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Abstract: Gas turbines are critical components of combined-cycle power plants because they influence
the power output and overall efficiency. However, gas-turbine blades are susceptible to damage when
operated under high-pressure, high-temperature conditions. This reduces gas-turbine performance
and increases the probability of power-plant failure. This study compares the effects of rotor-blade
damage at different locations on their aerodynamic behavior and heat-transfer properties. To this
end, we considered five cases: a reference case involving a normal rotor blade and one case each of
damage occurring on the pressure and suction sides of the blades’ near-tip and midspan sections. We
used the Reynolds-averaged Navier-Stokes equation coupled with the k − ω SST γ turbulence model
to solve the problem of high-speed, high-pressure compressible flow through the GE-E3 gas-turbine
model. The results reveal that the rotor-blade damage increases the heat-transfer coefficients of
the blade and vane surfaces by approximately 1% and 0.5%, respectively. This, in turn, increases
their thermal stresses, especially near the rotor-blade tip and around damaged locations. The four
damaged-blade cases reveal an increase in the aerodynamic force acting on the blade/vane surfaces.
This increases the mechanical stress on and reduces the fatigue life of the blade/vane components.

Keywords: gas turbine; compressible flow; damaged rotor blade; aerodynamic characteristic; heat-
transfer coefficient

1. Introduction

The combined-cycle power plant (CCPP) has attracted considerable attention with
regard to meeting electricity demands for industrial and human consumption. CCPPs de-
liver high overall efficiencies (50 to 60%) while maintaining lower emissions. Moreover, for
the same quantity of fuel burned, the electricity production capacity of CCPPs exceeds that
of their traditional single-cycle counterparts by approximately 50% [1]. CCPPs represent a
combination of the gas- and steam-turbine systems; the exhaust gas from the gas turbine is
used to run the boiler, which generates the steam used for running the steam turbine. This
coupled operation increases the overall power generated. Several means to increase the
CCPP power output and overall efficiency exist, the most popular of which is increasing
the turbine inlet temperature (TIT). However, the TIT is influenced by the complex flow
characteristics and temperature distribution at the combustor exit. The flow complexities
in the temperature field downstream of the combustor are called hot streaks (HSs), the
characteristics of which are similar to those of an actual gas turbine operation. Several
extant studies (experimental and numerical) have investigated the influence of HSs on the
flow and heat-transfer behaviors in a gas-turbine engine [2,3]. Therefore, it is important to
consider the HS instead of the uniform temperature-field condition during simulations to
ensure accurate and reliable results.

Typically, the TIT exceeds the melting temperature of the material—metals alloys—
used to fabricate the turbine blades. Therefore, increasing the TIT to enhance the power-
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generation efficiency affects not only the flow field but also the aerodynamic behavior and
heat-transfer characteristics of the blade and vane surfaces. Operation under such high
temperatures without the deployment of effective cooling methods tends to reduce the
fatigue life of the blades and vanes. Moreover, the increased heat loads might damage
their surfaces. There are several types of primary turbine-blade damages, such as a dent,
score, and scratch, which might occur anywhere on any blade or vane, such as the leading
edge, trailing edge, hub, and shroud. These damages significantly affect the flow and
heat-transfer characteristics; this, in turn, affects the gas-turbine performance and overall
power-plant efficiency. As the cost of replacing damaged blades significantly exceeds
that of repairing, several researchers have devised appropriate means to repair damaged
blades instead of replacing them. Kaewbumrung et al. [4] introduced a blended method for
damaged blade repair by smoothening the roughened region around the damage location.
They found an improvement in the aerodynamic behavior of the compressor blade after the
repair. Mai and Ryu [5] recommended leading-edge modification to repair a damaged rotor
blade installed in a high-pressure gas turbine. They reported an improved gas-turbine
performance after modifying the damage on the near-tip pressure side of the blade. In fact,
this modified blade even outperformed the undamaged blades.

The failure of gas-turbine blades and the underlying reasons have been extensively
reported in the literature. Gallardo et al. [6] investigated the failure of the first-stage
blade in a gas turbine. They concluded that the said failure could be attributed to a
misfit between the rotor and lining sectors, thereby resulting in strong turbine-blade
friction. Mishra et al. [7] investigated the failure of an uncooled turbine aero gas-turbine
blade. The failure initiated near the leading edge and gradually propagated toward the
trailing edge. Upon investigation, this failure was attributed to the initiation of thermal
cracks owing to surface oxidation. Poursaeidi et al. [8] analyzed the effects of the damage
occurring in the second-stage blade of a gas-turbine engine, thereby reducing its fatigue life.
Their results demonstrated good agreement between analytical calculations and simulated
physics. Yu et al. [9] proposed a new energy-critical plane-damage parameter for the fatigue-
life prediction of gas-turbine blades. Their results revealed that the model predictions
performed by Wang–Brown and Fatemi–Socie are acceptable with the maximum damage
parameters. Several other models for fatigue-life prediction and crack propagation have
been reported. Moreover, several studies have been published recently that focus on
fault diagnosis and gas turbine performance prediction based on neural networks and
machine learning [10,11]. Bazilevs et al. [12] proposed an isogeometric discretization and a
complex-geometry mesh generation method for computational flow and structure analysis
in gas turbines. However, most studies have examined the structure, failure, or fatigue-
life prediction of turbine blades after the occurrence of a critical damage. Investigations
concerning the effects of the original/primary damage on the aerodynamic behavior and
heat-transfer characteristics of gas-turbine blades have seldom been undertaken.

