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Abstract: The flow and heat-transfer attributes of gas turbines significantly affect the output power and
overall efficiency of combined-cycle power plants. However, the high-temperature and high-pressure
environment can damage the turbine blade surface, potentially resulting in failure of the power
plant. Because of the elevated cost of replacing turbine blades, damaged blades are usually repaired
through modification of their profile around the damage location. This study compared the effects of
modifying various damage locations along the leading edge of a rotor blade on the performance of the
gas turbine. We simulated five rotor blades—an undamaged blade (reference) and blades damaged
on the pressure and suction sides at the top and middle. The Reynolds-averaged Navier–Stokes
equation was used to investigate the compressible flow in a GE-E3 gas turbine. The results showed
that the temperatures of the blade and vane surfaces with damages at the middle increased by about
0.8% and 1.2%, respectively. This causes a sudden increase in the heat transfer and thermal stress on
the blade and vane surfaces, especially around the damage location. Compared with the reference
case, modifications to the top-damaged blades produced a slight increase in efficiency about 2.6%,
while those to the middle-damaged blades reduced the efficiency by approximately 2.2%.

Keywords: gas turbine; damaged rotor blade; leading-edge modification; aerodynamic characteristics

1. Introduction

Unlike the conventional thermal power plants using coal as the power source, combined-cycle
power plants (CCPPs) utilizes natural gas to generate electricity to satisfy the industrial demand and
daily consumption, reducing the CO2 emission. Hence, for environmental concerns, CCPPs have been
widely used in replacement of the thermal power plants in recent years. In CCPPs, the gas turbine is
one of the most important components as it has a significant effect on power generation and overall
efficiency. To enhance the power and efficiency of a CCPP, the turbine inlet temperature (TIT) is usually
increased. The TIT is strongly affected by the outlet flow and temperature distribution of the combustor.
This complex phenomenon in the TIT is called a hot streak (HS). The conditions of HS operation
are similar to the actual operation conditions of gas turbines. Hence, it is important to examine the
conditions of a HS in the analysis of gas turbine performance. Several experimental and numerical
studies have been conducted to analyze the effects of a HS on the flow and heat transfer characteristics
of a gas turbine [1,2]. Therefore, it is necessary to consider the HS condition instead of uniform inlet
temperature conditions when performing simulations, for more accurate results and to reflect the
actual operation conditions of a gas turbine.

In general, the turbine blade are fabricated with metals or alloys, and the TIT is higher than the
melting temperature of metals and alloys, which usually is affected by pressure [3,4]. Hence, if the TIT

Mathematics 2020, 8, 2191; doi:10.3390/math8122191 www.mdpi.com/journal/mathematics

http://www.mdpi.com/journal/mathematics
http://www.mdpi.com
https://orcid.org/0000-0001-7846-4700
http://dx.doi.org/10.3390/math8122191
http://www.mdpi.com/journal/mathematics
https://www.mdpi.com/2227-7390/8/12/2191?type=check_update&version=2


Mathematics 2020, 8, 2191 2 of 21

is increased to enhance efficiency, the flow and heat transfer characteristics of the blade surface will be
significantly affected. If a suitable cooling method cannot be provided, a sudden increase in heat loads
will be produced on the blade surface, which will ultimately reduce the fatigue life of the blade or could
even damage the blade after a certain time. Primary turbine blades can suffer several types of damage,
such as dents, scores, and scratches, which can occur on the leading as well as trailing edge of the
blade and which have a significant effect on the gas turbine performance. Replacing a damaged blade
is more expensive than repairing it. Consequently, the latter is the preferred option. Kaewbumrung
et al. [5] proposed a repair method for a damaged blade in the compressor, i.e., the blend method.
The surface of the damaged blade becomes smoother after repair, which improves its aerodynamic
performance in the compressor compared with that of unmodified blades.

The reasons behind the failure of gas turbine blades have been extensively investigated. Kumari
et al. [6] examined the effects of blade surface cracks on the internal structure of the blade. They also
examined the path of crack propagation within the coating barrier layer. Witek [7] conducted
experiments and simulations on crack growth propagation due to vibration in compressor blades.
The simulation results agreed well with experimental results. Mazur et al. [8] analyzed the effects of
the failure of the first-stage nozzle of a gas turbine on the fatigue life of the blades; they concluded
that the failure of the nozzle significantly reduced the fatigue life of the blade. These studies have
provided valuable insight into the effects of several parameters, such as axial gap, HS, and inlet pressure
conditions, on the flow and heat transfer behaviors in normal blades. Moreover, cracking and crack
growth propagation in damaged blades have been successfully predicted. However, previous studies
have only investigated the effects of critical damage leading to sudden failure during operation or the
effects of inlet conditions on normal blades, which provide limited information regarding primary
damage to blades and its effect on the flow and thermal characteristics of a turbine.

