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Abstract: A damaged stator vane can disrupt the circumferential symmetry of the design flow for
turbine assemblies, which can lead to a low-engine-order (LEO) forced response of rotor blades.
To help engineers be able to better address sudden vane damage failures, this paper conducts a
mechanism analysis of the LEO forced response of rotor blades induced by a single damaged vane
using an in-house computational fluid dynamic code (Hybrid Grid Aeroelasticity Environment).
Firstly, it is found that the damaged vane introduces a family of LEO aerodynamic excitations
with high amplitudes by full-annulus unsteady aeroelastic simulations of a single-stage turbine. In
particular, the LEO forced response of the rotor blades excited by 3EO is 2.01 times higher than the
resonance response excited by vane passing frequency, and the LEO resonance risk of the rotor blades
is greatly increased. Then, by analyzing the flow characteristics of the wake and potential field of the
stator row with a damaged vane, the localized high transient pressure in the notch cavity and the
radial redistribution of the secondary vortex at the stator exit are the main sources of the low-order
harmonic components in the flow field. Importantly, the interaction mechanisms in two regions
with high LEO excitation amplitude on the rotor blade surface are revealed separately. Finally, an
evaluation and comparison of a single damaged vane in terms of aerodynamic performance and
LEO forced response was carried out. The results of this paper provide a good theoretical basis for
engineers to effectively control the resonance response of rotor blades caused by a damaged stator
vane in turbine design.

Keywords: damaged stator vane; low-engine-order (LEO) forced response; aeroelastic simulations;
wake and potential field; secondary vortex

1. Introduction

The low-engine-order (LEO) forced response is forced vibration driven by low-order
harmonic external forces, where the fundamental blade modes of the rotor blades at low
nodal diameters (ND) are excited with higher vibration levels [1-3]. This increases the
risk of high cycle fatigue failure of the rotor blades considerably, endangering the safe
operation of aero engines. Also, it has been shown that any loss of symmetry in the flow
field may cause an LEO forced response [1,4-6]. However, the stator vanes of the turbine,
as high-temperature components downstream of the combustion chamber, experience
creep, fatigue, oxidation and corrosion, and sudden damage failures at the trailing edges
occur regularly [7-9]. Geometric changes in the stator vanes not only affect the work of
the stator row but may also destroy the circumferential symmetry of the design flow and
cause the LEO forced response on rotor blades. Currently, such sudden failures are often
unpredictable and the exact excitation mechanism that causes LEO forced response is not
known. Therefore, conducting studies on LEO forced response induced by damaged stator
vane is crucial in the design and operation of aero-engines.

Many studies have been carried out on the geometric variation of stator vanes [10-12].
Most of these studies have addressed the variation of common geometrical design param-
eters such as throat width [1,13] and stagger angle [14-16], blade count ratio [17,18], etc.,
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and some studies deal with small wear of the blade geometry [19,20]. Previous literature
on the forced response induced by damaged stator vanes, on the other hand, is limited.
Carleton University first [21-24] studied a single turbine vane damaged at the mid-span of
the trailing edge. Experimental and numerical simulations showed that a swept leakage
from the pressure surface to the suction surface like the tip leakage flow is formed at the
edge of the notch. Two counter-rotating vortices appear to be generated downstream of the
notch. However, the study did not provide a visualization flow field to confirm this finding,
nor did it consider the possible LEO forced response due to a single damaged stator vane.
Mare et al. [25] evaluated for the first time the LEO forced response on rotor blades by a sta-
tor row containing one severely damaged vane through numerical simulations. It is found
that large flow separation occurs in the notch cavity on the suction side of the damaged
vane, and the amplitude of LEO modal forces for the damaged case was eight times larger
than that of the undamaged case. However, the throat width of the undamaged original
stator row was not uniform, which may made it difficult to analyze the excitation sources. It
can only be concluded qualitatively that the large radial extent of flow disruption on the ro-
tor blade is the main source of excitation for the low-order modes with high response levels.
Meyer et al. [26] found that large damage to the stator vane will lead to the development of
two strong vortices by three-dimensional flow field visualization. This strong distortion is
limited to the neighboring passages of the damaged vane. It is concluded that the distortion
of the flow field at the stator exit causes periodic changes in the loading of the rotor blades
and becomes the main cause of exciting the low-order modes. However, a stator assembly
with a large number of vanes with different damage sizes randomly placed over the cir-
cumference was chosen for the study, and the fundamental LEO excitation components
that would be introduced by damaged vanes are difficult to identify. The knowledge of the
LEO excitation components is a prerequisite for the identification of LEO resonance risks.
So, the study on the forced response for a single damaged vane may be more helpful in
revealing the underlying mechanism of the LEO forced response of the rotor blade excited
by the damaged stator. Overall, the damage levels of stator vanes that have been studied in
the previous literature are very large. The damage ranges from approximately 40% chord
or greater and the circumferential distribution of multiple damaged vanes in the stator
row is also complicated. Such severe damage is rare and extreme during early engine
operation. Damaged vanes with smaller trailing edge notches may appear earlier, and it is
important to assess whether such small perturbations still result in LEO forced responses
at high levels. Furthermore, the main aerodynamic excitation sources in the turbine stage
include wakes and potential fields [27,28]. Controlling the strength of the wake, potential
field and their interactions may control the level of aerodynamic excitation on rotor blades
and thus blade response. These aerodynamic measures to control blade response in terms
of unsteady aerodynamics have emerged as possibilities for controlling the vibrational
behavior of the rotor blades [29-31], which in turn requires a deeper understanding of the
unsteady flow. Therefore, one of the aims of this paper is to determine the relative influence
of the wake and potential field of a single damaged stator on the LEO excitation of rotor
blades from the aspect of unsteady aerodynamics. This will help engineers both to take
constructive measures in turbine design and to make wiser decisions in response to sudden
failures during engine operation.

