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Abstract The after-shell section, which is part of the gas
turbine combustion liner, is exposed to the hottest com-
bustion gas. Various cooling schemes have been applied
to protect against severe thermal load. However, there is a
significant discrepancy in the thermal expansion with large
temperature differences, resulting in thermo-mechanical
crack formation. In this study, to reduce combustion liner
damage, thermo-mechanical analysis was conducted on
three after-shell section configurations: inline-discrete
divider wall, staggered divider wall, and swirler wall
arrays. These array components are well-known heat-trans-
fer enhancement structures in the duct. In the numerical
analyses, the heat transfer characteristics, temperature and
thermo-mechanical stress distribution were evaluated using
finite volume method and finite element method commer-
cial codes. As a result, we demonstrated that the tempera-
ture and the thermo-mechanical stress distribution were
readily dependent on the structural array for cooling effec-
tiveness and structural support in each modified cooling
system. Compared with the reference model, the swirler
wall array was most effective in diminishing the thermo-
mechanical stress concentration, especially on the inner
ring that is vulnerable to crack formation.
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List of symbols

d Hole diameter

E Young’s modulus

h Convective heat transfer coefficients, ¢”/(T,, — T,,)
k Thermal conductivity

Re Reynolds number, pUd/11
Temperature of coolant

T,,, Temperature of combustion gas
T,;  Reference temperature

T,  Temperature of the wall

Greek symbols

o,  Thermo-mechanical stresses on the wall
B Thermal expansion coefficient

7 Viscosity

v Poisson’s ratio

1 Introduction

To improve the thermal efficiency and power output of
gas turbines, a higher turbine inlet temperature is neces-
sary. This requires advanced super-alloy materials for the
gas turbine component substrates and their ceramic thermal
barrier coatings. Additionally, various cooling methods,
such as internal passage cooling, film cooling, and imping-
ing jet cooling, can be applied simultaneously to minimize
thermal damage to the components [1-3].

Among the gas turbine components, the combustion liner
experiences excessively high thermal loads, due to its direct
interaction with the combustion gas; the cooling schemes
mentioned above have been applied to protect the liner. The
combustion liner consists of three sections: a forward shell,
a center shell, and an after shell, as shown in Fig. la. A dif-
ferent cooling method is applied to each section in an attempt
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Fig.1 Geometry of the combustion liner: a target combustion liner,
b detailed assembly for the after shell, and c real cracks on the com-
bustion liner after shell

to protect the entire combustion liner from excessive thermal
loads. For example, rib-roughened passage cooling, impinge-
ment jet cooling, and internal passage cooling (C-channel cool-
ing) are used to protect the forward shell, center shell, and the
after shell, respectively. Among these, the after shell is exposed
to the hottest combustion gas, following mixing of the gases
and flow along the combustion liner. The after shell region is
connected to a transition component; thus, a complex cooling
structure is used to handle the higher thermal load. In practice,
the after shell production requires welding of the after ring,
inner ring, and spring seal, as depicted in Fig. 1b. Thermo-
induced damages corresponding to crack formation in the
combustion liner have been reported for gas turbine systems
(Fig. 1c); thus, repair and maintenance of the combustion liner,
especially the after shell assembly, remains a key issue [4, 5].
From archival journals and reports, most of the damage
associated with the hot gas turbine components occurred as
a result of a combination of thermal loading and mechanical
impact; i.e., thermo-mechanical stress. The thermo-mechan-
ical stress distribution for these components is strongly
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related to the heat transfer distribution of the cooling sys-
tem. Thus, it is necessary to design a cooling system that
prevents thermo-mechanical damage, as well as reduces the
average temperature to below the damage threshold of the
hot components. In short, the thermal design of the combus-
tion liner cooling system should not only enhance cooling
performance but also reduce the thermal stress.

Recently, advances in numerical analysis techniques via
high-performance computing capabilities have facilitated
more detailed analysis of the thermo-mechanical system of
gas-turbine combustion components. Most of the numeri-
cal investigations to date have focused on heat transfer, tem-
perature, and thermal stress distribution of the combustion
components, with the associated lifecycle predictions. These
studies have shown that conjugated heat transfer calculations
are required to obtain the temperature distribution in a gas tur-
bine combustion liner. For the prediction, thermal-flow calcu-
lations on the inside and outside of the combustion chamber
were conducted to obtain the adjacent wall temperatures and
heat transfer coefficients. Using these results, the temperature
distribution of the entire combustion liner was predicted [6];
thermal and thermo-mechanical stress simulations were per-
formed as part of a supplementary study [7]. Additionally, the
lifetime or lifecycle of the combustion liner has been predicted
using thermal/thermo-mechanical stress results, calculated
using finite element method (FEM) commercial code [8—17].