Many studies have examined the heat flow characteristics of the surface of normal turbine blades
under various conditions. Choi and Ryu [9] investigated the effects of the axial gap and inlet temperature
conditions on the thermal flow characteristics of a blade surface. They claimed that the thermal load
on the surface of rotor blades increased when the axial gap decreased. Wang et al. [10] examined the
differences between the effects of uniform and non-uniform inlet pressures and temperatures on the
aerodynamic characteristics of turbine blades. Azad et al. [11] reported the effects of the tip gap
and inlet turbulence intensity on the local heat transfer at the tip surface. They found that a higher
tip gap, as well as a higher turbulence intensity, resulted in a higher heat transfer coefficient on the
tip surface. These studies focused only on normal blades without surface damage. Therefore, it is
crucial to determine the combined effects of the primary damage and inlet conditions, especially HS
conditions, on the complex heat flow in a gas turbine.

Gas turbines should be simulated with multistage conditions for predicting the flow and heat
transfer characteristics in the passage and on the blade surface more accurately. However, multistage
gas turbine simulations are expensive; hence, previous studies have considered only one stage for
the simulation [10–14]. Furthermore, the first stage of a gas turbine is significantly affected by the
HS condition. In this study, we consider minor damage to a rotor blade. Therefore, 1.5 stages are
sufficient to predict the combined effects of the HS condition and rotor blade damage on the flow and
heat transfer characteristics in the passage and on the blade surface.

It is necessary to examine the influence of rotor blade damage on the flow and heat transfer in
high-pressure gas turbines under the HS condition. This study provides a clearer understanding of the
heat flow and thermal characteristics of gas turbines with blades damaged at different locations. It is
important for engineers to identify the locations that require greater protection from damage, as this
can reduce maintenance costs, which are considered to be the highest among the operating costs of gas
turbines. Therefore, unsteady simulation was performed to analyze the combined effects of the HS
condition and modification of damaged rotor blades on the aerodynamic characteristics and heat flow
behaviors in a 1.5-stage high-pressure gas turbine.
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2. Numerical Details

2.1. Geometry and Grid

In this study, a model of the first 1.5 stages in a GE-E3 engine was used as the gas turbine model
for the unsteady simulation. The original turbine stage has 46 stator guide vanes, 76 rotor blades in
the first stage, and 48 stator guide vanes in the next half stage [15]. For accurate prediction, the pitch
angles of one stator vane and two rotor blades should be the same. This assumption can be realized
using a domain scaling method [16]. In this study, the number and other parameters of the rotor blades
were fixed. After applying the domain scaling method, the first and second stator vanes were magnified
by 46/38 times and 48/38 times, respectively. Details regarding the vanes and blades can be found in a
previous numerical study [9]. In this study, we assumed that the rotor blade initially had minor damage
to the middle and top sections—on both the pressure and suction sides—to investigate the influence
of various damage locations on the flow, heat transfer, and aerodynamic characteristics. The damage
constituted approximately 0.5% of the volume of a normal blade. The final damage used in the simulations
was the smoother post-modification damage. The computational domain consisted of two stator vanes
and two rotor blades, as shown in Figure 1. Figure 1b shows the designs of the undamaged reference
blade and the four blades with damage at different locations.

Mathematics 2020, 8, x FOR PEER REVIEW 3 of 26 

 

of gas turbines. Therefore, unsteady simulation was performed to analyze the combined effects of the 
HS condition and modification of damaged rotor blades on the aerodynamic characteristics and heat 
flow behaviors in a 1.5-stage high-pressure gas turbine. 

2. Numerical Details 

2.1. Geometry and Grid 

In this study, a model of the first 1.5 stages in a GE-E3 engine was used as the gas turbine model 
for the unsteady simulation. The original turbine stage has 46 stator guide vanes, 76 rotor blades in 
the first stage, and 48 stator guide vanes in the next half stage [15]. For accurate prediction, the pitch 
angles of one stator vane and two rotor blades should be the same. This assumption can be realized 
using a domain scaling method [16]. In this study, the number and other parameters of the rotor 
blades were fixed. After applying the domain scaling method, the first and second stator vanes were 
magnified by 46/38 times and 48/38 times, respectively. Details regarding the vanes and blades can 
be found in a previous numerical study [9]. In this study, we assumed that the rotor blade initially 
had minor damage to the middle and top sections—on both the pressure and suction sides—to 
investigate the influence of various damage locations on the flow, heat transfer, and aerodynamic 
characteristics. The damage constituted approximately 0.5% of the volume of a normal blade. The 
final damage used in the simulations was the smoother post-modification damage. The 
computational domain consisted of two stator vanes and two rotor blades, as shown in Figure 1. 
Figure 1b shows the designs of the undamaged reference blade and the four blades with damage at 
different locations. 

 
(a) 

 
(b) 

Figure 1. (a) Computational domain used for this study; (b) Damaged rotor blade after modification; 
Top and Mid denote the top and middle regions of the blade, respectively. PS and SS denote the 
pressure-side and suction-side damage, respectively. 

Figure 1. (a) Computational domain used for this study; (b) Damaged rotor blade after modification;
Top and Mid denote the top and middle regions of the blade, respectively. PS and SS denote the pressure-side
and suction-side damage, respectively.

