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Abstract: Combined cycle power plants (CCPPs) are becoming more important as the global demand
for electrical power increases. The power and efficiency of CCPPs are directly affected by the
performance and thermal efficiency of the gas turbines. This study is the first unsteady numerical
study that comprehensively considers axial gap (AG) in the first-stage stator and first-stage rotor
(R1) and hot streaks in the combustor outlet throughout an entire two-stage turbine, as these factors
affect the aerodynamic performance of the turbine. To resolve the three-dimensional unsteady-state
compressible flow, an unsteady Reynolds-averaged Navier–Stokes (RANS) equation was used
to calculate a k − ω SST γ turbulence model. The AG distance d was set as 80% (case 1) and
120% (case 3) for the design value case 2 (13 mm or d/Cs1 = 0.307) in a GE-E3 gas turbine model.
Changes in the AG affect the overall flow field characteristics and efficiency. If AG decreases,
the time-averaged maximum temperature and pressure of R1 exhibit differences of approximately
3 K and 400 Pa, respectively. In addition, the low-temperature zone around the hub and tip regions
of R1 and second-stage rotor (R2) on the suction side becomes smaller owing to a secondary flow
and the area-averaged surface temperature increases. The area-averaged heat flux of the blade
surface increases by a maximum of 10.6% at the second-stage stator and 2.8% at R2 as the AG
decreases. The total-to-total efficiencies of the overall turbine increase by 0.306% and 0.295% when
the AG decreases.
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1. Introduction

The global electrical power demand is expected to increase by 46% from 2015 to 2040, and this
will lead to a large increase in electricity generation. Natural gas will be used for electricity generation
instead of coal to minimize environmental problems caused by CO2 emissions. Electricity generation
using natural gas is expected to increase from 5.22 trillion kWh in 2015 to 9.6 trillion kWh in 2040,
an increase of 83.9%. Therefore, the importance of combined cycle power plants (CCPPs) that use
natural gas is expected to considerably increase in the future. CCPPs consist of gas turbines that use
natural gas and steam turbines that use steam, which is emitted from heat recovery steam generators.
Increase in gas turbine power cause a similar increase of power in steam turbine and improves the
overall efficiency of CCPP. The gas turbines’ aerodynamic performance and thermal efficiency have a
direct effect on the cost of generated power of CCPPs.

One method of increasing gas turbine efficiency is to increase the turbine inlet temperature (TIT).
However, a TIT distribution that is higher than the melting point of the material of the turbine blades
results in a high thermal load on the turbine blades. Without a suitable cooling system, this leads to
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high-temperature corrosion and becomes a major factor in reducing the life of a turbine. To increase
the TIT, it is necessary to more closely analyze the heat transfer characteristics of the surface of the
turbine blade through an analysis of the transformed temperature distribution of the turbine inlet.
The TIT distribution is directly affected by the fluid flow characteristics and temperature distribution
of the combustor outlets. The temperature distribution of the turbine inlet is called a hot streak
(HS), and it creates a complex heat transfer environment in the fluid flow passage and blade surface
of the turbine [1]. HS has a different effect on the turbine blade surface compared with uniform
temperature distribution; therefore, it is important to consider HS to analyze the overall performance
and efficiency. As such, various numerical analyses and experimental studies have already been
performed to describe the effect of HS on the heat transfer phenomena of a turbine blade. Butler et al.
observed that high-temperature gas is concentrated on the pressure side of the rotor owing to an
increased incidence angle and discovered points where the heat transfer effect is weakened [2]. Povey
and Qureshi performed an experimental study on the temperature distribution in a combustor outlet
and developed enhanced OTDF (EOTDF), which has a temperature distribution ratio of 1.65 [3].
EOTDF was used to create HS and they studied the influence of uniform temperature distributions
at the turbine inlet as well as changes in the position of HS in the radial direction on the stator and
rotor [1,4]. Bai-Tao An et al. studied the effect of uniform temperature distributions and HS inlet
conditions on aerodynamic parameters such as total temperature, static pressure, and velocity [5].
Feng et al. found that the second-stage stator exhibits a high efficiency and low thermal load when its
clocking position and HS were aligned [6]. Smith found that the time-averaged heat load when the HS
is aligned with the stator had a large effect on the stator and a small effect on the rotor compared with
the case when the HS is aligned with the stator passage [7]. However, these studies did not consider
the effect of axial gap (AG) on the thermal and flow characteristics of the blade surface.

