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Abstract

Prediction of temperature distributions on hot components is important in development of a gas turbine combustion liner. The present
study investigated conjugated heat transfer to obtain temperature distributions in a combustion liner with six combustion nozzles. 3D-
numerical simulations using FVM commercial codes, Fluent and CFX were performed to calculate combustion and heat transfer distribu-
tions. The temperature distributions in the combustor liner were calculated by conjugation of conduction and convection (heat transfer
coefficients) obtained by combustion and cooling flow analysis. The wall temperature was the highest on the attachment points of the
combustion gas from combustion nozzles, but the temperature gradient was high at the after shell section with low wall temperature.
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1. Introduction

In modern gas turbine engines for land-based power genera-
tion, turbine inlet temperature (or firing temperature) has been
increased steadily to improve gas turbine performance. Ac-
cordingly, new material, thermal barrier coating (TBC), and
advanced combined cooling methods [1, 2] have been devel-
oped to improve reliability and durability of the hot compo-
nents. Of late, NOx has been an environmental problem and it
has attracted worldwide attention. High flame temperature of
more than 2,000K in traditional gas turbine combustors with
convectional combustion type results in relatively high NOx
emissions. One approach to reducing NOx emissions has been
to premix the maximum possible amount of compressor air
with fuel. In an advanced combustor system for NOx reduc-
tion, the maximum possible amount of air is premixed with
the fuel, so that flame temperatures and NOx of the premixed
combustion emissions become lower than those of the convec-
tional combustion. [3]

Many combustors in modern gas turbines have not applied
film cooling for directly decreasing the flame temperature. In
general, the combustion liner has been protected from hot
combustion gas using forced convectional cooling methods
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such as jet impingement cooling and rib roughened surfaces.
Therefore, wall temperature prediction by conjugated conduc-
tion and forced convection between hot gas and cooling air
plays a key role in a combustor system design. Moreover,
accurate prediction of conjugated heat transfer distributions on
external and internal metal surfaces is also important in cool-
ing system designs for new concept and modification. Re-
cently, many researchers [4-7] have investigated methodolo-
gies and characteristics of the conjugated heat transfer includ-
ing conduction and convection. Thus thermal analysis be-
comes an important issue in order to enhance the heat transfer
as well as to reduce the thermal stress yielded by temperature
gradients.

To calculate the wall temperature distributions, wall adja-
cent temperatures and wall heat transfer coefficients are re-
quired. It is difficult experimentally to obtain wall adjacent
temperatures and wall heat transfer coefficients under high
temperature and pressure environment, and complicated ge-
ometry. However, lately, computational fluid dynamics (CFD)
codes have become a powerful design tool with developing of
conjugated heat transfer solver, and turbulence models. Many
researchers [8-15] have performed CFD prediction including
combustion, fluid flow, and heat transfer in the gas turbine
combustors. In addition, Tinga et al. [16] predicted lifecycle in
a gas turbine blade and Yun et al. [17, 18] predicted lifetime in
a gas turbine combustion liner using the material temperature
and thermal stresses. Various technical papers or gas turbine



1940 K. M. Kim et al. / Journal of Mechanical Science and Technology 24 (9) (2010) 1939~1946

analysis have been published using numerical methods. How-
ever, the internal and external heat transfer data of the previ-
ous researcher are difficult to use in conjugated problems. It is
because the heat transfer coefficients are affected by various
design parameters, such as thermal wall boundary conditions,
liner shapes, combustor nozzles, and so on.

In the present paper, conjugated heat transfer to obtain tem-
perature distributions in a gas turbine combustion liner is cal-
culated using CFD commercial codes, ANSYS Fluent and
CFX for an actual combustor geometry. The objectives of the
present investigation are (1) to obtain an accurate temperature
distribution by solving conjugated heat transfer problems with
an actual gas turbine operating condition; and (2) to obtain
reliable temperature data in order to analyze deformation,
thermal stresses, and lifetime. Further, the information on the
heat transfer coefficients by hot gas and cooling air, the
maximum temperature on metal and TBC, and the tempera-
ture gradient between the top and the bottom of each material
can help many researchers to select super-alloy and thermal
barrier coating (TBC) materials and to decide experimental
conditions for improving capability of super-alloy and TBC.

