner wall of the CL without
TBC and three different TBC thicknesses. When the inner wall CL coating had a thickness
of 1200 um TBC, the average wall temperature of the case without TBC increased to 1097 °C
from 1029 °C. Similarly, as the TBC thickness increased, the maximum wall temperature
also increased. Large-sized hotspot zones were found in the forward shell section, where
the flame had made contact with the TBC-coated inner wall of the CL due to the swirling
flow discussed earlier. In addition, the very high temperature distribution was observed
near the C-channel due to the remarkable swirling effect still present on the inner wall
of the CL, as shown in Figure 8a, and low wall HTC, as shown in Figure 9. An overall
inspection of the wall temperature distribution based on the three different TBC thicknesses
revealed that the inner TBC surface of the 1200 um case had a higher wall temperature
than the other two TBC thickness cases.

Figure 12 shows the inner CL metal surface distribution based on the different TBC
thicknesses on the combustion side. By increasing the TBC thickness, the metal surface
temperature of the CL was reduced to 912 °C (1200 um TBC case) from 1029 °C (without
TBC). When comparing the maximum temperatures, a similar trend was observed. When
the contours in Figures 11 and 12 were compared based on TBC thickness between the
TBC surface and metal surface, the metal temperature was reduced due to the low thermal
conductivity of YSZ. Thus, the increasing TBC thickness provided good thermal protection.
Furthermore, as TBC thickness increased, the larger hotspot with a higher temperature
became merely a uniform reduced temperature distributed over the entire metal inner
surface. However, the metal surface near the C-channel of the 1200 pm case had a higher
temperature than the other two shell sections (forward and center) in Figure 12d, but a
lower temperature than the other TBC cases in Figure 12a—c. The uniform distribution of
the wall temperature can help to mitigate the structural damage.
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(a) Without TBC (Average temp = 1029 °C, Max. temp = (b) TBC 400 um (Average temp = 1055 °C, Max. temp =
1223 °C) 1224 °C)

(c) TBC 800 um (Average temp = 1077 °C, Max. temp = (d) TBC 1200 um (Average temp = 1097 °C, Max. temp =
1228 °C) 1231 °C)
450 500 550 GO0 650 YOO 750 800 850 900 950 1000 1050 1100 1150 1200 1250

Figure 11. TBC surface temperature distribution based on the TBC thickness exposed to hot gas.

(a) Without TBC (Average temp = 1029 °C, Max. temp = (b) TBC 400 um (Average temp = 984 °C, Max. temp =
1223 °C) 1187 °C)

(c) TBC 800 um (Average temp = 946 °C, Max. temp = (d) TBC 1200 pm (Average temp = 912 °C, Max. temp =

1156 °C) 1127 °C)
450 500 550 GO0 ©50 YOO 7SO 200 850 900 850 1000 1050 1100 1150 1200 1250

Figure 12. Inner CL metal surface temperature distribution (combustion side) based on the TBC thickness.
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The TBC thickness can have an effect on the outer wall of the CL in the cooling side.
Figure 13 shows the wall temperature distribution of the outer metal surface based on the
TBC thickness. The average and maximum wall temperature were reduced by increasing
the TBC thickness. The TBC effectively reduced the higher temperature hotspots in the
forward shell section, resulting in a uniformity result, as shown in Figure 13d.

(a) Without TBC (Average temp =970 °C, Max. temp = (b) TBC 400 um (Average temp = 928 °C, Max. temp =
1200 °C) 1164 °C)

(c) TBC 800 pm (Average temp = 892 °C, Max. temp = (d) TBC 1200 um (Average temp = 860 °C, Max. temp =

4

50 500 550 GO0 B850 0o 750 2oo a50 90

1134 °C) 1105 °C)

4] 950 1000 1050 1100 1150 1200 1250

Figure 13. Outer CL metal surface temperature distribution (cooling side) based on the TBC thickness.