To increase gas turbine efficiency, it is important to analyze not only HS but also factors that
affect aerodynamic performance. One factor that affects aerodynamic performance is the AG, i.e.,
a length of the straight line from the stator to the rotor. AG is a factor that directly affects the design
and operation of turbomachines. It not only determines the overall size, length, and weight of a
turbomachine but it also affects the unsteady flow in the rotor, noise, and aerodynamic performance
of the turbine blade [8,9]. Furthermore, if the AG is too short, problems such as reduced fatigue
life due to high inlet temperature occur. Therefore, experimental and numerical studies have been
performed on the AG as an element that affects the overall turbine performance and efficiency. The AG
affects the heat transfer coefficient (HTC) of the blade midspan in large-scale axial-flow turbines as
well as the flow at the hub [10,11]. Funazaki performed an experimental and numerical analysis on
changes in the flow angle in the stator outlet according to the AG in the first stage of the turbine [12].
Syed performed a numerical study on the composite effect of tip clearance and the AG of a stator blade
in a multistage compressor [9]. It was found that changes in the first-stage stator and rotor AG affected
turbine performance, but changes in the distance between the first-stage rotor and second-stage stator
did not have a considerable effect on performance improvement. Previous studies found that as the
AG becomes shorter, it affects the rotor torque and improves aerodynamic performance. However,
they did not consider the thermal and flow characteristics in which the turbine blade surface is affected
by the nonuniform temperature distribution of the turbine inlet according to the AG.

Accurate predictions of thermal and flow characteristics in a high-pressure gas turbine at the
turbine blade and passage in more than one stage can have a considerable effect on turbine design.
However, numerical investigations on multistage gas turbines are still expensive, and not many studies
have been conducted thus far [13]. Adel performed a numerical analysis on a two-stage gas turbine
with steady and unsteady states. The first stage was not affected by the second stage, but the second
stage was strongly affected by the first stage. It was found that the upstream flow caused distortion in
the downstream flow along the circumferential direction, and the flow interacts with the secondary
flow and tip leakage flow of the blade [14]. Therefore, it is necessary to accurately understand the
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effect of the first stage flow on the second-stage and predict the thermal and flow characteristics within
the passage and the heat transfer distribution of the blade surface.

Previous numerical studies for the AG effects applied uniform inlet temperature distributions to
examine the aerodynamic performance of a turbine. Nonuniform inlet temperatures have been applied
to predict the heat transfer distribution of the blade surface and the thermal and flow characteristics,
but the AG was not considered. Furthermore, numerical studies that considered AG or HS have
been performed on turbines with 1.5 or fewer stages. The gas turbine efficiency is affected by various
design elements such as the AG and temperature distribution and varies in each stage. Therefore,
this study performed a numerical analysis to investigate the effect of the AG on the thermal and flow
characteristics of the blade surface and passage when an HS is applied to a two-stage turbine.

2. Numerical Method

2.1. Numerical Model and Grid

The gas turbine configuration used in this study is a GE-E3 gas turbine model. The actual gas
turbine consists of 46 stators and 76 rotors in the first stage and 48 stators and 70 rotors in the second
stage [15]. If one stator and two rotors have the same pitch angle, calculation errors during the
numerical analysis can be minimized. As such, the number of blades was adjusted using a domain
scaling method to create two rotors that correspond to the pitch of one stator in each stage [16]. In a
state where the number of first stage rotors and the solidity of each blade are fixed, each chord length
of the first stage stator (S1), second-stage stator (S2), and the rotor (R2) were magnified by 46/38, 48/38,
and 70/76, respectively. Therefore, the number of blades used in the analysis was 38 for S1, 76 for the
first stage rotor (R1), 38 for S2, and 76 for R2. Figure 1a shows the adjusted blade configuration for
each stage and the computational domain used in this study, and Table 1 lists the information on each
blade. The tip clearance of the rotor was 1% of the rotor height in R1 and 0.6% of the rotor height in R2.