Several studies have examined the heat-transfer characteristics of normal turbine
blades under different conditions. Simone et al. [13] performed experiments and simu-
lations to investigate the aerothermal performance of a modern gas turbine considering
the uniform and nonuniform inlet temperature fields. Their results demonstrated good
agreement between the experiments and simulations. Choi and Ryu [14] examined the
thermal flow characteristics of a two-stage gas turbine under the effects of the axial gap
and the inlet-temperature conditions. They concluded that a reduction in the axial gap
between successive blade rows causes a sudden increase in the thermal load on the rotor
blade. Wang et al. [15] performed unsteady simulations to analyze the effects of turbulence
intensity on the heat-transfer characteristics of a high-pressure gas turbine. They concluded
that a high turbulence intensity leads to significant effects on the heat-transfer coefficient
of turbine airfoils. Yang et al. [16] performed numerical analyses to examine the effects of
blade rotation on the tip-leakage flow and corresponding heat transfer. They found that
the relative motions of the shroud were the main effects of rotation on the leakage flow
and heat transfer. These studies have emphasized the influence of boundary conditions on
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the aerodynamics and heat-transfer characteristics of normal rotor blades. Therefore, it is
necessary to perform additional analysis concerning the effects of primary blade damage
coupled with the inlet (HS) conditions on the complicated heat flow through a gas turbine.

Numerical investigations regarding the complicated heat flow within a gas turbine
must be performed considering a multistage domain to predict and closely match the actual
operating conditions. However, multistage gas-turbine simulations are computationally ex-
pensive; therefore, prior studies were conducted considering a single stage. Wang et al. [15]
investigated the influence of turbulence intensity on the heat transfer characteristics of a
high pressure gas turbine stage with an inlet hot streak. Asgarshamsi et al. [17] examined
the multi-objective optimization of lean and sweep angles for stator and rotor blades.
Moreover, the influence of the rim seal flow and the guide vane passing wake on the
aerodynamic and heat transfer in single stage axial gas turbine was fully introduced [18,19].
In this study, we considered the HS conditions at the inlet and minor damages on the rotor-
blade surface. The HS condition primarily affects the flow and heat-transfer characteristics
in the first stage of a gas turbine. Therefore, we considered a 1.5-stage turbine configuration
as the computational domain of interest in this study. This domain is expected to not only
capture the effects of the HS and minor rotor-blade damage on the complicated heat flow
within a gas turbine accurately but also reduce the overall computational time and cost.

Although many studies have investigated the flow and heat transfer in gas turbines,
comprehensive knowledge is lacking regarding the influences of various locations of minor
damage on the rotor blade on the aerodynamic behavior and heat flow phenomenon with
the HS condition. This study can contribute to a more detailed understanding about the
complex flow and heat-transfer phenomenon under various rotor blade conditions. The
results of this study can help engineers, especially those who work in the design of turbine
blades, to know what parameters and which locations will be affected when the blades
suffer minor damage. Hence, they can provide suitable methods for protecting the blade
surface, thereby extending the fatigue life and reducing the maintenance cost during the
operation of the power plant. Therefore, in this study, we conducted unsteady simulations
to examine the combined effects of rotor damage and the HS condition on the aerodynamic
behavior and the complex heat flow in a gas turbine.