A specialized computational fluid dynamics (CFD) tool for meshing in turbomachinery analysis,
ANSYS Turbogrid [17], was adopted for the mesh generation, as shown in Figure 2. We used the blade
and vane geometry of the GE-E3 gas turbine engine. The simulation parameters and mesh generation
process for the first stage were referred to from Choi and Ryu [9]. However, we used a different length



Mathematics 2020, 8, 2191 4 of 21

for the outlet of the second stator vane (S2). Therefore, a grid-independent test had to be conducted
to find an appropriate mesh size for S2. Consequently, we simulated a total of five mesh sizes and
ultimately selected a mesh size of 2.4 million for the computation. Details of the grid-independent test
for the second stator vane are shown in Table 1. After the grid-independent test, the total mesh size of
the computational domain was approximately 8 million, with the y+ value being less than 0.5 at the
blade surface and less than 1 at the other walls. The variations in y+ at different span-wise locations on
the rotor blade are shown in Figure 3.
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Table 1. Grid-independent test.

Domain Node Number
of S2 (×106)

Average Heat Flux (kW/m2)
(Relative Error)

Average Pressure (kPa)
(Relative Error)

Case 1 1 274.88
(0.76%)

124.69
(1.17%)

Case 2 1.34 276.97
(1.06%)

126.15
(0.69%)

Case 3 1.8 279.91
(0.82%)

127.03
(0.58%)

Case 4 2.4 282.21
(0.43%)

127.76
(0.23%)

Case 5 3.2 283.41 128.05

2.2. Governing Equations and Turbulence Model

To analyze the three-dimensional compressible fluid flow in a gas turbine under unsteady-state
conditions, we used the continuity equation, momentum equation, and energy equation, which can be
expressed as shown below:

Continuity equation:
∂ρ

∂t
+

∂
∂xi

(ρui) = 0. (1)

Momentum equation:

∂
∂t
(ρui) +

∂
(
ρuiu j

)
∂xi

= −
∂P
∂xi

+
∂
∂x j

[
µ

(
∂ui
∂x j

+
∂u j

∂xi
−

2
3
δi j
∂uk
∂xk

)]
+
∂
(
−ρ

{
u′i u
′

j

})
∂x j

. (2)

Energy equation:

∂
∂t
(ρE) +

∂
∂x j

(
u j(ρE + P)

)
=

∂
∂x j

[(
ke f f

) ∂T
∂x j

]
+

∂
∂x j

[
uiµe f f

(
∂ui
∂x j

+
∂u j

∂xi
−

2
3
δi j
∂uk
∂xk

)]
(3)

i, j, k = 1, 2, and 3,

where ρ is the fluid density, u is the fluid velocity, P is the fluid pressure, and µ is the fluid viscosity.
In the energy equation, E is the specific internal energy, ke f f is the effective thermal conductivity,
and µe f f is the effective dynamic viscosity. A finite volume method (FVM)-based commercial CFD
software, ANSYS CFX [18], was used to solve the governing equations.

Accurate prediction of the complex heat flow in a gas turbine requires an appropriate turbulence
model for the simulation. Various methods, such as direct numerical simulation (DNS), large eddy
simulation (LES), and the Reynolds-average Navier–Stokes (RANS) method, have been introduced for
this purpose. DNS and LES can provide details of turbulence statistics but are high-cost methods [19–21].
The RANS method is usually used for CFD simulations due to its lower computational cost [22,23],
especially for turbomachinery simulation. Moreover, previous studies have confirmed that the SST
γ model and SSTγ−θmodel are the most suitable for analysis of transitional flows [24,25]. Furthermore,
Choi and Ryu [9] concluded that results obtained using the k −ω SST γ turbulence model were in
agreement with the corresponding experimental results [26]. Therefore, to accurately predict the
complex fluid flow and heat transfer characteristics in a gas turbine, we used the k−ω SST γ turbulence
model in this study.

The k−ω SST model was combined with free stream formulations and the k−ω formulation in
the near wall using a blending function proposed by Menter [27,28]. The corresponding continuity,
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momentum, turbulence kinetic energy (k) equation, and eddy dissipation (ω) equations were formulated
to express the k−ω baseline (BSL) model:

∂
∂xi

(ρui) = 0, (4)

∂
(
ρuiu j

)
∂xi

= −
∂P∗

∂xi
+

∂
∂x j

[
µe f f

(
∂ui
∂x j

+
∂u j

∂xi

)]
, (5)

∂(ρk)
∂t

+
∂
(
ρu jk

)
∂x j

= PK − 0.09ρωk +
∂
∂x j

[(
µ+

µt

σk

)
∂k
∂x j

]
, (6)

∂(ρω)

∂t
+
∂
(
ρu jω

)
∂x j

=
γ

νt
PK − βρω

2 +
∂
∂x j

[(
µ+

µt

σω

)
∂k
∂x j

]
+ 2ρ(1− F1)

1
σω,2

1
ω
∂k
∂x j

∂ω
∂x j

, (7)

where:

P∗ = P +
2
3

(
ρk + (µ+ µt)

∂uk
∂xk

)
, (8)

PK = µt

(
∂ui
∂x j

+
∂u j

∂xi

)
∂ui
∂x j
−

2
3
∂uk
∂xk

(
3µt

∂uk
∂xk

+ ρk
)
, (9)

µt(kg/ms) is the turbulence viscosity calculated using the following equation:

1
ρ
µt =

0.31k
max(0.31ω, SF2)

, (10)

The blending functions F1 and F2 are defined by the following variables:

arg1 = min

max

 √
k

0.09ωy
500ν
y2ω

,
4ρσω,2k
CDkωy2

, (11)

arg2 = max

2

√
k

0.09ωy
,

500ν
y2ω

, (12)

as follows:
F1 = tanh

(
arg2

1

)
, (13)

F2 = tanh
(
arg2

2

)
, (14)

where σk and σω are the turbulent Prandtl numbers for k and ω, respectively. The formulations for
these equations are expressed below:

σk =
1

F1/σk,1 + (1− F1)/σk,2
, (15)

σω =
1

F1/σω,1 + (1− F1)/σω,2
, (16)

CDkω = max
(
2ρ

1
σω,2

1
ω
∂k
∂xi

∂ω
∂x j

, 10−10
)
. (17)

Moreover, it is necessary to define the transport equation for the intermittency (γ) to obtain the
complete expression for the k−ω SST γ turbulence model. The transport equation of γ can be defined as:

∂(ργ)

∂t
+
∂
(
ρu jγ

)
∂x j

= Pγ1 + Pγ2 − (Eγ1 + Eγ2) +
∂
∂x j

[(
µ+

µt

σγ

)
∂k
∂x j

]
. (18)
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The transition sources are defined as follows:

Pγ1 = 2FlengthρS(γFonset)
cγ3 , (19)

Eγ1 = γPγ1. (20)

The destruction/ relaminarization sources are defined as follows:

Pγ2 = 2cγ1ρΩγFturb, (21)

Eγ2 = γPγ2cγ2. (22)

The transition onset is controlled by the following functions:

RT =
ρk
µω

, (23)

Fonset1 =
ρy2S

2.193µReθc
, (24)

Fonset2 = min
(
max

(
Fonset1, Fonset1

4
)
, 2

)
, (25)

Fonset3 = max
(

1−
(RT

2.5

)3
, 0

)
, (26)

Fonset = max(Fonset2 − Fonset3 , 0) , (27)

Fturb = e−(0.25RT)
4
, (28)

where S is the strain rate magnitude, Flength is an empirical correlation, Ω is the vorticity magnitude,
and Reθc is the critical Reynolds number, at which the intermittency first starts to increase in the
boundary layer. The other constant coefficients for the equations above are as follows [5,29]:

σk,1 = 1.176, σk,2 = 1.0, cγ1 = 0.03, cγ2 = 50,

σω,1 = 2.0, σω,2 = 1.168, cγ3 = 0.5, σγ = 1.

2.3. Boundary Conditions and Unsteady Simulation

The boundary conditions used for the simulation were obtained from a report on a GE-E3 performance
test [15], shown in Table 2. Ideal gas was used as the working fluid. Total pressure and temperature were
set for the inlet, while static pressure was specified for the outlet. The magnitude of the total pressure
used for the inlet was 344,740 Pa, with a uniform turbulence intensity of 5%. A non-uniform temperature,
which was considered as the HS condition, was applied. The maximum and average temperatures of the
HS were approximately 839 and 728 K, respectively. The detailed profile of the HS is shown in Figure 4.
The static pressure specified for the outlet was 104,470 Pa. The speed of the rotor blade was fixed at
3600 rpm. Furthermore, to investigate the effects of rotor blade damage coupled with HS conditions,
we analyzed five rotor blades cases. An undamaged rotor blade was considered as the reference case.
The other cases were damage (i) at the middle of the blade on the pressure side, (ii) at the middle of the
blade on the suction side, (iii) at the top of the blade on the pressure side, and (iv) at the top of the blade
on the suction side. Moreover, we conducted both adiabatic and isothermal condition tests for the blade
surface to calculate the heat transfer characteristics. The temperature applied to the blade surface under
isothermal conditions was set as 389.95 K.
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Table 2. Boundary conditions and simulation settings.

Boundary conditions

Inlet
Total pressure: 344,740 Pa
Total temperature: 839 K
Turbulence intensity: 5%

Outlet Static pressure: 104,470 Pa

Simulation settings

Wall conditions Adiabatic or iso-thermal
Rotor blade conditions Undamaged or damaged at PS and SS in top and middle of blade

Vane and blade interface Transient rotor-stator (unsteady simulation)
Rotor speed 3600 RPM
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To perform an unsteady simulation, it is necessary to conduct a steady simulation, the results of
which are used as an initial condition for the unsteady simulation. A frozen rotor was set as the interface
between the stator and rotor in the steady simulation. The unsteady simulation was performed with a
transient rotor-stator setting for the rotor–stator interface. To obtain accurate results in the unsteady
simulation, the appropriate number of time steps per pitch—the number of steps when one rotor blade
passes a pitch of the stator—needs to be considered. Previous studies have confirmed that 32 steps are
the most suitable to guarantee convergence in such unsteady simulations [9,10].