In the numerical analysis, Ansys Turbogrid was used to create a hexahedral grid as shown in
Figure 1b. To accurately predict the thermal and flow characteristics within the boundary layers,
y+ was set to less than 1 at all walls and less than 0.5 at the blade surface. A grid independence test
was performed to determine the appropriate number of grids to be used in the study. Table 2 lists the
number of meshes (to achieve the equal domain pitch angle, the R1, R2 meshes in the list is doubled)
used in the test and the area-averaged heat flux of the blade. In the grid independence test, grids were
created for each blade by multiplying 1.34 times based on Mesh-1. In Mesh-1 and 2 and Mesh-2 and 3,
the relative errors of the area-averaged heat fluxes were both under 0.01% for S1, and they were 0.75%
and 0.41% for R1, respectively; thus, the Mesh-2 grid was used for S1 and R1. In Mesh-2 and 3 and
Mesh-3 and 4, the relative errors of area-averaged heat flux where 1.83% and 0.41% for S2, respectively,
and 1.79% and 0.8% for R2, respectively, so the Mesh-3 grid was used for S2 and R2.
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Figure 1. Two-stage stator and rotor geometry details (based on GE-E3 (General Electric-energy efficient
engine geometry [15]) turbine) (a) computational domain with domain scaling, and (b) computational
grid of domain.
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Table 1. Information on GE-E3 turbine and domain.

GE-E3 Domain Scaling

S1 R1 S2 R2 S1 R1 S2 R2

Airfoil number 46 76 48 70 38 76 38 76
Chord length [mm] 70.412 41.821 78.370 40.734 85.211 41.821 98.991 37.504

TE pitch [mm] 47.042 28.452 45.337 31.066 56.646 28.452 57.268 28.613
Pitch chord ratio 0.668 0.680 0.579 0.668 0.668 0.680 0.579 0.668

Tip clearance [mm] - 0.426 - 0.4191 - 0.426 - 0.4191

Table 2. Area-averaged heat flux at the surface of the four-row airfoil for applying the appropriate
domain mesh (Mesh-2 is applied for 1st stage stator (S1) and rotor (R1), and Mesh-3 is applied for 2nd

stage stator (S2) and rotor (R2)).

Domain Node Number
(×106)

Area Averaged Heat Flux [W/m2K]

S1 R1 S2 R2 S1 Relative
Error

R1
(Relative

Error)

S2
(Relative

Error)

R2
(Relative

Error)

Mesh-1 0.99 2.48 0.97 2.34 277,226 Relative
errors

are less
than

0.01%

382,851
(0.75%)

236,005
(1.83%)

185,058
(1.79%)

Mesh-2 1.32 3.38 1.33 3.12 277,022 385,727
(0.41%)

240,406
(0.96%)

188,448
(1.32%)

Mesh-3 1.82 4.40 1.85 4.18 276,993 387,291 242,747
(0.52%)

190,926
(0.8%)

Mesh-4 - - 2.49 5.50 - - 244,028 192,473

2.2. Numerical Details and Boundary Conditions

A continuity equation, momentum equation, and energy equation were used to analyze the
compressible fluid flow of a three-dimensional unsteady state. These equations can be expressed as
Equations (1)–(3), respectively.

∂ρ
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∂
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Here, ρ is the fluid’s density. u is the fluid’s velocity. P is the fluid’s pressure. µ is the fluid’s
viscosity. In Equation (3), E is the specific internal energy. ke f f is the effective thermal conductivity.
CP is the specific heat capacity. µe f f is the effective dynamic viscosity. To accurately predict the flow
separation phenomena, a k−ω SST γ turbulence model was used. To solve the governing equation,
a commercial computational fluid dynamics software ANSYS CFX was used.

The boundary conditions used in this simulation are indicated following the GE-E3 turbine test
performance report [15], air was used as the working fluid, and a total pressure of 344,740 Pa was used
at the inlet and a static pressure of 50,000 Pa was used at the outlet. The rotor’s rotation speed was
3600 RPM. At the inlet, the Mach number was 0.11 (45.1 m/s). The Reynolds number was 210,000 based
on S1’s axial chord length (Cs1 = 42.4 mm). The inlet turbulence intensity was set as 5%. A no-slip
condition was used on the wall surfaces. To calculate the HTC, simulations for both isothermal and
adiabatic wall conditions were conducted. Under the isothermal wall condition, the turbine blade
temperature was 389.95 K.
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To analyze the internal thermal and flow characteristics according to the inlet temperature field,
a nonuniform HS inlet temperature condition with a maximum temperature of 838 K at the center was
used, and a uniform inlet temperature condition with a temperature of 728 K was used, as shown in
Figure 2. In addition, to examine the effects according to the AG when an HS was applied, three cases
were analyzed in which the distance of AG, d, of S1 and R1 was set as the design value (case 2: 13 mm
or d/Cs1 = 0.307), 80% of the design value (case 1: 10.4 mm or d/Cs1 = 0.245), and 120% of the design
value (case 3: 15.6 mm or d/Cs1 = 0.368).