In the present study, we conducted thermal design simu-
lations in an attempt to minimize the thermo-mechanical
damage of the combustion liner. Among the combustion
liner components, we focused on the after shell, due to its
exposure to the hottest combustion gases. Additionally,
studies have shown that thermal cracks are most likely
to be found in the proximity of the after-shell section, as
shown in Fig. 1c [8, 9]. To minimize the thermo-mechan-
ical damage or cracks in the after shell, we proposed three
after-shell configurations: an inline-discrete divider wall
array, a staggered divider wall array, and a swirler wall
array; all of these structures are well-known heat-transfer
enhancing structures. Finite volume method (FVM) and
FEM approaches were conducted simultaneously as a con-
jugate problem, to compare the thermo-mechanical stress
distribution for each suggested model quantitatively.

2 Problem statement

Figure 2a shows the thermo-mechanical stress distribution and
real cracks on a combustion liner after shell. There are several
stress-concentrated regions in the after shell, especially on
the coolant side near the outer surface of the inner ring. The
welded area between the AFT ring and inner ring (Fig. 1b), the
cooling-hole area, and the divider wall contact area are all vul-
nerable to thermo-mechanical stress [8, 9]; this prediction is
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Fig. 2 a Thermo-mechanical stress distribution and real cracks on the combustion liner after shell and b the temperature distribution on the after

shell

well matched to the actual cracked regions in the combustion
liner, which are referred to as the weld crack, the hole crack,
and the axial crack, respectively, as shown in Fig. 2a.

Figure 2b depicts the temperature distribution of the
entire after shell. The welded region is exposed to large
temperature differences of about 200 °C between the cool-
ing hole area and the continuous tip area. Hence, the differ-
ent thermal expansion rate concentrates the thermal stress
in this region, potentially leading to weld crack forma-
tion. Additionally, the cooling-hole area is constrained by
a spring seal, which tends to also concentrate the thermal
stress. Near the divider wall contact, the combination of the
expansion of the divider wall and the spring seal constraint
induces stress formation, as shown in Fig. 2a. Thus, the
uneven temperature distribution in the individual systems,
resulting from variations in thermal expansion, contribute
to the overall stress on the after shell assembly.

In the analysis of the thermo-mechanical characteristics
and thermal damage, the damages on the after shell were
due to the interaction among flow-induced thermal char-
acteristics and structural constraints. Several design geom-
etries were proposed in an attempt to minimize cracking in
the after shell by enhancing heat transfer; specifically, an
inline-discrete divider wall array, staggered divider wall
array, or swirler wall array.

3 Research methods

3.1 Modeling of a single after shell and the proposed
geometries

The cooling system for the after shell was designed with 88
holes along the circumference direction; these holes direct
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Fig. 3 Model used for thermo-
mechanical analysis: a composi-
tion of a single after shell (1/88)
and b the boundary conditions
of the single after shell
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the coolant to a small passage; i.e., a C-channel, as shown
in Fig. 3a. The impinging jet cooling effect appears on
the bottom plate of the C-channel. The coolant then flows
through the C-channel. Because the holes and divider walls
were arranged in a periodic array, one segment from the 88
cooling holes was selected for each model calculation, con-
sidering the radius of curvature of the combustion liner in
its actual scale (Fig. 3b).

Three modified array models were proposed: (1) an
inline-discrete wall array (a discrete divider wall with an
inline array), (2) a staggered wall array (a discrete divider
wall with a staggered array), and (3) a swirler wall array (a
divider wall with a 45°-angle inclined array), as shown in
Fig. 4a—c, respectively.

3.2 Material properties and operating conditions
The combustion liner substrate was constructed from a

nickel-based super-alloy substrate (Nimonic 263). The
thermal barrier coating (TBC) material, yttria-stabilized
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zirconia, coated the combustion liner to prevent direct inter-
action between the substrate and the hot combustion gases.
The analysis of the temperature and stress distributions
on the after shell used the constituent material properties,
including the thermal conductivity (k), thermal expansion
coefficient (8), Young’s modulus (E), and Poisson’s ratio
(v), corresponding to a temperature range of 100-1000 °C
for the Nimonic 263 substrate (Table 1) and from 400 to
1200 °C for the yttria-stabilized zirconia TBC material
(Table 2). Among the operating modes, we considered the
base-load condition for the calculations. During a gas tur-
bine operation cycle, the firing temperature under base-load
conditions is the highest (~1350 °C); thus, we considered
steady-state base-load conditions for the calculations [9].