In this paper, a full-annular unsteady aeroelasticity simulation of a single-stage tur-
bine is performed using an in-house CFD code, Hybrid Grid Aeroelasticity Environment
(HGAE), and underlying mechanism of the LEO excitation associated with a single dam-
aged vane is investigated in depth. By analyzing the flow characteristics of the wake
and potential field at the stator row with a single damaged vane, the main sources of the
low-order harmonic components at the stator exit (i.e., the low-order harmonic external
forces that cause the LEO’s forced response) are identified for the first time. The interaction
mechanism of the low-order harmonic components of the flow field on different locations
of the blade is discovered by combining the time-space diagram and the transient flow
field. In addition, this paper adds the evaluation and comparison of a single damaged
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vane in terms of aerodynamic performance and LEO forced response. This work is also
one of the first studies to provide a detailed description of the flow physics associated with
the increased LEO resonance risk induced by a single damaged vane using a full-annular
unsteady aeroelasticity environment.

2. Geometrical Model and Numerical Methods
2.1. Single-Stage Turbine

The baseline case employed in this study is a single-stage turbine, which consists of a
stator and rotor. The stator row has 16 vanes with 75 mm height and 0.77 aspect ratio. The
rotor row has 47 blades, each rotor blade has 74 mm height and 1 mm tip clearance, which
is about 1.35% of the outlet blade height. The stator was modeled with zero clearance.
More design parameters of the geometrical model are shown in Table 1.

Table 1. Geometry parameters and operating conditions.

Geometry Parameter

Parameter Stator Row Rotor Row
Airfoil count 16 47
Axial chord (midspan) (mm) 97 33
Airfoil height (mm) 75 74
Aspect ratio (exit height/chord) 0.77 2.24
Rotor tip clearance (mm) / 1

Operating condition

Total pressure at stator inlet 510,000 Pa
Total temperature at stator inlet 1480 K

Static pressure at rotor exit 237,000 Pa

Design rotation speed s 15,400 rpm

2.2. Numerical Methods

The study in this paper is realized by employing the in-house CFD code HGAE, which
is used to simulate unsteady flow and aeroelasticity in three dimensions. HGAE has been
validated in various aerodynamic and aeroelastic cases [31-34] for close to two decades
and is suitable to be applied to the solutions of complex flows in turbomachinery. More
details of the in-house code can be found at Zheng [35,36].

2.2.1. Aerodynamic Models

The unsteady compressible Navier-Stokes equations for a control body () with bound-
ary oQ) can be expressed in the integral form shown below:

2 — — — —
° / UdO + f (FcPv)dA: / HAO, (1)
ot Jo 20 Q

where the surface area of the element is denoted using dA. Equation (1) also contains the
— — —
vector of conservative variables (U), the convective (F.) and viscous flux vectors (F,), and

by
the source term vector (H). They can be expressed in the following equations:

%

- pu

U= pv|, 2)
ow
oE
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The governing equations for the multi-block grid were discretized using the finite volume
method. The convective terms and central differences for the diffusive fluxes were calcu-
lated using Roe’s upwind scheme and the Monotone Upwind Scheme for Conservation Law
extrapolation [37,38]. The numerical scheme achieves second-order accuracy. Jameson’s
dual time-stepping method with 15 sub-iterations was employed to improve the accuracy
of the time-advancing solution for the unsteady calculations [39]. A two-equation Shear
Stress Transport model is chosen to solve the Reynolds-Averaged Navier-Stokes (RANS)
equations [40]. The turbulent intensity at the inlet was 5%.