For numerical simulations, a 96-core workstation (4 Intel(R) Xeon(R) CPU E7-8890 v4 @ 2.20 GHz,
RAM 512 GB) and a 44-core workstation (2 Intel(R) Xeon(R) CPU E5-2699 v4 @ 2.20 GHz, RAM 256 GB)
were used, and the computation time required for a case was about 60 hours when using the 36-core.
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Figure 2. Temperature profile at the turbine inlet: (a) hot streak (HS) temperature contour with
streamlines, and (b) circumferential, radial, and average temperature distributions.

2.3. Unsteady State

A steady state analysis was performed by setting the rotor–stator interface as a frozen rotor,
and the results were used as the initial conditions for the unsteady state analysis. The transient
rotor–stator model was used for the rotor–stator interface for the unsteady simulations. The pressure
values of R1 at the midspan were compared among 16, 32, and 50 time step unsteady simulations to
determine the step of each cycle in which one R1 completely passes through a pitch of S1. Figure 3
shows the pressure distribution plot at the 4.7◦ and 9.45◦ positions when the 1 pitch angle of S1 is
9.45◦. The relative error rate was calculated by substituting the pressure value of each step at the R1
midspan in Equations (4) and (5) below.

Relative error = |step32− step16|/step32 (4)

Relative error = |step50− step32|/step50 (5)

The maximum relative error rates at the 16 and 32 time-step simulations were 3.22% at R1
position 4.7◦ and 6.81% at 9.45◦. The mean relative error rates were 1.27% at 4.7◦ and 0.43% at 9.45◦.
The maximum relative error rates at 32 and 50 time-step simulations were 1.27% at 4.7◦ and 4.28% at
9.45◦. The mean relative error rates were 0.25% at 4.7◦ and 0.25% at 9.45◦. The maximum and mean
relative errors at 32 and 50 time-step simulations were significantly reduced compared with those at
16 and 32 time-step simulations. Thus, 32 time steps for one pitch were used in each cycle to perform
the unsteady state flow analysis.

The temperature and pressure at one point near each blade pressure side wall were monitored
to confirm periodically constant convergence state. The initial 20 pitches were excluded as the initial
transient from the total 30 pitches’ unsteady state simulation, and the remaining 10 pitches were used
in the analysis of the results. Figure 4 shows the temperature and pressure measured for eight pitches,
excluding the initial transient. The pressure and temperature for each pitch cycle (=32 time steps) in
the unsteady state analysis appear to be periodic.
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Figure 4. Periodic variation in temperature and pressure at four monitoring points (32 steps = 1 pitch,
P0 = 344,740 Pa, Tave = 728 K).

2.4. Validation of the Turbulence Model

Deciding the appropriate turbulence model is important for more precise numerical analysis.
Direct numerical simulations (DNS) and large eddy simulations (LES) provide a flow database for
detailed turbulence statistics, but they require a high computational cost [17–21]. To replace such
high-cost models, a Reynolds-average Navier-Stokes (RANS) model (k− ε, k−ω, SST, SST γ etc. . . . )
is used in turbomachinery simulation and especially, SST γ and SST γ− θ transition models can predict
more accurate transitional flows [22,23]. To determine the turbulence model for this study, a steady
state analysis was performed. The validation for the model was performed using the relative pressure
and HTC in comparison with Hylton’s experiment values [24]. The configuration and boundary
conditions can be seen in the experiment section of Hylton et al. [24]. The 50% span experiment values
of the C3X cascade No. 4311 experimental stator were used for comparison. As for the computation
domain used in validation, the inflow zone, which is between the inlet and the stator leading edge
(LE), was set to be same as the C3X vane axial chord (AC), and the outflow zone, which is between the
trailing edge (TE) and the outlet, was set at twice the AC. A grid independence test was performed
and 4,015,728 hexahedron meshes were applied. The boundary conditions used in the simulation
were set such that the uniform inlet condition’s total pressure was 244,763 Pa, the Mach number was
0.17, the Reynolds number based on the C3X vane’s AC was 3.9× 105, the temperature was 802 K,
and the turbulence intensity was 6.5%. The outlet conditions were set such that the static pressure was
131,800 Pa, and the outlet Mach number was 0.91. To calculate the HTC, simulations with adiabatic and
isothermal wall (temperature 537 K) conditions were conducted. The HTC in this study was calculated
using Equation (6), as given below:

h = q/(Tw − Taw) (6)
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In Equation (6), q is the heat flux in the isothermal wall simulation, Taw is the wall temperature
value in the adiabatic wall simulation, Tw is the blade temperature value for the isothermal case,
and h is the HTC. In Figure 5, the relative pressure and the HTC value of 50% span of the stator
found in the experiment paper [24] are compared to the values found from using the k − ω, SST,
k − ω SST γ, and k − ω SST γ − θ turbulence models used in this study. For the relative pressure
distribution in Figure 5a, the pressure at the C3X vane midspan normalized by the inlet total pressure
P0 were used. The comparison revealed a strong agreement between the simulations and experimental
data. A relatively larger difference in the area of the suction side (SS) is attributed to the strong
unsteadiness of the flow. Figure 5b shows the HTC distribution. In the k−ω, SST, and k−ω SST γ− θ

turbulence models, the SS transition region was different from the experiment values. The k−ω SST γ

turbulence model shows a similar tendency with regard to the experiment values overall, including
the SS transition regions. Therefore the k−ω SST γ turbulence model was used in this study with the
onset Reynolds number of 150 [23].

Energies 2018, 11, x FOR PEER REVIEW  7 of 15 

 

In Equation (6), 𝑞 is the heat flux in the isothermal wall simulation, 𝑇𝑎𝑤 is the wall temperature 

value in the adiabatic wall simulation, 𝑇𝑤 is the blade temperature value for the isothermal case, and 

ℎ is the HTC. In Figure 5, the relative pressure and the HTC value of 50% span of the stator found in 

the experiment paper [24] are compared to the values found from using the  𝑘 − 𝜔, SST, 𝑘 − 𝜔 SST 𝛾, 

and 𝑘 − 𝜔 SST 𝛾 − 𝜃 turbulence models used in this study. For the relative pressure distribution in 

Figure 5a, the pressure at the C3X vane midspan normalized by the inlet total pressure P0 were used. 

The comparison revealed a strong agreement between the simulations and experimental data. A 

relatively larger difference in the area of the suction side (SS) is attributed to the strong unsteadiness 

of the flow. Figure 5b shows the HTC distribution. In the  𝑘 − 𝜔 , SST , and 𝑘 − 𝜔 SST 𝛾 − 𝜃 

turbulence models, the SS transition region was different from the experiment values. The 𝑘 −

𝜔 SST 𝛾 turbulence model shows a similar tendency with regard to the experiment values overall, 

including the SS transition regions. Therefore the 𝑘 − 𝜔 SST 𝛾 turbulence model was used in this 

study with the onset Reynolds number of 150 [23]. 

  
(a) (b) 

Figure 5. Comparison of experimental data with different turbulence models at 50% span of C3X vane 

(experimental geometry [24]): (a) relative pressure distribution (P0 = 244,763 Pa), and (b) heat transfer 

coefficient (HTC) distribution. 

3. Results and Discussions 

3.1. Effect of Inlet Temperature Field 

To examine the effect that the turbine inlet temperature conditions have on the blade, two steady 

state analyses were performed under uniform and nonuniform temperature conditions. In the 

uniform conditions, the turbine inlet temperature was maintained at 728 K. In the nonuniform 

conditions, the temperature distribution was nonuniformed with an average inlet temperature of 728 

K, as shown in Figure 2. Figure 6 shows the surface temperature distribution of the S1 surface’s 

according to each inlet condition on adiabatic walls. In the uniform inlet temperature conditions 

shown in Figure 6a, the maximum temperature was approximately 729 K, and the temperature 

distribution showed a trend of decreasing at the PS in the streamwise direction. In Figure 6b, it can 

be seen that the high temperature gas was centered on the midspan because of the temperature 

distribution caused by the HS. It is also clear that the high temperature gas formed in the radially 

inward direction due to the secondary flow transport effect that occurs at the tip and hub near the 

trailing edge of the SS. This led to fluid-mixing at the stator endwall and the temperature became 

lower around the hub and tip of the S1 TE. When an HS was applied, the S1 maximum surface 

temperature was 839 K, which shows a difference of over 110 K compared to the uniform inlet 

conditions. 