2. Simulation Details
2.1. Geometry and Grid

In this study, the first three turbine-blade rows (1.5 stage) of the GE-E3 gas-turbine
engine were considered the computational domain for performing unsteady simulations.
These three rows comprised 46 stator vanes, 76 rotor blades, and 48 stator vanes, respec-
tively [20]. To facilitate accurate result prediction and reduce the computational time,
unsteady simulations based on the transient stator–rotor model must be set up such
that the stator and rotor pitch angles remain constant. In this study, the domain-scaling
method [21] was used to meet this requirement. To simplify the calculations, the number
and dimensions of the rotor blades were kept constant. Subsequently, the domain-scaling
method was used to scale the first and second stator-vane domains, considering scale
ratios of 46/38 and 48/38, respectively; domain-scaling is a method aimed at reducing
the computational domain in turbomachinery simulations by modifying the number of
blades/vanes such that the blade-to-vane ratio is equal to the ratio of two small integers
(1/1, 1/2, 1/3, 2/3, and so on), while maintaining the shape of the airfoil. Further details
regarding the vane and blade dimensions are reported in [14]. Five different rotor-blade
operating conditions—one case of normal blade and four cases of damaged blades—were
considered for simulation. In the four damaged rotor blade cases, the suction and pressure
sides of the blades’ near-tip and midspan sections were considered damaged. The dam-
aged region occupied approximately 0.5% of the non-damaged-blade volume. Figure 1
presents the computational domain along with details concerning the rotor-blade operating
conditions considered in this study.
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Figure 1. (a) Computational model used in this study; (b) Different types of damaged rotor blades (top and mid denote
near-tip and near-midspan regions of rotor blade, respectively, whereas PS and SS denote the pressure and suction sides,
respectively). Similar figure can be found in [5].

We used ANSYS Turbogrid [22] to create the mesh for the computational domain. The
grid-independent test revealed that the total mesh for the first stator guide vane (S1), the
first rotor blade (R1), and the second stator guide vane (S2) were approximately 8 million
hexahedral elements; moreover, the dimensionless wall distance (y+) was less than 1 at the
blade surface. Additional details of the independent test mesh and the contour of y+ can be
found in Table 1 and Figure 2.

Table 1. Independent test mesh for the computational domain [5,14].

Domain Node Number (×106) Area-Averaged Heat Flux [kW/m2K]

S1 R1 S2 S1
Relative

Error
R1

(Relative Error)
S2

(Relative Error)

Mesh-1 0.99 2.48 1.34 277,226

Relative errors are
less than 0.01%

382.85
(0.75%)

276.97
(1.06%)

Mesh-2 1.32 4.42 1.8 277,022 385.73
(0.41%)

279.91
(0.82%)

Mesh-3 1.82 5.92 2.4 276,993 387.29 282.21
(0.43%)

Mesh-4 - - 3.2 - - 283.41
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2.2. Governing Equations and Turbulence Model

In this study, the simulations were performed to solve the continuity, momentum,
and energy equations pertaining to the unsteady analysis of a complex fluid flow in a
high-pressure gas turbine. These equations can be expressed as follows.

Continuity equation:
∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)

Momentum equation:

∂

∂t
(ρui) +

∂
(
ρuiuj

)
∂xi

= − ∂P
∂xi

+
∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂uk
∂xk

)]
+

∂
(
−ρ
{

u′iu
′
j

})
∂xj

(2)

Energy equation:
∂

∂t
(ρE) +

∂

∂xj

(
uj(ρE + P)

)
=

∂

∂xj

[(
ke f f

) ∂T
∂xj

]
+

∂

∂xj

[
uiµe f f

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂uk
∂xk

)]
(3)

ke f f = k +
µtCp

Prt
(4)

µe f f =
ke f f

1.393Cp
(5)

i, j, k = 1, 2, 3

where ρ, u, P, k, Prt, Cp, and µ denote the fluid density, velocity, static pressure, thermal
conductivity, Prandtl number, specific heat, and dynamic viscosity, respectively. In the
energy equation, E, ke f f , and µe f f denote the specific internal energy, effective thermal
conductivity, and effective dynamic viscosity, respectively. The simulations were performed
using ANSYS CFX—a finite-volume-method-based computational fluid dynamics (CFD)
solver that was developed with a special focus on turbomachine flow physics [23].

For the accurate prediction of the flow field parameters, it is important to select
an appropriate turbulence model prior to simulating the flow through a turbomachine.
Several numerical approaches have been proposed to analyze such turbulent flow fields.
These include the direct numerical simulations (DNS), large eddy simulations (LES), and
Reynolds-average Navier-Stokes (RANS) approximation. Although DNS and LES pro-
vide highly accurate results, they are computationally expensive [24–26]. In contrast, the
RANS approximation [27–30] is less expensive and yields accurate results in a reasonable
simulation time. Therefore, it is usually considered the method of choice for performing



Mathematics 2021, 9, 627 6 of 21

low-cost steady and unsteady CFD simulations. Furthermore, prior investigations [31–33]
have revealed that the SST γ and SST γ − θ models are the most appropriate for predicting
transitional flows. Moreover, the numerical results in [11] obtained using the k− ω SST
γ turbulence model demonstrate good agreement with the experimental results reported
in [34]. Accordingly, the k−ω SST γ turbulence model was used in this study.