In this study, we used a total of 20 pitches for the unsteady simulation as the results started
to become periodic after 10 pitches. The first 10 pitches were considered to be the initial transient
condition, and the final 10 pitches were used to analyze the results. We set several monitoring points
near the pressure side of the blade and vane to check the convergence history. When the pressure
and temperature of monitored points started to exhibit periodicity, the unsteady simulations were
considered to have become convergent. The simulations were conducted using a 96-core workstation
(4 Intel Xeon CPU E7-8890 v4 @ 2.20 GHz, RAM 512 GB), and the time needed for an unsteady
simulation was approximately 72 h using 60 cores.

3. Results and Discussion

3.1. Flow Characteristics

Figure 5 shows the velocity streamlines and total pressure contours at different locations in the
span-wise direction of the R1 blade, to illustrate the effects of different blade damage locations on the
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flow field. It can be seen that the damage mainly affected the flow field on the suction side of the
blade. The hub +5% location had a small flow-circulation zone in the reference case. However, in the
damaged blades, this zone was not present, due to the effects of the altered the blade profile on the flow
in span-wise direction. In the mid-span, in comparison with the reference case, the middle-damage
cases exhibited more circulation, while the top-damage cases exhibited less circulation. As a result,
a noticeable difference in the total pressure contours at the mid-span can be seen among the five cases,
as shown in Figure 5b. The middle-damage cases exhibited lower total pressures than other cases
at the mid-span since they had more flow circulation at this location. Moreover, at the shroud −5%
location, a lower total pressure can be observed in the top-damage cases than in the other cases; this is
because a small flow circulation was generated in the top-damage cases. It can be concluded that the
damage location affected not only the circulation zones at the suction side of the blade but also the
total pressure near the damage, which significantly impacted the flow and heat transfer characteristics.
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Figure 5. (a) Velocity streamlines; (b) total pressure contours at different span-wise locations of the
R1 blade.

Figure 6 shows the temperature contours on the rotor blade surface under various blade conditions.
The highest temperature on the pressure side of the blade was near the mid-span of the leading edge,
which exhibited more vorticity and was affected by the HS condition. The damage did not affect the
temperature distribution on the pressure side, but it significantly affected the temperature distribution on
the suction side. The high-temperature regions extended in the span-wise direction in the top-damage
cases, and in both the span-wise and radial directions in the middle-damage cases. As shown in Figure 6,
the suction-side surface of the damaged blades had a higher temperature than the corresponding surface
of the reference blades, due to the effects of the damage on the passage flow and flow circulation. As a
result, both the average and maximum temperatures of the blade surface increased when the blades were
damaged, as shown in Figure 7. Compared with the reference case, the middle-damage case at the suction
side exhibited a higher temperature—by approximately 5 (average) and 2 K (maximum). Considering
the effects of the HS, the maximum temperature in the middle-damage cases was higher than that in the
other cases.
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Figure 7. Average and maximum temperatures on the R1 blade under various blade conditions.

It is necessary to examine the effects of damage locations on the flow characteristics downstream
of the rotor blade. Figure 8 shows the contours of static entropy and total pressure at the R1 outlet
under various blade conditions. The static entropy was directly affected by the rotor blade conditions.
Compared with the reference case, in the top-damage cases, the high-static-entropy regions extended in
the radial direction, while in the middle-damage cases, these regions extended in both the span-wise and
radial directions. These conditions strongly influenced the temperature distribution, which significantly
affected the flow and heat transfer characteristics of the S2 vane. Similarly, the total pressure at the
R1 outlet was significantly dependent on the blade conditions. Overall, the total pressure increased
when damage occurred on the blade. The increase in total pressure resulted in an increase in the
leakage flow passing through the blade tip or the main passage flow. This increment is reflected in the
contours of the total pressure, shown in Figure 8b.

The attributes of heat transfer are strongly affected by the flow vortex structure [30,31]. Touil and
Ghenaiet [32] investigated the effects of blade–vane interaction on the vortex structure in high-pressure
gas turbines. Wei et al. [33] describe the flow structure using an iso-surface with the λ2—criteria
method. Figure 9 shows the 3-D complex vortex structure of the flow passing through R1 under various
blade conditions. The structure was expressed using the λ2—criteria method, with the magnitudes
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of strength level and values of λ2 being 104 and 5.14 × 106 s−2, respectively. In comparison with the
reference case, the top-damage cases exhibited a weaker tip leakage vortex, while the middle-damage
cases exhibited a stronger tip leakage vortex. The pressure field directly affected the tip leakage flow
conditions since the tip leakage flow is driven by the pressure difference between the pressure and
suction sides of the rotor blade.Mathematics 2020, 8, x FOR PEER REVIEW 12 of 26 
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Figure 9. 3-D vortex structure at outlet of the R1 blade.