Figure 7a shows a comparison of the temperature distributions along the span direction at AC 

50% in the PS of S1 and R1. When a uniform temperature distribution was applied, there were few 

temperature changes along the span direction in S1 and R1. When an HS was applied, higher 

temperatures are observed at the midspan than around the endwall in S1 and R1. Furthermore, the 

Figure 5. Comparison of experimental data with different turbulence models at 50% span of C3X vane
(experimental geometry [24]): (a) relative pressure distribution (P0 = 244,763 Pa), and (b) heat transfer
coefficient (HTC) distribution.

3. Results and Discussions

3.1. Effect of Inlet Temperature Field

To examine the effect that the turbine inlet temperature conditions have on the blade, two steady
state analyses were performed under uniform and nonuniform temperature conditions. In the uniform
conditions, the turbine inlet temperature was maintained at 728 K. In the nonuniform conditions,
the temperature distribution was nonuniformed with an average inlet temperature of 728 K, as shown
in Figure 2. Figure 6 shows the surface temperature distribution of the S1 surface’s according to each
inlet condition on adiabatic walls. In the uniform inlet temperature conditions shown in Figure 6a,
the maximum temperature was approximately 729 K, and the temperature distribution showed a
trend of decreasing at the PS in the streamwise direction. In Figure 6b, it can be seen that the high
temperature gas was centered on the midspan because of the temperature distribution caused by the
HS. It is also clear that the high temperature gas formed in the radially inward direction due to the
secondary flow transport effect that occurs at the tip and hub near the trailing edge of the SS. This led
to fluid-mixing at the stator endwall and the temperature became lower around the hub and tip of
the S1 TE. When an HS was applied, the S1 maximum surface temperature was 839 K, which shows a
difference of over 110 K compared to the uniform inlet conditions.

Figure 7a shows a comparison of the temperature distributions along the span direction at AC
50% in the PS of S1 and R1. When a uniform temperature distribution was applied, there were
few temperature changes along the span direction in S1 and R1. When an HS was applied, higher
temperatures are observed at the midspan than around the endwall in S1 and R1. Furthermore,
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the temperature between 20% and 70% of the span of R1 was higher than the temperature of S1
when a uniform temperature was applied. The maximum temperature differences according to
the inlet conditions were 110 K and 75 K for S1 and R1, respectively. Both Figure 7b,c shows the
temperature contours at the first midspan according to each inlet temperature condition. Overall
higher temperatures were observed in Figure 7c as compared to Figure 7b. Compared to the uniform
inlet temperature distribution, the HS inlet temperature gradient, which formed differently along the
radial and circumferential directions, had a direct effect on the overall temperature distribution of the
blade. Figures 6 and 7 show that it is important to consider the HS inlet conditions in the numerical
analysis to understand the thermal and flow characteristics.
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Figure 7. Temperature distribution and contour on the first stage with different inlet condition:
(a) temperature distribution on S1, R1 PS axial chord (AC) 50%, (b) uniform inlet temperature of 728 K
at the midspan, and (c) HS with an average temperature of 728 K at the midspan.

3.2. Flow and Thermal Characteristics at R1, R2

Flow in a turbine passage affects the surrounding blade surfaces. Figure 8a–c shows the
time-averaged streamline of the SS for the surface of R1. Figure 8d–f shows the time-averaged
streamline of the SS for the surface of R2. Compared to the PS where the S1 downstream flow acts
directly, the flow characteristics of the surface according to the AG were greater at SS. In the figure,
the part indicated with the solid line is the recirculation zone. If Figure 8a,c is compared, it can be
seen that the AG was reduced (from c to a), and recirculation zone became larger and farther from the
LE. This is because in case 3 the mass flow at the tip was 6.32 g/s and in case 1 it was 6.42 g/s. Thus,
the mass flow that passes through the tip clearance increased by 1.61%. Owing to the decreased AG,
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the total pressure at the front of the R1 LE was 219,828 Pa for case 3 and 222,395 for case 1, which is an
increase of 1.16%. In the R2 surface’s time-averaged streamline, the flow effect at R2 was distributed
such that the effect of the secondary flow and recirculation zone was not observed, unlike R1, which
was strongly affected by the inlet. As the AG reduced, some streamlines formed downward from the
tip (Figure 8d), as opposed to the most streamline formed around the LE in Figure 8f. The change in
the AG of S1 and R1 is a factor that affects the rotor surface flow and the creation of secondary flow at
the turbine passage after R1 owing to changes in the mass flow at the tip and R1 LE’s total pressure.