A detailed investigation based on the average and maximum temperature of the TBC
surface, inner metal, and outer metal based on the effectiveness of the TBC thickness are
shown in Figures 14-17. First, the average temperature of all cases is shown in Figure 14.
In the case without TBC, the average temperature of the TBC surface and the metal
inner surface was the same due to the lack of YSZ coating. The average temperature
of the TBC surface was increased as the TBC thickness increased. Because of the low
thermal conductivity and thermal expansion coefficient, the increased TBC thickness
reduced the inner metal to a lower temperature than in the case without TBC. In addition,
the dT between the TBC surface and inner metal surface increased with TBC thickness.
On the other hand, the temperature slope between the inner and outer metal was the
same in all cases. This implies that the TBC thickness directly affects the inner metal
temperature directly, while indirectly affecting the outer metal temperature. A similar
trend of variation was observed when comparing the maximum wall temperature of the
TBC surface, inner metal, and outer metal for all cases, as is shown in Figure 15. The most
important observation from Figure 15 is that the maximum temperature of the hotspot was
reduced drastically by applying 1200 um TBC as compared to the case without TBC.
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Figure 14. Average wall temperature of all surfaces based on the TBC thickness.

Figure 15. Maximum wall temperature of all surfaces based on the TBC thickness.
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Figure 16. Temperature difference between the surfaces of individual TBC thickness cases.
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Figure 17. Temperature difference between without TBC and three different TBC thicknesses.

Figure 16 shows that the dT between the TBC surface and inner metal surface was
increased linearly; the correlation is expressed in Equation (8). The dT between the inner
metal and outer metal surface was around 4%, and thus, had not changed remarkably
between the TBC thicknesses. This is due to the low thermal conductivity of the YSZ
material coated inside the CL, which slows the thermal conduction rate from the TBC
surface to the inner metal surface, and the dT can, thereby, provide a thermal barrier to
the CL. As a result of the effectiveness of varying TBC thicknesses, a total temperature
reduction between the TBC surface and the outer metal was increased. Additionally, the
dT comparison of all three TBC thickness cases with no TBC thickness case is shown in
Figure 17. As previously stated, the inner and outer metal temperature decreased as the
TBC thickness increased, which increased the dT of the inner and outer metal between
without TBC and TBC thickness, as shown in Figure 17. The percentage of decrease in the
inner metal temperature based on TBC was calculated using Equation (9), and it is shown
in Figure 18:

T (TTBC -7 ) — 0.154<tTBC x 106) 443135 ®)

inner metal

Percentage decrease (%)

T . _T .
( inner metal, with TBC inner metal, without TBC 100 (9)

Tinner metal, without

Percentage decrease

without TBC 400 800 1200
TBC thickness (um)

Figure 18. Percentage comparison of the inner metal temperature based on the TBC thickness.
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The thermal stress analysis based on the wall 4T and thermal expansion coefficient
were performed to show the stress contour based on the TBC thickness in Figure 19. The
maximum stress was observed in the forward shell section due to the hot gas touching
the combustor liner and C-channel due to the lowest wall HTC by the impingement jet.
Overall, the stress level was decreased near the nozzle, in the collision jet, and in the uneven
cooling area as TBC thickness increased. This thermal stress analysis revealed that the TBC
was effective in reducing the CL metal stress in high temperature regions.

(a) Without TBC (b) TBC 400 um

(c) TBC 800 um (d) TBC 1200 um
05135791113151719202325 X 107

Figure 19. Surface stress (x 107 Pa) distribution on the combustor liner based on TBC thickness.