The k−ω SST model was based on the standard k−ω and the standard k− ε model
developed by Menter [35]. The corresponding equations for k and ω were formulated
as follows:

∂(ρk)
∂t

+
∂
(
ρujk

)
∂xj

= PK − 0.09ρωk +
∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
, (6)

∂(ρω)

∂t
+

∂
(
ρujω

)
∂xj

=
γ

νt
PK − βρω2 +

∂

∂xj

[(
µ +

µt

σω

)
∂k
∂xj

]
+ 2ρ(1− F1)

1
σω,2

1
ω

∂k
∂xj

∂ω

∂xj
(7)

where:

PK = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
∂ui
∂xj
− 2

3
∂uk
∂xk

(
3µt

∂uk
∂xk

+ ρk
)

, (8)

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

µt =
0.31ρk

max(0.31ω, SF2)
, (9)

F1 and F2 are the blending functions formulated by the following variables:

arg1 = min

[
max

(
100
√

k
9ωy

,
500ν

y2ω

)
,

4ρσω,2k
CDkωy2

]
, (10)

arg2 = max

(
200
√

k
9ωy

,
500ν

y2ω

)
, (11)

as follows:
F1 = tanh

(
arg4

1

)
, (12)

F2 = tanh
(

arg2
2

)
, (13)

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

σk =
1

F1/σk,1 + (1− F1)/σk,2
, (14)

σω =
1

F1/σω,1 + (1− F1)/σω,2
, (15)

CDkω = max

(
2ρ

σω,2

1
ω

∂k
∂xi

∂ω

∂xj
, 10−10

)
. (16)

Furthermore, it is important to define the transport equation for the intermittency (γ)
to obtain the full expression for the k−ω SST γ turbulence model. The transport equation
of γ can be expressed as:

∂(ργ)

∂t
+

∂
(
ρujγ

)
∂xj

= Pγ∗ + Pγ∗∗ +
∂

∂xj

[(
µ +

µt

σγ

)
∂k
∂xj

]
. (17)
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Equation (17) includes the transition sources Pγ∗, and the destruction/relaminarization
sources Pγ∗∗, which are expressed as follows:

Pγ∗ = 2(1− γ)FlengthρS(γFonset)
cγ3 , (18)

Pγ∗∗ = 2
(
1− γcγ2

)
cγ1ρΩγFturb, (19)

To quantify the values of Pγ∗ and Pγ∗∗, we need to find out the Fonset variable in the
transition source and the Fturb variable in the destruction/relaminarization sources. The
following functions was used to control the transition onset:

RT =
ρk
µω

, (20)

Fonset1 =
1000ρy2S
2193µReθc

(21)

Fonset2 = min
(

max
(

Fonset1, Fonset1
4
)

, 2
)

, (22)

Fonset3 = max

(
1−

(
2RT

5

)3
, 0

)
, (23)

Fonset = max(Fonset2 − Fonset3 , 0) , (24)

Fturb = e−(0.25RT)
4
, (25)

where S, Flength, Ω, and Reθc denote the strain rate magnitude, an empirical correlation, the
vorticity magnitude, and the critical Reynolds number, respectively. The other constant
variables for the equations above are provided as follows [36]:

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 simulation boundary conditions were defined in-line with the GE-E3 turbine test
report [20], as described in Table 2. Ideal gas was considered the working fluid. Details
concerning the domain inlet and outlet boundary conditions are listed in Table 2. Figure 3
depicts the TIT distribution at the domain inlet normalized with respect to the average
temperature. The turbine rotational speed was 3600 RPM. Five cases of the rotor-blade
operating conditions were considered, as described in the previous section. The normal
blade was considered the reference case. The location of the blade damage was varied in
the remaining cases to evaluate its effects on the aerodynamic behavior and heat-transfer
characteristics of the passage flow and blade surface. Simulations were performed un-
der both adiabatic and isothermal conditions applied to the blade and vane surfaces to
compute their respective heat-transfer coefficients (HTCs). Adiabatic simulations were con-
ducted to calculate the aerodynamic behaviors and the distribution of temperature on the
blades/vanes surface under the non-heat transfer condition. Isothermal simulations were
performed to investigate the heat flux, which were used for the heat-transfer calculations.
Under isothermal conditions, the blade and vane surface temperatures were 389.95 K.
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Table 2. Boundary conditions and detailed simulation setup.

Boundary Conditions

Inlet
Total pressure: 344,740 Pa

Total temperature: Hot streak (maximum: 839 K, average: 728 K)
Turbulence intensity: 5%

Outlet Static pressure: 104,470 Pa

Detailed Settings for Simulation

Rotor speed 3600 RPM
Rotor blades condition Undamaged or damaged at PS and SS in middle and top of blade

Wall surface Adiabatic or isothermal

Stator–rotor interface Steady simulation: Frozen rotor
Unsteady simulation: Transient rotor-stator
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A steady-state simulation with a frozen-rotor interface between the stationary and
rotating domains was first performed to obtain the initial condition for the subsequent
unsteady simulations. The unsteady simulations were performed considering transient
rotor–stator interfaces. The physical time step, i.e., the time taken by a single rotor blade
to pass the upstream and downstream stator passages, was carefully selected to ensure
high accuracy of the results. Prior studies [14,37] have revealed that 32 is a reasonable
time-step estimate.