3.3 Fluid flow and heat transfer analysis
To investigate the fluid flow and heat transfer of each

model, three-dimensional (3-D) analysis was performed
using the commercial code Fluent v6.3. The governing
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Fig. 4 Geometry of the proposed models: a discrete divider wall with inline array, b discrete divider wall with staggered array, and ¢ a divider
wall with a 45° angle inclined array

Table 1 Physical properties of the super-alloy (Nimonic 263) [8, 9, 18]

Temperature (°C)

Thermal conductivity (W/m-°C)

Thermal expansion coefficient (Wum/m-°C)  Young’s modulus (GPa)

Poisson’s ratio

100
200
400
600
800
1000

13.0
14.7
18.0
21.4
24.7
28.5

11.0
12.1
13.0
13.9
15.3
17.4

217
212
198
185
168
143

0.382
0.384
0.387
0.391
0.397
0.402

equations were solved with appropriately confined bound-
ary conditions. The inlet conditions of the coolant were set
to a flow temperature of 400 °C and a pressure of 15 bar, in

detail, the fluid is assumed to be incompressible with con-
stant thermal physical properties at actual coolant tempera-
ture and pressure condition (dry air @ 400 °C and 15 bar).
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Table 2 Physical properties of the yttria-stabilized zirconia thermal barrier coating (TBC) [8, 9, 18]

Temperature (°C)  Thermal conductivity (W/m °C)

Thermal expansion coefficient (Lwm/m-°C)

Young’s modulus (GPa)  Poisson’s ratio

400 2.1 10.2
600 2.13 10.3
800 22 10.4
1000 2.3 10.5
1100 2.35 10.4
1200 2.4 10.3

30.5 0.265
31.3 0.268
320 0.270
325 0.275
31.3 0.278
30.1 0.280

Table 3 Grid independence test

Grid 1 Grid 2 Grid 3
(1,590,636) (4,082,290) (6,169,990)
Baye WIM2K)  1465.9862 1617.467 1616.917

A flow-entrance velocity of 34.77 m/s (Reynolds number
of 40,000), and a turbulence intensity of 3 % were also set.
A constant heat flux condition was assumed for the channel
surface.

The velocity and pressure were solved using the semi-
implicit method for pressure-linked equations (SIMPLE)
pressure-correction algorithm. The coolant fluid was assumed
to be incompressible, and the fluid properties were assumed
to be constant. The renormalization group (RNG) k-¢ model
was chosen as the turbulence model [19-24], and stand-
ard wall functions were applied at the walls as a near-wall
treatment, along with y™ values ranging from 10 to 30 [19,
21-23]. Moreover, on each side of the flow path, symmetric
boundary conditions were used; periodic boundary conditions
were determined only for the swirler wall array design. The
geometry and grid were generated by the commercial code
GAMBIT v2.3. In each section, unstructured, multi-block
grids were built using similar grid numbers (approximately
4 million) for each model, and grid independence tests were
performed. Three grid systems, consisting of 1,590,636,
4,082,290, and 6,169,990 cells, were constructed [21-25].
The calculated averaged heat transfer coefficient for the chan-
nel surface from the three grid systems is listed in Table 3.
From these results, ‘Grid 2°, consisting of 4,082,290 cells,
was chosen for the study to balance the calculation time and
prediction accuracy for each case.