As discussed earlier, the method to predict the creep lifetime of the CL by using the
calculated wall temperature and von Mises equivalent stress, along with Larson-Miller
rupture curves and the creep lifetime of the inner metal and outer metal surface of the CL
based on the TBC thickness, was estimated, and the creep lifetime contours are shown
in Figure 20. Overall, the CL creep life was improved by decreasing the metal surface
temperature as the TBC thickness increased in Figure 20. However, the C-channel section
has the weakest creep lifetime in all cases due to lots of uneven hotspots of temperature and
lowest wall HTC caused by the impingement jet in the center shell section. The vulnerable
areas that result in the weakest creep lifetime in the without TBC case are shown in
Figure 20a, which were improved by increasing the TBC thickness, as shown in Figure 20d.
To ensure the capability of the simulation result obtained using coupled CFD and FEM, the
simulation result of the without TBC case was compared with the actually damaged CL due
to the thermal stress that showed cracks that occurred in the CL surface in Figure 21a,b. In
this present study, we have shown that the structural damage that happened in the CL was
prevented by increasing the TBC thickness, and an optimistic result of the 1200 um case is
shown in Figure 21c. This present study shows that increasing the TBC thickness can reduce
the metal temperature, but over 1200 pm can increase the engine weight. Correspondingly,
it would increase the manufacturing and TBC material costs.
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Creep life prediction of the inner surface Creep life prediction of the outer surface
(a) Without TBC

(b) TBC 400 pm

(c) TBC 800 pm

(d) TBC 1200 pm

high low

Figure 20. Creep life prediction based on the temperature and stress distribution using the Larson-Miller parameter for
varied TBC thicknesses.
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Crack caused by
lowest creep lifetime l

(b) Actual damaged CL with cracks

Improved lifetime by
TBC

() TBC 1200 pum

high low

Figure 21. Comparison of cracks induced by thermal stress of the actual damaged CL and prevention
by TBC thickness.

4. Conclusions

Thermal analysis and creep lifetime prediction of the gas turbine combustor liner (CL)
based on three different TBC thicknesses were performed in this present paper using the
commercial tool ANSYS CEX (CFD) and Mechanical (FEM). The premixed combustion
simulation and conjugate heat transfer simulation were conducted to obtain the wall
temperature of the inner and outer CL. These two wall temperature data were used to
perform thermal simulation for thermal stress analysis and creep lifetime prediction of the
CL. The combustion simulation result showed that the uneven maximum wall temperature
caused by the combustion temperature in the inner CL along the clockwise direction
due to the swirling flow. The large-sized hotspot of the wall heat transfer coefficient
(HTC) occurred in the forward shell section due to the hot gas touching the inner CL. The
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conjugate heat transfer simulation showed that the wall HTC was decreased towards the
forward shell section due to the cross-flow associated with the impingement jet.

The FEM simulation shows that the TBC surface temperature was increased as the TBC
thickness increased, which reduced the inner metal temperature of the CL. Additionally,
the large-sized of vulnerable areas due to the non-uniform wall temperature distribution
was decreased in the inner and outer CL surfaces. The effect of increasing TBC thickness
showed that the temperature difference between the TBC surface and inner metal surface
was increased linearly, and the temperature difference between the inner and outer metal
surface was not changed. Thus, the total temperature reduction from the TBC surface
to the outer metal surface was increased as the TBC increased. In the thermo-structure
analysis, the increased TBC thickness reduced the hotspot of thermal stress overall, and
thereby, it enhanced the creep life prediction of the CL. The present study suggests that the
increasing TBC thickness can prevent structural damage and improve the lifespan of the
parent material of the CL in the gas turbine combustor.
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Nomenclature

AB Eddy dissipation coefficients
CFD Computational fluid dynamics

CL Combustion liner

D Diameter

dT Temperature difference
EDM Eddy dissipation model
E Young’s modulus

FVM Finite volume method
FEM Finite element method
HTC Heat transfer coefficient

p Larson-Miller parameter

S Source term

T Temperature

t Time

TBC Thermal barrier coating

Ry Elementary reaction rate for reaction k
Wi Molar mass of component [

Y; Mass fraction

YSZ Yttria Stabilized Zirconia

k, e Turbulent kinetic energy and dissipation
v,’d, v;(’ I Stoichiometric coefficients for reactant and product
0 Density

o4 Thermal stress

o Thermal expansion coefficient
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