Figure 10 shows the pressure difference between the pressure and the suction sides of the R1 blade
and the leakage flow passing through blade tip under various blade conditions. The top-damage cases
had lower pressure differences, while the middle-damage cases had higher pressure differences than
the reference case. As a result, the tip leakage flow in the middle-damage cases was higher than that
in the reference case, whereas the opposite was true for the top-damage cases. The tip leakage flow
significantly affected the heat transfer characteristics and efficiency of the gas turbine, as discussed in
the following section.
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To provide a better understanding of the effects of changes in the upstream-to-downstream flow,
we first present the velocity contour at the S2 vane entrance, as shown in Figure 11. It can be seen
that the changes in the profile of the damaged blade had significant effects on the flow characteristics
downstream. In the top-damage cases, the flow fields arriving into S2 were similar to those in the
reference case. The flow extended from the hub—where the flow velocity was the highest—to the
casing. The flow in the middle-damage cases also extended from the hub to the casing. However,
the flow only developed to mid-span; the flow from 60%-span to the casing in the middle-damage
cases was not significantly different from the corresponding flows in the top-damage cases and the
reference case. This was due to the leakage from the various damaged rotor blade locations. In the
top-damage cases, the leakage flow passing through the damage locations was not significant, resulting
in flow velocity contours similar to those in the reference case. Conversely, the leakage flow in the
middle-damage cases was noticeable, with a higher flow velocity around the mid-span. Moreover,
the turbulence intensity of the flow increased due to changes in the blade profile resulting from the
damage. The turbulence intensity also depended on the damage location—damage on the pressure side
generated a higher turbulence intensity downstream than damage on the suction side did; in addition,
damage at the middle created more turbulence than damage at the top did. This is because we had
applied the HS for the inlet condition with the highest flow at the center, which had a more significant
effect on the middle of the blade than that at the top.

From the velocity contours at the S2 vane entrance, shown in Figure 11, the flow arriving at the
suction side of the S2 vane was more noticeable than that arriving at the pressure side. Figure 12 shows the
velocity streamlines on the S2 vane suction side, which were used for analyzing the flow characteristics.
The flow formation was less near the hub of the S2 vane in the middle-damage cases than in the
reference case and top-damage cases, due to the higher tip leakage flow, which generated secondary
flow and changed the flow structure in the passage and vane surface. Moreover, the flow trends near
the shroud of the vane—denoted by the black rectangles in Figure 12—were strongly dependent on the
damage locations. Compared with the reference case, there were fewer forming lines in the damage
cases, due to the effects of damage on the secondary flow and tip leakage flow. Moreover, the difference
in the non-uniform total pressure at the entrance of the S2 vane due to the effects of various damage
locations resulted in changes in the flow structure on the S2 vane surface. Due to the effects of damage,
compared with the reference case, the total pressure at the S2 vane entrance increased by 0.25% and
0.5% in the top-damage and middle-damage cases, respectively. The changes in the rotor blade profile
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affected not only the passage flow but also the flow on the blade and vane surfaces due to their effects
on the total pressure and consequently, on the leakage flow through the blade tip and passage.
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The structure of the flow strongly affects its characteristics and the heat transfer properties of the
vane surface. Figure 13 shows the temperature contours on the S2 vane surface under various blade
conditions. Unlike for the R1 blade, the damage resulted in significant changes in both the pressure and
suction sides for the S2 vane. This vane received more leakage flow when the blades were damaged;
hence, more flow arrived at S2. The greater flow produced higher temperatures on both the pressure
and suction sides of the S2 vane, leading to a significant increase in both the average and maximum
temperatures, as shown in Figure 14. The increments in the average and maximum temperatures
were approximately 9 and 7 K, respectively. These changes are more noticeable than those for the R1

blade surface. This increment in the temperature of the vane surface generated a higher thermal stress,
which consequently reduced the fatigue life of the vane. It can be concluded that the damage on the
rotor blade had more significant effects downstream than at the blade surface. Overall, the damage on
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the rotor blade considerably affected the flow characteristics both in the passage and on the surface of
the blade and vane.Mathematics 2020, 8, x FOR PEER REVIEW 17 of 26 
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3.2. Heat Transfer Characteristics