3.4 Temperature and stress distribution analysis

FEM analysis was conducted for the temperature distribu-
tion and thermo-mechanical stress distribution using the
commercial code ANSYS v.11. In the calculation, wall heat
transfer data obtained from FVM calculations were used
as the boundary conditions (coolant pathway). The bound-
ary conditions of the other external surfaces; i.e., the hot
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combustion gas side (A = 1000 W/m? K, T, = 1350 °C),
compressed coolant air side above the spring seal
(h =150 W/m* K, T,,,, = 400 °C), and compressed coolant
air side (h = 2000 W/m* K, T, = 400 °C), were the same
as those used in our previous study [8, 9]. For the tempera-
ture and stress distribution, symmetric boundary condi-
tions were applied at both continuous side edges (circum-
ferential direction) of the model; a constant vertical force
(1000 N) caused by the spring seal contact was determined
in the reverse z-axis direction (Fig. 3b). Because we only
focused on the after-shell section of the combustion liner,
the mechanical coupling condition of the entire combustion
liner body was applied to the surface at the end of the after
shell body. Spot and continuous welding were used in the
three-component assembly; thus, actual contact configura-
tions were considered in the simulations. This required the
application of a free-sliding condition between the divider
wall and the inner ring contact region [26]. Otherwise, the
fixed condition was applied to the welded regions, after
the ring-inner ring interface and the inner ring-spring seal
interface regions. The FEM mesh was generated by an
ANSYS-mesh; the total number of elements and nodes
were approximately 120,000 and 320,000 for each model,
respectively.

4 Results and discussion

4.1 Thermo-mechanical characteristics for the
inline-discrete wall array

Figure 5a shows that the heat transfer distribution along
the coolant path in the after shell, using an inline-discrete
divider wall array. The maximum value of the heat trans-
fer coefficient was 3838 W/m? K near the stagnation point.
This heat transfer coefficient is calculated by following
equation in the code [19]:

Gsurface

Tsuerface — Lref

hsurface = €))]

where g7, 1s heat flux on the surface, T4, is the local
temperature on the surface of cell, and 7, is the reference



Heat Mass Transfer (2015) 51:1779-1790

1785
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temperature at the inlet of coolant. Due to the small gap
between the nozzle and impinging region, the impinging
flow accelerated near the stagnation point and then transi-
tioned into a turbulent flow along the radial direction. Thus,
a maximum heat transfer value appeared near the stagna-
tion point [27, 28]. The upper side of the C-channel region
(coolant side wall) exhibited a locally high heat-transfer
coefficient distribution, due to the developed wall jet.

The main flow characteristic of the inline-discrete array
was a steady recirculation region, which appeared behind
the discrete block [29]. Due to this flow characteristic,
each gap of the inline-discrete walls (i.e., the wake region)
showed a low heat-transfer coefficient. Even though the
wake was generated behind the trailing edge of each wall,
the wake remained and recirculated; the streamwise pitch
was too small for Karman vortices development. A rela-
tively lower heat transfer coefficient was predicted for each
gap of the inline-discrete walls.

Figure 5b shows the temperature distributions on the
after shell with the inline-discrete divider wall. The temper-
ature distribution ranged from 407 to 958 °C. A tempera-
ture difference between the wall gaps appeared, due to the
uneven heat transfer distribution of each wall gap. The une-
ven temperature distribution between the gaps and the poor
structural support due to a decrease in the supporting area
appeared to contribute to the uneven thermal expansion of
the after shell. The uneven thermal expansion affected the
strain concentration between the gaps, resulting in greater
stress concentration on the discrete wall contact area due to
upward pushing of the inner ring. Therefore, as indicated in
Fig. 5c, more concentrated stress appeared on the discrete
wall contact region and spring seal contact region. Thus, to
apply the inline-discrete array structure as a cooling com-
ponent, the streamwise and transverse pitch of the periodic
array should be optimized first.

4.2 Thermo-mechanical characteristics of the staggered
wall array

Figure 6a shows the heat transfer distribution along the
coolant pathway of the after shell for the staggered wall
array. Near the impinging region of the C-channel, the
heat transfer distribution was similar to that of the inline-
discrete array, due to the same geometry of the imping-
ing region. However, the maximum heat transfer value
(4062 W/m* K) appeared at the beginning of the stag-
gered wall, due to the flow impingement and acceleration
in this region. However, for the wake region of each wall,
the flow was blocked by both walls streamwise, allowing
for acceleration and shedding of the flow [29-31]. Due to
continuous coolant acceleration and shedding, the overall
heat transfer distribution increased, compared with the
inline-discrete wall array.
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Figure 6b shows the temperature distribution for the
staggered wall array. The temperature varied from 406 to
933 °C. Compared with the inline-discrete wall array, the
maximum temperature, which appeared on the TBC, was
smaller. The average heat transfer coefficient increased in
the staggered array region (the coolant region); thus, a rela-
tively lower temperature appeared in the hot gas region.

Figure 6¢ shows the thermo-mechanical stress distribu-
tion on the inner ring. The staggered wall contact region
indicated a lower stress distribution compared with the ref-
erence case. This is because the enhancement of the cool-
ing effect on the staggered wall region reduced the thermal
expansion to the inner ring. However, in the proximity of
the spring seal contact, a relatively high stress distribution
appeared, due to the diminished supporting area on this
constraint region.