In addition, it is essential to define the domain rotation as the pitch count while
performing unsteady simulations. If the pitch count is too small, a converged solution
might not be obtained. Contrarily, a large pitch count would result in the wastage of
computational resources. To find the appropriate pitch count used for the simulations,
the most popular method was to choose some points near the blade/vane surface to
check the periodic conditions of pressure/temperature. The pitch count was considered a
suitable value when the measured values at these points became periodic. In this study, we
monitored the flow pressure and temperature values at a few points near the blade and
vane surfaces during initial simulations. As observed, the results become periodic after
10 pitches, i.e., a minimum of 10 pitches must be considered to obtain a convergence. The
final simulation was performed with the pitch count set as 20 to ensure accurate prediction.
The first 10 pitches were defined as the transitional period, whereas the last 10 pitches
were used for calculation and analysis. The simulations were performed on a 96-core
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workstation (4 Intel(R) Xeon(R) CPU E7-8890 v4 @ 2.20 GHz, 512 GB RAM), and each
unsteady simulation was completed in approximately 72 h.

3. Results and Discussion
3.1. Flow Characteristics

To investigate the flow field effects of the blade damage at different locations on the
rotor-blade surface, we first considered the velocity streamline pertaining to the tip-leakage
flow over the rotor-blade tip, as depicted in Figure 4. As can be observed, the damage
locations not only affect the magnitude but also the distribution of the tip-leakage flow. In
the reference case, the tip-leakage flow extends from the leading edge to the trailing edge
of the blade tip. However, in the two near-tip damage cases, the tip-leakage flow remains
concentrated between the leading edge and the points located at approximately 30% of
the axial chord downstream of the leading edge. This can be considered an effect of the
near-tip damage on the pressure field of the main flow passing through the rotor blade.
Meanwhile, the two near-midspan damage cases have a flow distribution similar to that of
the reference case. The tip-leakage flow covers the entire blade-tip surface. Furthermore,
Figure 4 reveals that near-tip damage on the pressure side of the rotor blade results in
reduced tip-leakage flow compared to the other cases, including the reference case. This
can be considered the effect of the rotor-blade damage on the pressure difference between
the rotor-blade pressure and suction sides, as well as the flow vortex on the suction side of
the rotor blade. This result is in agreement with those reported in [5]. Thus, blade damage
significantly affects the overall flow characteristics through the axial-turbine stages, thereby
affecting the aerodynamic and heat-transfer performance of the blade and vane surfaces.
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It is important to investigate the effects of blade damage at different locations on the
downstream flow. Figure 5 depicts turbulence-intensity contours for the different cases
at the outlet of the rotor domain (R1). As can be observed, the turbulence intensity is
dependent not only on the rotor-blade conditions but also on the location of rotor-blade
damage. All damaged-rotor cases yield a higher turbulence intensity than the reference
case. This can be attributed to the change in the rotor-blade shape at the damage locations.
Furthermore, the turbulence intensity generated by the damaged pressure side exceeds
that observed in the two suction-side damage cases. Likewise, the near-midspan damage
case generates higher turbulence intensity than its near-tip damage counterpart. These
differences can be attributed to the HS condition applied to the inlet flow. The HS provides
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the highest flow condition near the blade center, thereby demonstrating noticeable effects
in the midspan and near-tip flow fields.
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The Mach number contours at the S2-domain inlet (Figure 6) illustrate the detailed
effects of the rotor-blade profile changes on the downstream flow. As can be observed,
the incoming flow of the S2 vane strongly depends on the condition of the rotor blade.
In the reference and near-tip damage cases, the flow spreads continuously from the hub
to the casing on both the pressure and suction sides of the S2 vane. However, in the two
near-midspan damage cases, the flow extends from the hub to approximately 60% of the S2
vane pressure side in spanwise direction. This can be attributed to the effects of rotor-blade
damage on the leakage flow. In the near-tip damage cases, the leakage flow passing over
the blade tip does not lead to much difference compared to the reference case. Therefore,
the flow reaching the S2 vane remains nearly identical in these cases. However, in the near-
midspan damage cases, the leakage flow includes the flow passing around the damaged
rotor-blade sections near the midspan and the tip-leakage flow over the rotor-blade tip.
Consequently, we observe that a higher flow rate remains concentrated near the midspan
of the S2 vane, whereas a large region of low-velocity flow is observed near the casing.
Further, Figure 6 reveals that a greater tip-leakage flow exists in the near-midspan damage
cases. This is due to the greater difference between the flow velocities on the rotor-blade
pressure and suction sides, which, in turn, originates from the higher difference in the
pressure field in the near-midspan damage cases compared to the other cases. Overall,
the flow conditions in the rotor domain strongly affect the downstream flow field, which,
in turn, directly affects the aerodynamic behavior and heat-transfer characteristics of the
turbine stages.