These phenomena are also caused by a difference in velocity distribution in the main flow of the
S1 downstream as the HS passes S1 until it reaches R1. Figure 9 shows the time-averaged velocity
distribution at the R1 inlet for each case. The part indicated by the dotted line is where the S1
downstream flow exhibits high-speed flow in the vicinity of the R1 LE. As the AG decreases, the area
with higher velocity forms from the midspan to the hub and exerts its influence.
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Figure 9. Time-averaged velocity profile at R1 inlet in three cases: (a) case 1, (b) case 2, and (c) case 3.

Figure 10 shows the time-averaged temperature contours of the PS and SS of the surface of R1.
At the PS, where the HS turbine inlet condition is primarily concentrated, a high temperature area
was observed; however, the effect of the axial gap was not large. At the SS, the high temperature
area became larger at the TE in Figure 10a compared to Figure 10c owing to the secondary flow and
tip leakage flow around the tip and hub as shown in Figure 8. Figure 11 shows the temperature
distribution along the span at AC of 50% and 80% of the SS. Observing the effect that the AG had on
the SS surface temperature, it can be seen that the effect of the tip leakage vortex at the tip was larger
than the effect of the secondary flow at the hub. Near the tip, case 3 (in which the AG was large) was
lower than case 1 by a maximum of 27 K at AC of 50% and a maximum of 43 K at AC of 80%.
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The time-averaged temperature and pressure distribution results for each R1 were compared
to analyze the thermal and flow characteristics according to the AG in a two-stage gas turbine
under HS inlet conditions. Figure 12 shows the area-averaged and maximum temperature and
pressure of the surface of R1. The time-averaged values in the area-averaged temperature distribution
shown in Figure 12a were 689.15 K for case 1 and 687.69 K for case 3, which shows a difference of
approximately 1.5 K. The maximum temperature distributions of case 1 and case 3 differed by over 3 K.
The area-averaged pressure distributions in Figure 12b were 181,601 Pa for case 1, which has a short
AG, and 179,779 Pa for case 3. This yields a difference of approximately 2000 Pa. In the maximum
pressure distributions, there was a difference of approximately 400 Pa between case 1 and case 3, and a
relatively small difference compared to the area-averaged pressure distribution was observed. Overall,
a trend can be seen in which the AG decreased and the area-averaged and maximum pressure and
temperature increased.
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3.3. Effect of Heat Flux on the Vane and the Blade Surface

The heat flux characteristics of the turbine blade can be understood by accurately quantifying
the heat flux regions of each blade according to the AG, and a cooling technology can be developed
accordingly. Figure 13 shows the time-average heat flux contour of the R1 and R2 surfaces. In the R1
PS shown in Figure 13a, in which the AG becomes close, it can be seen that the low heat flux region
from the tip to the 40% span was reduced compared to Figure 13c. Furthermore, the low heat flux
region that extended to an AC of 80% was reduced to an AC of 50% in Figure 13a. On the SS, there
was a high heat flux around the LE in Figure 13a. When it moved to the TE side, and a contour formed
in the radially inward direction and heat flux became lower. However, in Figure 13c, which has a long
AG, a lower heat flux was formed at the LE than in Figure 13a, and a low heat flux region was centered
on the TE. At R2’s PS, the AG became closer, and the heat flux increased on the LE near the turbine
hub. It was centered on the hub to mid span. The low heat flux region at 30% span formed at 40% span
and the heat flux increased. On the SS, the AG became closer and heat flux increased at 20% span.
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Figure 14 shows the time-averaged distribution of the area-averaged heat flux for each blade
(including the tip). At S1, the heat flux based on the AG showed a difference of less than 0.1%, thereby
confirming that the S1-R1 AG did not have a significant effect on S1. At S2 and R2, the heat flux
increased by 10.6% and 2.8%, respectively, as the AG decreased from case 3 to case 1. At R1, the heat
flux was slightly lower in case 1 than in case 2. This is because the area-averaged heat flux at case 2’s
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tip was higher than that of case 1. At the second-stage of S2 and R2, as the AG became closer, the heat
flux became larger and the effect on the surface became larger.
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3.4. Total-to-Total Efficiency