2.2.2. Structural Models

For the structural model, the structural dynamics equations of the linear aeroelastic
model are employed:
Mx + Cx+ Kx = p(t) An, (5)

where the mass matrix M, stiffness matrix C, damping matrix K, and displacement vector x
are on the left side of the equation, which can be obtained by finite element calculations.
The right side of the equation is the product of the pressure vector p(t), the application
area (A), and the normal unit vector (1), which represents the aerodynamic vector on the
blade surface. The modalized structural dynamics equations can be obtained by coordinate
transformation x = ¢gq:

Gi+ QL)+ (w)g; =@ p(An = 0,())  (i=1,N), (©)

where @; is the mode shape vector and g; represents the modal deflection. The modal
damping and natural frequency of mode i are denoted by {; and w;, respectively. ©;(t)
is the modal projection of the aerodynamic load vector p(t) An on the mode shape ¢;. N
represents the number of mode shapes to be analyzed.

The in-house code HGAE integrates the flow solver and the structural solver described
above and can be run either coupled or uncoupled when conducting numerical simulations
of the forced response. The method selection is based on the blade size and the actual
vibration amplitude [41-43]. Compared with fan blades with large aspect ratios, the rotor
blades of the turbine stage in this paper usually have smaller amplitude vibrations, so the
selection of the uncoupled approach is appropriate [31,44]. In the uncoupled solver, the
blade motion will not be considered. During preprocessing, HGAE interpolates the mode
shapes of the rotor blades onto the fluid mesh. The data exchange between the structural
and fluid boundaries (e.g., transient pressures) takes place at each time step during the
uncoupled computation. The unsteady pressures on the blades are all converted to modal
forces (Equation (6)) by HGAE.

O:(t) = Y11 i (DA )p; (1), )

where j is the node index. The strength of the modal forces for a particular mode is deter-
mined by the pressure perturbation and the correlation between the pressure perturbation
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and the structural mode shape. The actual time histories of the modal forces will be output
when the uncoupled solver calculations are completed. The response strength of the rotor
blade can be obtained by post-processing the modal forces.

3. Grid Independence and Code Verification
3.1. Grid Independence

Figure 1 illustrates the computational domain of the turbine stage. The inlet bound-
ary is 1 Cas (stator chord) away from the leading edge of the stator vanes, and the in-
let total pressure and total temperature are 510,000 Pa and 1480 K. The static pressure
(237,000 Pa) is applied to the hub (radial pressure equilibrium) at the outlet boundary,
which is 2 Car (rotor chord) away from the trailing edge of the rotor blades, in order to
ensure the non-reflecting boundary condition.

2Car

Outlet
Inlet

Rotor blade
Stator vane

Figure 1. Computational domain of the turbine stage.

The computational domain of the turbine stage was meshed using structured hexa-
hedral elements and grid independence was achieved by considering five different grid
configurations. All the solutions in the grid-independence study were single-passage steady
solutions at the design operating conditions (Table 1). A mixing plane was used for the
interfaces between the stator and the rotor rows, and periodic boundary conditions were
defined for the stator and rotor rows. The aerodynamic performance of the turbine stage
with different grid configurations was evaluated in terms of static pressure distribution on
the blade surface, exit flow angle, expansion ratio, aerodynamic efficiency, and mass flow
rate, respectively. In this paper, only the results on mass flow rate, aerodynamic efficiency,
and expansion ratio are shown in Figure 2.
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Mesh Level(1-5)

Figure 2. Grid independence analysis.
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Stator row

Rotor row

Based on the considerations of accuracy and computational cost, the Level 3 grid
configuration was selected for subsequent analysis in this study. The chosen grid has
1,084,020 total nodes in the single-passage turbine stage, in which the stator and rotor rows
employ 69 x 85 x 37 and 61 x 101 x 25 grid distributions in the streamwise, spanwise,
and pitchwise directions, respectively. The number of mesh points in the two blade rows is
590,835 and 493,185, respectively. The near-wall grid resolution with y* < 1 satisfies the
requirements of the SST k-w turbulence model.

3.2. CFD Code Verification

CFD code verification is carried out by comparing the simulation results between the
in-house code and the commercial software (NUMECA 17.1). Due to the aerodynamic
excitation (wake and potential field, etc.), and aerodynamic performance that are the
focus of this paper, the accuracy of the HGAE is confirmed in terms of the static pressure
distribution on the blade surface, the exit secondary flow, the pressure field at the S1 flow
surface, and the aerodynamic performance of the turbine stage, respectively. The results of
both CFD codes are in good agreement. In this section, only the results of aerodynamic
efficiency and expansion ratio are shown (Table 2). Among them, the aerodynamic efficiency
is defined as follows:

4

ht in — ht out
— tim  Tout 8
htin_htisout ( )
where h; j, and h; o4+ are the total inlet enthalpy and total outlet enthalpy, and #; j5 o is the
isentropic total enthalpy at the outlet.