2. Research methods

2.1 Configuration of the combustion liner

The present study was performed for conjugated thermal
analysis of a gas turbine combustion liner with firing tempera-
ture of approximately 1600K in base-load operation. The
combustion liner [19, 20] among its components is divided
into three outside parts (forward shell section, center shell
section, and after shell section) as shown in Fig. 1. Each sec-
tion has different cooling methods. The forward shell, the
center shell, and the after shell sections are cooled by rib-
roughened passage, impingement jet, and C-channel, respec-
tively. Among these sections, the after shell section is cooled
using an internal passage cooling method because this section
is inserted into a transition piece. It is called a C-channel, but
the present study simplifies the after shell section ignoring the
C-channel. Detailed analysis of this section was investigated
in the previous study of Kim et al. [21].

The overall temperature distributions can be analyzed using
the heat transfer coefficients and the wall adjacent temperature
inside and outside the combustion liner. However, the com-
bustion liner has very complex structures. Therefore, we cal-
culated the wall adjacent temperature analysis for a part inside
the combustion liner, and then conjugated heat transfer analy-
sis of both the inside and the outside.

2.2 Modeling inside combustion liner

Fig. 2(a) shows the schematic for the analysis of the com-
bustion field with six premixed nozzles, which are five identi-
cal outer burners and one smaller center nozzle. The combus-
tion liner and 6 premixed nozzles are considered to calculate
flow temperature and heat transfer distributions in the 3D
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Fig. 2. Modeling for flow and heat transfer analysis.

combustion field using a commercial code, Fluent 6.3.

The domain in the combustion liner ranges from the assem-
bly of nozzle cap to the combustion liner end (approximately
900 mm). The inner diameter of the nozzle cap is 457 mm and
that of the combustion liner connecting with the transition
piece is 349 mm. Structured grids are generated using
GAMBIT and the grid consists of approximately 0.5 million
cells with a minimum y"* of about 1.0 from a grid independ-
ency test [22]. For the turbulence model and the wall function
are selected k-¢ model and enhanced wall function, respec-
tively. The actual base-load operating condition is applied to
combustion flow in the present analysis. The angle of switl
vanes located at the outlet of the nozzles is 50° and the after
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section is treated as a simplified shape. As for the base-load
operation condition, the fuel gas is assumed to be CH, occu-
pying most of the natural gas, the mass flow rate of the fuel
gas is 0.69 kg/s, the equivalence ratio is 0.38, average pressure
in the combustion chamber is 15.2 atm and the fuel tempera-
ture at the inlet of the nozzles is 675.56K. The turbulence
model is Realizable k-¢ model and the combustion model is a
partially premixed combustion model. The process of the
combustion is considered as the following equation for reac-
tion.

CH4 +2 (02 + 376N2) - C02 + 2H20 + 752N2 (1)

2.3 Modeling outside combustion liner

Fig. 2(b) shows the modeling outside the combustion liner
coolant side for flow and heat transfer analysis by cooling air.
To analyze the flow and heat transfer characteristics outside
the objective combustion liner, 3-dimensional analysis was
performed using commercial codes, GAMBIT and CFX-11.
The forward section and the center section in the combustion
liner are cooled by both rib-roughened surface on the combus-
tion liner and impinging jet holes on the flow sleeve, respec-
tively. The array of the cooling holes in the center section is
twenty-four rows on the circumference of the flow sleeve, and
each row is composed of four holes. The present analysis is
performed for one twenty-fourth of the channel formed be-
tween the flow sleeve and the liner because the shape has a
symmetric behavior. The mass flow rate of the coolant air per
cooling hole is set at 0.1 kg/s. The crossflow rate from the
transition piece is assumed at 1.7 kg/s, which is calculated
from the flow rate impinged by transition piece cooling holes.
The Reynolds number based on the hydraulic diameter of the
channel is about at 550,000 in consideration of the operation
data under the base load. Unstructured grids are generated
using GAMBIT and the grid consists of approximately 1.15
million cells from a grid independency test. SST low Rey-
nolds model is selected for the turbulence model [23].

2.4 Conjugated heat transfer analysis

As aforementioned, the overall temperature distributions are
analyzed using the heat transfer coefficients and the wall adja-
cent temperature inside and outside the combustion liner. Thus,
the present study is investigated, divided into inside and out-
side parts of the combustion liner. First, we calculate the wall
adjacent temperature in the inside combustion part. Second,
we calculate the heat transfer coefficients in the outside cool-
ing part. Next, we calculate the heat transfer coefficients in the
inside combustion part using the second step results, both the
outside heat transfer coefficients and the bulk temperature of
the coolant flow. Finally, we obtain temperature by conju-
gated heat transfer of conduction in metal and TBC of the
combustion liner. The material properties of metal and TBC
are based on Ninomic 263 [24] and yttria-stabilized zirconia
(YSZ) coating. The thermal conductivities of metal and TBC
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Table 1. Thermal conductivities of metal and TBC as a function of

temperature.