Figure 7 describes the temperature distribution at the hub and shroud of the S2
vane under different rotor-blade damage conditions. The temperatures at the hub and
shroud noticeably increase in all damage conditions. Moreover, the hub and shroud
temperatures strongly depend on the location of the rotor-blade damage. Rotor-blade
damage on the pressure side results in a higher temperature at the S2-vane hub compared
to the corresponding suction-side damage and reference cases. Furthermore, the near-
midspan damage cases exhibit a higher temperature at the shroud than the corresponding
near-tip damage and reference cases. This latter effect can be attributed to the effect of
the tip-leakage flow. In addition, the near-midspan damage cases generate additional
leakage flow passing through the damaged locations compared to the near-tip damage
and reference cases. This causes a significant increase in temperature at both the hub and
shroud surfaces of the S2 vane. These changes in the temperature field strongly affect the
heat-transfer characteristics of the hub and shroud surfaces, thereby resulting in increased
thermal stresses in these regions and reduced fatigue life.
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3.2. Aerodynamic Behavior

Figure 8 depicts the wall-shear-stress contour on the blade surface under different
damage conditions. As can be observed, the wall-shear stress, in general, increases in all
the damaged-rotor cases. The pressure-side contours exhibit extended regions of slightly
increased wall-shear stress between the leading edge and 50% of the axial chord. Moreover,
the rotor-damaged-blade conditions significantly affect the wall-shear stress over the entire
suction surface. At the leading edge, for the damaged-rotor cases, the regions of low
wall-shear stress are narrowed along the spanwise direction compared to the reference case.
Accordingly, the region of high wall-shear stress near the midspan of the damaged rotor
blade is widened. It is complicated to analyze the effects of the different rotor-damaged-
blade conditions on the wall-shear stress based solely on the contour plots depicted in
Figure 8. To address this concern, Figure 9 plots the wall-shear stress at different spanwise
locations of the R1 blade surface. As can be observed, the effects of the damaged rotor blade
are more noticeable on the wall-shear stresses at the near-hub and near-shroud sections.
Moreover, blade damage on pressure side mainly affects the wall-shear stresses on the
suction side and vice versa. Compared to the reference case, both cases of pressure-side
damage exhibit higher wall-shear stresses on the blade suction side throughout the span.
However, the corresponding suction-side damage cases lead to the generation of lower
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wall-shear stress on the blade pressure side, except at the shroud sections. The shroud
region at the blade pressure side generates a complex vortex because the tip-leakage flow
originates in this region. This explains the slightly different wall-shear stresses generated
in the shroud region, which is highest in the reference case. However, the overall results
may not be affected. These results only help us to highlight the effects of damage on the
wall shear stress in some critical regions. In general, the damages on the pressure side or
suction side have more significant effects on the wall shear stress than the effects of damage
occurring at the middle or top of the blade.
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Figure 10 depicts the wall-shear stress distribution on the S2-vane surface under
different rotor-blade damage conditions. Generally, no significant differences can be
observed between these cases, even though the near-midspan damage cases involve greater
tip-leakage flows. A slight difference is observed in the hub and shroud stress distributions
on the suction side. These minor effects might not have an impact on the aerodynamic
behavior of the S2 vane. Therefore, the effects of rotor blade conditions on the aerodynamic
characteristics of the S2 vane can be neglected.
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Figure 10. Wall-shear stress distribution on the S2 vane surface under different damaged-blade conditions.

Figures 11 and 12 depict the force distributions on the R1-blade and S2-vane sur-
faces, respectively. Compared to the reference case, the damaged-rotor cases result in the
generation of a greater force on the pressure and suction sides of the blade surface. On
the pressure side, the surface force demonstrates a sudden increase owing to the rotor
imbalance caused by the damage. These regions of increased surface force extend over the
entire pressure side, whereas they remain concentrated between the leading edge and 40%
of the axial chord on the suction side (Figure 11). This results in significantly increased
mechanical stresses on the blade surface, thereby reducing its fatigue life. Conversely, no
effects of the rotor-blade surface conditions are observed on the S2-vane surface (Figure 12).
No significant difference is observed among the individual damage cases. The region
of higher surface force remains concentrated between the leading edge and 50% axial
chord on the pressure side. On the suction side, it extends from approximately 60% of the
axial chord up to the trailing edge. These results are consistent with those inferred from
Figures 8 and 10. In conclusion, the rotor-blade conditions strongly affect the aerodynamic
force acting on the blade surface, with a negligible impact on the vane-surface force. These
results are expected to equip turbine-blade designers with useful knowledge concerning
the effects of minor blade damages on the aerodynamic force acting on the blade and vane
surfaces. Accordingly, effective means can be devised to protect the turbine blades from
such damages, thereby increasing their fatigue life.
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3.3. Heat-Transfer Characteristics

To quantify the heat-transfer characteristics of the blade and vane surfaces, the heat-
transfer coefficient (HTC) can be expressed as:

h = q/(Ta − Ti) (26)

where h denotes the HTC, q denotes the heat flux computed from the isothermal condition,
Ta denotes the adiabatic surface temperature, and Ti denotes the temperature applied to
the blade and vane surfaces during the isothermal simulation.