To quantitatively evaluate the aerodynamic performance of the two-stage turbine with regard to
the AG, the total-to-total efficiency was calculated. The efficiency was calculated using Equation (7):

η =
Tω

.
mcpT1

{
1− (P02/P01)

κ−1
κ

} (7)

Here, η is the total-to-total efficiency, T is the torque, ω is the angular velocity,
.

m is the mass
flow rate, cp is the specific heat capacity of the turbine inlet, T1 is the mean temperature of the turbine
inlet, P02 is the mass-averaged total pressure of the turbine outlet, P01 is the total pressure of the
turbine inlet, and the κ is the ratio of specific heat. Both T and P02 directly affect the efficiency
whereas other parameter values remain constant throughout the whole cases. The X axis in Figure 15
indicates that the AG distance was divided by the axial chord length of S1, and the Y axis indicates
the efficiency, torque, and pressure outlet (P02) normalized by the value of case 2. The normalized
values of efficiency, torque, and pressure outlet in cases 1 and 3 are 1.00295 and 0.99694, 1.00218 and
0.99735, and 1.00171 and 0.99911, respectively. The efficiency according to the decrease in the AG was
increased. As the AG decreases, the turbine efficiencies increased by 0.306% and 0.295% for case 2 and
case 1, respectively. In case 1, which had the shortest AG, the efficiency was 0.601% higher than case 3;
however, R1’s surface maximum temperature was the highest, as shown in Figure 12. Hence, it leads
to an increase in thermal load, which has an effect on the blade’s fatigue life.
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4. Conclusions

Herein, we presented a numerical study on the unsteady state to understand how turbine blades
and their passages are affected by changes in the AG between the stator and rotor of a GE-E3 two-stage
gas turbine that has a HS inlet temperature distribution. A k−ω SST γ turbulence model was used to
examine the flow fields, heat flux, temperature, and other parameters, at the walls and the passage.
In this process, the results were examined for 80% (case 1) and 120% (case 3) of the designed value for
the AG of case 2 (13 mm or d/Cs1 = 0.307).

The results showed that the blade surface’s maximum temperature increased by over 110 K
for the HS inlet conditions compared to uniform conditions. Therefore, an HS must be applied to
clearly understand the turbine’s thermal characteristics. When the HS inlet conditions were applied,
the results according to the AG showed that when the AG was reduced from case 3 to case 1, the surface
suction side streamline of first stage rotor (R1) and second-stage rotor (R2) become closer to the
endwall because of the secondary flow. Thus, it was formed in the radially outward direction at R1’s
trailing edge. The area-averaged and maximum temperatures in R1 surface increased by 1.5 K and
3 K, respectively, and the area-averaged and maximum pressure increased by 2000 Pa and 400 Pa,
respectively. The low temperature region near the tip and hub decreased. In the second-stage stator
and R2, the area-averaged heat fluxes increased by 10.6% and 2.8%, respectively. As the AG decreased,
the turbine overall efficiencies increased by 0.306% and 0.295%, respectively; however, this increases
the blade surface’s thermal load and reduces the turbine blade fatigue life. If an appropriate cooling
technology is developed, it will lead to the development of a higher efficiency design using a shorter
AG and reduce long-term operating costs.

The unsteady RANS model used in this study has a low computational cost; however, it has the
drawback of being unable to precisely predict vortices and flow separation phenomena that occur
around the tips and walls. DES is more accurate; however, it has a high computational cost and
previous studies using DES have mostly focused on the local flow phenomena rather than full blade
simulations [25–27]. With significant advances in computational resources, it is expected that DES or
LES will soon be used to accurately predict the complex unsteady flow physics near the tips and walls
within full blade simulations.
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Nomenclature

CS1 Axial chord length of S1 [mm]
d Axial chord length [mm]
q Heat flux [W/m2]
Tw Wall temperature [K]
Taw Adiabatic wall temperature [K]
P Pressure [Pa]
P0 Inlet total pressure [Pa]
T Temperature [K]
T0 Inlet total temperature [K]
X, Y, Z Cartesian coordinates
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Abbreviations

HP High pressure
HS Hot streak
S1, R1, S2, R2 first stage stator, rotor, second-stage stator, rotor
HTC, h Heat transfer coefficient
AG Axial gap
LE Leading edge
TE Trailing edge
PS Pressure side
SS Suction side
AC, Ca Axial chord
Subscripts
ave Averaged
max Maximum value
min Minimum value
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