Temperature Metal TBC
[°C] [W/m-°C] [W/m-°C]
100 13.0 -
200 14.7 -
400 18.0 2.1
600 214 2.13
800 24.7 22
1000 28.5 23
1100 - 235
1200 - 24

Temperature [k]

673.0 1035.3 1397.7

(a) Entrance
Fig. 3. Flow and temperature distributions in cross sections.

(b) Center (c) Exit

are presented in Table 1.

3. Results and dscussion

3.1 Heat transfer inside the combustion liner

Figs. 3 and 4 show flow structures and temperature distribu-
tions by mixing hot combustion gas from six nozzles with
coolant compressed air around the nozzles. Fig. 3 is the result
at the three cross-sections (y-z plane), and Fig. 4 is the result at
the horizontal plane to the axial direction (x-y plane). The six
swirling flows are formed because of the nozzle guide vanes
as shown in Fig. 3(a). The five swirls at the outer side of the
cross section appear to form clockwise rotating flows as a
view from the entrance of the combustion liner, but the one
switl at the center swirler appears to form counter-clockwise
rotating flow. The temperature inside the nozzles is high due
to combustion. As the flow passes along the combustion liner,
the six swirling flows are changed to two large swirling flows,
outer clockwise rotating flow and inner counter-clockwise
rotating flow as a view from the entrance of the combustion
liner. As presented in Figs. 3(b) and 3(c), the rotating flow
disappears in the flow region between inner and outer sides
since the two large swirling flows intersect each other. There-
fore, the flow with high velocity and high temperature goes
through this intersection region, so that the temperature and
flow velocity become high. That is, the temperature and veloc-
ity in the outer and inner sides are lower than those in the in-
tersection region as shown in Fig. 4. In the outlet of combus-
tion liner, the averaged temperature is approximately 1740K.
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Fig. 4. Velocities and temperature distributions by combustion.
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Fig. 5. Distributions of wall adjacent flow temperature.

Fig. 5 presents wall adjacent temperature distributions on
the combustion liner in contour 5(a) and local 5(b) plots. The
temperature results from mixing and conduction between the
cooling air and the hot gas. The high temperature distributions
are changed to clockwise direction by swirling flow as shown
in Fig. 3(a). Since the swirls of the combustion gas along the
combustion liner are weakened gradually, the temperature
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Fig. 6. Distributions of heat transfer coefficients by combustion.

difference between the maximum and the minimum values in
flow direction becomes narrow as shown in Fig. 5(b). In addi-
tion, the circumferential-averaged temperature value becomes
uniform after approximately 0.3 m from the inlet of the com-
bustion liner as shown in Fig. 5(b). The circumferential-
averaged temperature is approximately 1,540K at the end. It is
noted that the maximum temperature is lower, but the mini-
mum temperature is higher than those at the location of ap-
proximately 0.3 m.

Fig. 6 shows the wall heat transfer coefficient distributions
inside the combustion liner induced by the swirling flows of
combustion gas. The wall heat transfer coefficients in circum-
ferential direction are varied largely at the forward section of
the combustion liner like the wall adjacent temperature distri-
bution. The values at 0.12 m from the liner inlet range from
850 W/m’K to 2,200 W/m’K. The region with high value and
wide range is located in front of the point with the high wall
adjacent temperature. It is noted that the mixing between hot
gas and cooling air is active in this location; moreover, the
combustion gas is attached in this region which is located at
approximately 0.1 m from the liner inlet. After 0.3 m from the
liner inlet, the heat transfer coefficients approach gradually a
constant value (about 1,000 W/m°K) near the after section.

3.2 Heat transfer outside the combustion liner

Fig. 7 shows the heat transfer distributions outside the com-
bustion liner coolant side. In contour 7(a) and local 7(b) plots
the overall heat transfer coefficients have symmetric behavior
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Fig. 7. Distributions of heat transfer coefficients by cooling flow.

because cooling holes are regularly arranged. By the imping-
ing jets of the coolant air, high heat transfer appears on the
outside surface of the combustion liner. The heat transfer coef-
ficients induced by the first and the second cooling holes from
the liner exit are approximately 2,300W/m’K. The high heat
transfer region is moved toward the forward section rather
than location below the cooling holes. The reason is that the
impinging flows are deflected by the effect of the cross flow
from the transition piece backward flow. Heat transfer en-
hancement by the impinging coolant air of the third and fourth
holes is smaller than that by the first and the second holes due
to the cross flow. The values are approximately 1,800 and
1,500 W/m’K, respectively.