Figure 13 depicts the HTC contours on the rotor-blade surface under different rotor-
damaged-blade conditions. The HTC is calculated by dividing the heat flux extracted from
the isothermal condition for the difference of averaged temperature between the adiabatic
condition and the temperature applied for isothermal condition on the blades/vanes
surface, as produced in Equation (26). Our study does not include the solid part for the
turbine’s blades and vanes. Therefore, we used this kind of calculation to compute the HTC.
As can be observed, the low-heat-transfer regions on the pressure side widen toward the
trailing edge under the damaged-blade conditions. By contrast, the corresponding regions
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on the suction side expand along the radial and spanwise directions near the blade shroud.
Although the regions of high HTCs appear narrowed, all the damaged-rotor-blade cases
yield an increased overall HTC compared to the reference case. Moreover, the significantly
high HTC values exist near the locations of blade damage, represented by black circles
in Figure 13. In addition, the aforementioned tip-leakage effects cause an increase in the
blade-tip HTC.
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Figure 14 depicts the area-averaged HTC values on the R1-blade surface under dif-
ferent rotor-damage conditions. As can be observed, the HTCs on the blade pressure
side in the damaged-blade cases remain below the corresponding reference-case values.
The case involving blade damage on the midspan suction surface is an exception to this
finding. Conversely, the HTC on the blade suction side in the damaged cases exceeds the
corresponding reference-case value. Considering the HTC increase in the blade-tip region
and around the damage locations, the HTC of the entire blade increases by 1% and 1.3%
when it is damaged in the near-tip and near-midspan regions, respectively. This causes a
corresponding increase in the blade surface’s thermal stress and reduces the fatigue life of
the damaged blade.
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Figure 15 depicts the HTC distribution in the blade-tip region under different rotor
damaged-blade conditions. Compared to the reference case, the damage cases exhibit
increased heat transfer, especially around the damage locations. The HTCs observed in
the near-midspan damage cases remarkably exceed those observed in the near-tip damage
cases. In the near-tip damage cases, the HTCs demonstrate a significant increase around
the damage locations owing to the effects of the leakage flow passing around the damage
locations. In the near-midspan damage cases, the HTCs increase over the entire blade-tip
surface owing to the increased tip-leakage flow. These findings are consistent with those
inferred from Figure 4 and reported in [5].
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Figure 16 depicts the average blade-tip-surface temperatures and heat fluxes under
different damaged-blade conditions to explain the complex heat-transfer phenomenon that
is manifested in this region. The figure reveals that the heat flux demonstrates a more
noticeable increase compared to the temperature. The most significant increase in the
average temperature equals 1.6% (compared to the reference case) in the case involving
near-tip damage on the pressure side owing to the effects of tip-leakage flow around the
damage location. The maximum increase in the average heat flux equals 11.4% (compared
to the reference case) and is observed in the case involving near-midspan damage on
the suction side. Overall, the damaged rotor blade tends to significantly increase the
heat-transfer characteristics on the blade surface, especially in regions close to the damage
locations and the blade tip.
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It is necessary to examine the effects of the different damaged-blade conditions on
the heat-transfer characteristics of the downstream vane surface. To this end, Figure 17
depicts the HTC contours on the S2-vane surface under different damaged-blade conditions.
As can be observed, the HTCs on the S2-vane suction and pressure sides increase and
decrease, respectively, when the blade is damaged. This can be attributed to the effects
of the damaged rotor blade on the downstream flow characteristics. The Mach number
contours in Figure 6 reveal a noticeable increase in the flow on the suction side of the S2
vane compared to the pressure side. Moreover, the flow on the pressure side becomes
remarkably weak in cases involving near-midspan rotor-blade damage. Accordingly, the
pressure-side HTC in the near-midspan blade damage cases is lower than that observed in
other cases. Correspondingly, the suction-side HTC assumes significantly higher values in
these cases.
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Figure 18 depicts the area-averaged HTC distribution on the S2-vane surface under
different rotor-blade-damage conditions. It yields observations similar to those obtained
from Figure 16. In other words, the pressure-side HTC decreases, whereas its suction-
side counterpart increases in cases involving blade damage. Moreover, the HTC increase
on the suction side is more significant than its decrease on the pressure side. Therefore,
the average HTC over the entire vane surface increases by up to 0.5% (compared to the
reference case) in the case involving near-midspan damage on the blade suction side.