The change in flow characteristics due to the effects of various damage locations on the rotor
blade strongly affected the heat transfer on the blade and vane surface. Figure 15 shows the contour
distribution of heat flux on the R1 blade surface under various blade conditions. As with the temperature
distribution, the heat flux on the suction side was significantly affected, while the effects on the pressure
side were negligible. This occurred because of the effects of the blade profile on the flow at the leading
edge of the blade. Although the profile became smoother after modification, it considerably altered the
flow field, especially at the suction side of the blade. When the profile changed, it generated a stronger
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vortex and created a larger circulation-flow region on the suction side, as shown in Figure 5a. Therefore,
the heat flux on the suction side of the blade increased noticeably when the blade was damaged.
Moreover, the heat flux increased significantly at the edges of the damage locations. This caused a
sudden increase in thermal stress around the damage locations, which caused the damage to become
more critical and reduced the fatigue life of the blade. Another reason for the sudden increase in heat
flux around the mid-span was the HS applied to the inlet flow. With the HS, the highest temperature
was at the center of the flow. Coupled with the altered blade profile, it caused a significant increase
in heat flux at the suction side around the mid-span location. Overall, when the rotor blade was
damaged, the heat flux increased suddenly at the suction side of the blade and around the damaged
region. Hence, it is necessary to provide a suitable cooling method to prevent excessive thermal stress
at these locations.Mathematics 2020, 8, x FOR PEER REVIEW 19 of 26 
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Figure 16 presents the contours of heat flux distribution on the S2 vane surface under various
blade conditions. The characteristics of the flow after passing through R1 changed significantly.
This considerably affected the heat transfer behaviors on the S2 vane surface on both the pressure
and suction sides. On the pressure side, the heat flux increased noticeably when the blades were
damaged. The high-heat-flux region extended in the span-wise direction in both the top-damage and
middle-damage cases. This phenomenon occurred due to the increased turbulence intensity of the
flow and the increased vane surface temperature in the damaged blades. The combined effects of the
turbulence intensity and temperature tended to increase the heat flux on the pressure side of the S2 vane.
Similarly, the heat flux on the suction side increased due to these coupled effects. The high-heat-flux
regions on the pressure side of the vane surface were located around the mid-span, while those on the
suction side were located near the hub and tip. Overall, the damaged rotor blade surfaces significantly
increased the heat flux on the S2 vane surface. Hence, to protect the vane surface from sudden changes
in thermal stress, efficient cooling methods need to be provided at these locations.
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Figure 16. Heat flux distribution on the S2 vanes surface under various blade conditions.

The tip leakage flow created by the difference in pressure between the pressure and suction sides
significantly affected the heat transfer characteristics at the tip surface. To analyze the heat transfer at
the blade tip under various blade conditions, contours of the Stanton number distribution on the blade
tip were plotted and are shown in Figure 17. The Stanton number can be expressed as follows:

St =
q

(Tw − T0)ρ0V0Cp
, (29)

where q is the heat flux, Tw is the temperature of the wall surface, T0 is the average total temperature of
the inlet flow, Cp is the specific heat of ideal air, and ρ0 and V0 are the average density and average
velocity of the inlet flow, respectively.
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Compared with the reference case, the top-damage cases exhibited lower heat transfer, while the
middle-damage cases exhibited higher heat transfer. This result is consistent with the pressure difference
and tip leakage flow shown in Figure 10—where the middle-damage cases exhibit more tip leakage
flow—as well as with the results of a previous study by Yang and Feng [34]. In addition, the high-
heat-transfer regions were located on the pressure side of the blade, while the low-heat-transfer regions
were located on the suction side. This occurred because the heat transfer at the blade tip was directly
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affected by the leakage flow from the pressure side to the suction side of the blade. The tip leakage
flow in the top-damage cases was lower than that in the reference case, the high-heat-transfer region
near the pressure side narrowed, and the low heat transfer region near the suction side widened.
Conversely, the tip leakage flow in the middle-damage cases was higher than that in the reference case,
the low-heat-transfer region near the suction side narrowed, and the high-heat-transfer region near
the pressure side expanded. Overall, the heat transfer on the blade tip was strongly dependent on
the rotor blade conditions. Especially, damage at the middle causes an increase of the heat transfer
characteristics, which increased the local thermal stress at the blade tip region.

3.3. Aerodynamic and Total-to-Total Efficiencies

Herein, we calculate the aerodynamic and total-to-total efficiencies to evaluate the performance of the
gas turbine under various blade conditions. These efficiencies are calculated using Equations (30) and (31):

ηa =
FL

FD
(30)

ηtot =
Tω

.
mCpT0

{
1− (P/P0)

κ−1
κ

} , (31)

where ηa is the aerodynamic efficiency, FL is the lift force, FD is the drag force, ηtot 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 of

ideal air, κ is the ratio of specific heat, P is the outlet mass-averaged total pressure, and T0 and P0 are
the average temperature and total pressure of the turbine inlet, respectively.

Figure 18 presents the aerodynamic and total-to-total efficiencies under various blade conditions.
Both the efficiencies are strongly dependent on the damage locations and exhibit the same trends.
Compared with the reference case, the top-damage cases exhibited a slight increase in efficiency.
Conversely, the middle-damage cases exhibited a significant efficiency reduction. The aerodynamic
efficiency is strongly affected by lift and drag forces, while the total-to-total efficiency is significantly
affected by torque and outlet pressure. Figure 19 shows the drag force, lift force, torque, and outlet
pressure under various blade conditions. Compared with the reference case, the middle-damage
cases exhibited a significant increase in drag force, while the top-damage cases exhibited a reduction.
In contrast, the middle-damage cases exhibited a decrease in lift force, while the top-damage cases
exhibited a slight increase. The changes in the drag and lift forces can be explained by the velocity
contour shown in Figure 5a. In the middle-damage cases, the circulation zone on the suction side was
closer to the leading edge at the mid-span than in the other cases. This means that the flow separation
point in the middle-damage cases was closer to the leading edge than in the other cases. According
to flight theory, the closer the separation point moves to the leading edge, the higher the drag and
the lower the lift that are generated. In the top-damage cases, the separation point was farther away
from the leading edge than in the reference case. Therefore, these cases exhibited higher lift and lower
drag forces than the reference case. As a result, the aerodynamic efficiency increased slightly in the
top-damage cases but was significantly reduced in the middle-damage cases.