After the impinged cooling flow is added to the crossflow
from the transient piece, the accumulated flow toward the
forward section and the rib tabulators formed on the surface
outside the liner enhance the heat transfer. The enhanced val-
ues range from 800 to 1,000 W/m’K. As the coolant flow goes
toward the liner entrance, the heat transfer coefficients de-
crease. It is because the cooling passage becomes larger with
the diameter of combustion liner.

3.3 Temperature distributions in the combustion liner

Fig. 8 shows the wall temperature distributions on three sur-
faces, such as TBC surface (hot gas side), interface, and metal
surface (cooling side). Fig. 9 presents the local wall tempera-
ture distributions TBC material and metal material and the
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Fig. 8. Contour plots of wall temperature distributions.

maximum and minimum temperature on all three surfaces. As
shown in Fig. 8, the overall patterns of temperature distribu-
tions are similar to the pattern of wall adjacent temperature
(Fig. 5(a)). However, the temperature distributions on the
metal surface of cooling side are more uniform than those on
the TBC surface. The maximum temperature in TBC material
is about 1270K at 0.17 m of x-axis as shown in Fig. 9(a). This
location is the same to the attachment points of the combus-
tion gas from combustion nozzles. At this location, the differ-
ence in temperature among circumferential distributions is the
largest, such as approximately 360K. This temperature differ-
ence can cause high thermal stress. After this location with the
highest temperature, the high temperature becomes lower and
the difference becomes smaller, because the high heat transfer
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Fig. 9. Local wall temperature distributions.

coefficients are induced by impingement jet cooling in the
center section of the combustion liner. The characteristics of
temperature in metal material (Fig. 9(b)) are similar to those in
TBC material. The maximum temperature on metal material is
1,130K at 0.14 m of x-axis. The largest temperature difference
among circumferential distributions is approximately 280K.
At the exit of the liner, the temperature difference is smaller
than 100K. The reason is that the thermal conductivity of the
metal is high and the applied cooling is effective.

Fig. 9(c) shows the maximum and minimum wall tempera-
ture distributions on each surface (TBC surface, interface, and
metal surface). Temperature gradients between the hot gas
side and the cooling side at the highest temperature in circum-
ferential direction can be also analogized from this Fig. as
symbolized by gray columns. These temperature gradients are
induced by the conjugation of thermal conductivities of TBC
and metal, the gas temperatures, and the heat transfer coeffi-

cients of hot and cooling sides. The temperature gradients are
large at the after shell section of the low wall temperature, but
small at toward the section of the high wall temperature. It is
noted that a high temperature gradient induces high thermal
stress, resulting in thermal creep. This is why the after shell
section is damaged often even though the wall temperature is
lower than the forward section.

4. Conclusions

The present paper investigated conjugated heat transfer and
temperature distributions in a gas turbine combustion liner in
order to predict the weak points of hot components and sup-
port the test conditions in design of a combustion liner. The
material temperature greatly depends on the heat transfer coef-
ficients on external and internal liner surface. The main con-
clusions are summarized as follows:

(1) In the pre-mixed combustion liner, the mixing between
the hot gas and the coolant air is active before 0.3 m from the
liner inlet, so that the heat transfer coefficients increase
sharply in the forward section. After 0.3 m, the heat transfer
coefficients and the temperature approach plateau values,
which are approximately 1,000 W/m’K and 1,540K, respec-
tively.

(2) The heat transfer coefficients range from 800 to1,000
W/m’K on the rib-roughened surface in the forward section.
The heat transfer coefficients are enhanced to 2,400 W/m2K
on the surface impinged by the first and the second holes of
the center section. However, the high heat transfer region is
deflected toward the forward section by crossflow from the
transient piece.

(3) The overall temperature distributions are similar to the
wall adjacent temperature. The maximum temperatures in
TBC and metal materials are about 1,270K and 1,130K, re-
spectively. The temperature gradients are high at the after
shell section low wall temperature, but low at the forward
section of high wall temperature.
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