Figure 19 plots the HTC values at different spanwise locations of the S2 vane under the
damaged-blade conditions considered in this study. At the hub in pressure side, the HTCs
in the near-midspan damage cases demonstrate a significant decrease of 6.1% (relative
to the reference case) between 50% and 70% of the axial chord, whereas they increase by
12.3% (relative to the reference case) in regions near the trailing edge. At the midspan, the
suction-side HTCs exhibit no significant changes, whereas they decrease by 2.5 to 4.5%
(relative to the reference case) at the pressure side in the near-midspan damage cases. The
HTC values in the shroud region demonstrate a trend similar to that observed in the hub
region. In the damaged-rotor cases, the shroud HTC decreases by 3.2% in regions around
80% of the axial chord on the pressure side. Meanwhile, the HTC value increases by 6.7%
in regions around 60% of the axial chord on the suction side. Overall, the damaged rotor
blade significantly alters the heat-transfer characteristics of the downstream vane surface,
especially in the hub and shroud regions.
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4. Conclusions

Previous studies [6,7] investigated the failure of gas turbine blades with respect to var-
ious locations and different kinds of damage occurring on the blade surface. Furthermore,
the influence of boundary conditions such as turbulence intensity, axial gap, hot streak on
the flow, and heat transfer characteristics in gas turbines were fully analyzed in [13–15].
However, there are limited studies about the effects of minor damage on the flow and
heat transfer characteristics. This paper presents a numerical analysis of the effects of
rotor-blade damage along its leading edge on the aerodynamic behavior and heat-transfer
characteristics of a 1.5-stage high-pressure gas-turbine model—GE-E3. This is the first
study to investigate the effects of different damage locations on the resulting blade/vane
aerodynamic forces and provides a detailed analysis of the heat-transfer characteristics
of the blade and vane surfaces. The results obtained in this study reveal a noticeable
increase in the S2-vane hub and shroud temperatures in all damage-blade cases compared
to the reference case. This can be attributed to the effects of the rotor-blade damage on
the downstream flow field. Moreover, the aerodynamic force acting on the rotor blade is
significantly increased owing to the imbalance caused by the blade damage. This, in turn,
causes a significant increase in the mechanical stresses acting on the blade surface, thereby
resulting in fatigue-life reduction. The corresponding effects on the S2 vane surface are neg-
ligible. In addition, compared to the reference case, the damaged-blade cases demonstrate a
significant increase in the blade and vane temperatures and heat fluxes. The average HTCs
of the blade and vane surfaces are increased by approximately 1% and 0.5%, respectively.
Furthermore, the rotor-blade damage results in amplified heat-transfer characteristics
around the damage locations, rotor-blade tip, and S2-vane hub and shroud regions. These
modified heat-transfer characteristics induce a sudden increase in the thermal stresses,
which, in turn, reduce the fatigue life of the turbine-blade rows, thereby increasing their
maintenance and replacement costs. These results are highly coherent with that of our
previous study [5].

As a limitation, the proposed study focuses exclusively on the effects of rotor blade
damage occurring near its leading edge. Therefore, further studies should consider dam-
ages occurring at other locations, especially critical ones, such as the blade hub, shroud,
and trailing edge. This would help researchers gain comprehensive insights into the ef-
fects of damaged rotor blades on the resulting flow field as well as the aerodynamic and
heat-transfer characteristics of the turbine stages. In addition, this would help future
turbine-blade designers to develop effective means to prevent the fatigue-life reduction of
gas-turbine blades and vanes. This might even to develop sensors capable of early failure
detection by monitoring abrupt changes in the flow parameters, such as the pressure,
temperature, velocity, and mass flow rate.
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Abbreviations

ρ Fluid density (kg/m3)
u Fluid velocity (m/s)
P Fluid pressure (Pa)
µ Fluid viscosity (Pa·s)
E Specific internal energy (J)
ke f f Effective thermal conductivity (W/m·K)
µe f f Effective dynamic viscosity (Pa·s)
µt Turbulence viscosity (Pa·s)
F1, F2 Blending functions
k Turbulence kinetic energy (J/kg)
ω Eddy dissipation/Angular velocity (rad/s)
σk Turbulent Prandtl number for k
σω Turbulent Prandtl number for ω

γ Intermittency
S Strain rate magnitude (s−1)
Flength Empirical correlation
Ω Vorticity magnitude
Reθc Critical Reynolds number
q Heat flux (W/m2)
Ta Temperature of the wall surface [K]
Ti Temperature in isothermal condition [K]
Cp Specific heat of ideal air [J/kg·K]
κ Ratio of specific heat
σω Turbulent Prandtl number for ω

γ Intermittency
S Strain rate magnitude (s−1)
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