The torque values directly affected the total-to-total efficiency. Similar to the lift force, the torque in
the top-damage cases was slightly higher than in the other cases—including the reference case—under
normal blade conditions. The outlet pressure also increased in the damaged blades due to the pressure
loss at the damage location. The increase in torque and outlet pressure resulted in an improvement in the
total-to-total efficiency in the top-damage cases. However, in the middle-damage cases, the decrease
in torque was greater than the increase in outlet pressure; for example, in comparison with the
reference case, the torque decreased by approximately 2.8% while the outlet pressure only increased by
approximately 1.2% in the middle-damage at the pressure side case. Hence, compared with that in
the reference case, the total-to-total efficiency in the middle-damage cases were noticeably reduced.
Overall, it can be concluded that the efficiency of gas turbines is strongly dependent on the blade
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conditions—either normal or damaged. Moreover, if the blades are damaged, the damage locations
significantly affect the turbine efficiency. Specifically, if the top part of the blade is damaged, the turbine
efficiency can be slightly increased after modification.
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4. Conclusions

This paper presented a numerical investigation of the effects of modifications along the leading
edge of a damaged rotor blade on the flow field and heat transfer characteristics in a 1.5-stage GE-E3

gas turbine. This is the first study in which the effects of different damage locations of a turbine blade
are examined. We analyzed five cases of rotor blades—an undamaged blade as reference and blades
damaged at the top and middle on the pressure and suction sides.

The results confirmed that:

− The average and maximum temperatures on the R1 blade and S2 vane surfaces of the damaged
blades were higher than those in the reference case. This was due to the effects of the altered flow
field profiles on the damaged blades.

− The tip leakage flow increased in the middle-damage cases but decreased in the top-damage
cases, compared to the reference case.

− The heat transfer on the blade tip in the middle-damage cases was remarkably higher than the
one in the other cases.

− The location of the damage had significant effects on the heat transfer characteristics on the
blade and vane surfaces. On the R1 blade, the heat flux around the damage location exhibited a
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sudden increase. The heat flux on the S2 vane surface considerably increased around the mid-span
on the pressure side and around the hub and tip on the suction side. This led to an increase in the
local thermal stress, showing a potential reduction in the fatigue life of the blade and the vane
which would increase the maintenance costs.

− Moreover, the modifications to the top-damaged blades enhanced the aerodynamic and
total-to-total efficiencies, while the same for the middle-damaged blades caused reductions
in the efficiencies.

This study investigated the effects of modification at various locations along the leading edge of
the rotor blades. Hence, additional studies should be conducted on damage at other locations, such as
the center and trailing edge of the blade, to provide a comprehensive overview of the effects of damage
on the flow field, heat transfer, and aerodynamic performance of a gas turbine. This could provide
more insight for design engineers to develop better cooling methods to enhance the fatigue life of the
blades and vanes of gas turbines. Moreover, the findings of this study can facilitate damage or failure
detection in gas turbines through monitoring of sudden changes in pressure and temperature fields.
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Nomenclature

ρ Fluid density (kg/m3) Ω Vorticity magnitude
u Fluid velocity (m/s) Reθc Critical Reynolds number
P Fluid pressure (Pa) St Stanton number
µ Fluid viscosity (Pa.s) q Heat flux (W/m2)

E Specific internal energy (J) Tw Temperature of the wall surface (K)
ke f f Effective thermal conductivity [(W/m.K) T0 Average total temperature of the inlet flow (K)
µe f f Effective dynamic viscosity (Pa.s) Cp Specific heat of ideal air (J/kg.K)
µt Turbulence viscosity (Pa.s) ρ0 Average density of the inlet flow (kg/m3)

F1, F2 Blending functions V0 Average velocity of the inlet flow (m/s)
k Turbulence kinetic energy (J/kg) P0 Average total pressure of inlet flow (Pa)
ω Eddy dissipation/ Angular velocity (rad/s) T Torque (N.m)/Temperature (K)
σk Turbulent Prandtl number for k

.
m Mass flow rate (kg/s)

σω Turbulent Prandtl number for ω κ Ratio of specific heat
γ Intermittency FL Lift force (N)
S Strain rate magnitude (s−1) FD Drag force (N)
Flength Empirical correlation ηa Aerodynamic efficiency

ηtot Total-to-total efficiency
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