4.3 Thermo-mechanical characteristics of the swirler
wall array

Figures 7a, b show the heat transfer distribution and path
lines of the impinging region of the C-channel with a swirler
wall array. The maximum value of the heat transfer coef-
ficient was 3868 W/m? K near the first swirler wall region.
This is because the impinging flow was turned rapidly by the
first swirler wall, which had an incline of 45°. At the back
side of each swirler wall, the heat transfer was relatively low,
due to the separation and reattachment of the coolant near
the back side of the wall as the flow developed.

Figure 7c indicates the temperature distribution on the
after shell body with the swirler wall array. The tempera-
ture distributions ranged from 406 to 943 °C. Although
the cooling effect differed only slightly from the reference
case, the swirler wall can function closer to a radiant fin,
compared with the other models, having an enhanced cool-
ant contact area.

Figure 7d depicts the thermo-mechanical stress distribu-
tion on the inner ring. In the swirler wall contact area (the
inner ring proximity), the stress distribution was lower and
appeared to be uniform. Additionally, the stress distribution
on the spring seal contact region was similar to that of the
reference case. Thus, a slight increase in the cooling capac-
ity and the supporting area better distributed the thermo-
mechanical stress.

4.4 Comparison of the thermo-mechanical
characteristics among designs

Table 4 shows the temperature distribution range of the
entire after shell, and the maximum stress on the wall con-
tact region and spring seal contact region. From the temper-
ature distribution results, the heat-transfer-enhanced arrays;
i.e., the staggered wall and swirler wall arrays, exhibited a
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heat transfer distribution in the
coolant passage (C-channel), b
temperature distribution on the
after shell body (super-alloy
and TBC), and ¢ the thermo-
mechanical stress distribution
on the after shell
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Fig. 7 Swirler wall array: a (a)
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higher cooling capacity. This enhancement in cooling cor-
responded to a reduction in the thermal stress concentra-
tion on the staggered wall contact region (Fig. 6¢) and the
swirler wall contact region (Fig. 7d). The enhanced, even
cooling capacity reduced thermal expansion, resulting in
an upward force on the inner ring. Additionally, the swirler
wall array was shown to be effective in thermal stress
reduction, compared with the other proposed cases; this
was attributed to the greater supporting area of this array
configuration.

Thus, among the proposed design schemes, the swirler
wall array was the most effective in reducing the likelihood
of thermo-mechanical crack formation on the inner ring.
Our results also emphasize the importance of considering
the structural support characteristics for a more thermally
robust design.

5 Conclusions

In this study, thermo-mechanical analysis was conducted
on several after shell configurations in an attempt to reduce

thermo-mechanical damage in a gas turbine combustion
liner. Three cooling design structures were tested for the
after shell: an inline-discrete divider wall, staggered divider
wall, and swirler wall; these structures have demonstrated
enhanced heat transfer. Three-dimensional (3-D) numerical
analyses were conducted using Fluent and ANSYS com-
mercial codes to predict the coolant flow pattern, heat trans-
fer, temperature, and thermo-mechanical stress distribution
for each of the three models. From thermal damage anal-
ysis, three regions were identified as having a high stress
concentration: the weld site, cooling-hole site, and divider
wall contact area site. The predicted damage areas were in
good agreement with the cracked regions observed on the
combustion liner upon examination. The heat transfer dis-
tribution and heat transfer values were similar to those cor-
responding to the impinging region of the C-channel (with
slight dissimilarities for the swirler wall case). The stag-
gered walls and the swirler walls were especially effective
in cooling the liner, thereby enhancing heat transfer and
increasing the radiant area, as evidenced by the temperature
distribution over the entire shell. Although the inline array
generally exhibited unique flow characteristics for heat
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transfer enhancement, optimization should be considered
with the streamwise and transverse pitch of the periodic
arrays. Comparing the thermo-mechanical stress distribu-
tions, the heat transfer enhancing array (staggered) and the
radiant/supporting area increasing array (swirler) show a
significant reduction in the thermo-mechanical stress on the
inner ring. However, when considering the structural sup-
porting area, especially the spring seal contact region, the
swirler wall array was the better choice for adaptation to
the after shell assembly. Finally, the thermal design for the
cooling system should consider not only the cooling capac-
ity but also the temperature uniformity of the system.
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