Table 2. The simulation results of different CFD codes.

Parameter Aerodynamic Efficiency Expansion Ratio
HGAE 0.8954 1.7616

NUMECA 0.8988 1.7587
Error 0.378% 0.165%

4. Damaged Stator Vane Case

As mentioned above, smaller trailing edge notches may generally occur earlier, and the
surface temperature distribution of the turbine vane also typically shows high temperatures
in the midspan of the trailing edge [23,24]. In this study, a curved trailing edge notch with
a maximum damage depth of 12% chord length was used, and the damage in the spanwise
direction ranged from 34-69% blade height (Figure 3a). Damaged vane geometry was
modeled in UG by cutting the original vane with a three-dimensional (3D) cone. Compared
with the undamaged vane, the mesh of the damaged vane was locally encrypted to identify
the unsteady flow features near the notch (Figure 3b).

Damaged vane

(a) (b)

Figure 3. Diagram of damaged vane. (a) Damaged vane in the turbine stage; (b) Mesh for damaged vane.
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Furthermore, in this paper, a turbine stage case without a damaged stator vane is
noted as Baseline case, and Damage case represents a turbine stage case with a damaged
stator vane.

5. Rotor Campbell Diagram

Campbell diagrams are a common method to identify the operating conditions of
rotor blade resonance response. The excitation frequency lines are plotted at a fixed slope
determined by the rotational frequency (and its multiples), which represent the frequency
of each engine order (EO). The natural frequency lines are obtained by using the finite
element method to perform a modal analysis of the rotor blade at different speeds.

The finite element model of the rotor was established using hexahedral elements by
only applying fixed constraints to the blade root (Figure 4). The selected blade material has
155 GPa elastic modulus, 0.31 Poisson’s ratio, and 8.44 g/cm? density. The first modal shape
obtained from modal analysis in ANSYS are shown in Figure 5. The Campbell diagram of
the turbine stage is presented in Figure 6, where the first four orders of natural frequency
lines are given.

Root fixed

Figure 4. Finite element model of the rotor.

Figure 5. First modal shape (M1).

The rotor blade is excited by the upstream wake and potential field, so the dominant
vane passing frequency (VPF) in the flow field is 16 (number of stator vanes) times the
rotational frequency, which corresponds to the 16EO excitation line in the Campbell dia-
gram. The 16EO excitation line will excite the 16 node diameter (ND) response of the rotor
blade. In the Campbell diagram, the 16EO excitation line intersects the second-order mode
(M2/16ND) (solid green line) at 68% 1 4s;q, (red star). This indicates that the stator VPF
will induce the M2 /16ND resonance, which is the rotational speed at which the preliminary
unsteady CFD calculations are carried out. Meanwhile, it should also be noted that there
also exists an intersection of the 3-5 EO excitation line with the first-order mode (M1) (red
solid line) in the range of 60-100% 114, (blue stars). If external aerodynamic excitation
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at these orders exists, LEO resonance of the rotor blade can be induced, and it becomes
particularly important to assess the resonance risk, which is the main subject of this study.

6000
- M4
5000 |- m3
B 16EO
4000 |-
N L
5 |
= |
g -
£ 3000 |-
=]
3 |
o i
L 2000
5E0
1000 4EO
3EQ
2EO
6 1EO
%0 70 90 100

80
RPM(%)
Figure 6. The Campbell diagram of the rotor blade.

6. Results
6.1. Identification of LEO Excitation Components

The first major step in assessing the level of LEO forced response induced by the
damaged stator row is to identify the LEO aerodynamic excitation components in the flow
field. Then, a subsequent study is conducted by determining the rotational speed for the
LEO resonance risk through Figure 6. Therefore, the preliminary numerical investigations
are full-annulus unsteady calculations using HGAE for the Baseline case and the Damage
case at 16EO crossing speed (687% 74s;¢,)- The full annular mesh is obtained by rotationally
duplicating the single passage mesh, and the number of full annular mesh points for
the turbine stage is about 32 million. The sliding plane is employed to allow the wake
disturbances and potential field disturbances of the stator row to propagate to the rotor
row, and Figure 7 shows the full annular mesh of the Baseline case.

Vane Row

‘ A i » "Rotor Row
] 47 Blades

Figure 7. Full annular mesh of Baseline case.

The converged solution of the steady simulation for the full annular flow field of the
turbine stage is used as the initial flow field for the unsteady calculations. The unsteady
calculation employs Jameson’s dual time-stepping. Considering the calculation accuracy
and time cost, the time step of the unsteady calculation is set to be 3.787 x 10° s. It takes
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32-time steps for the rotor blades to turn through 1 rotor pitch and about 94 steps to turn
through 1 stator pitch. There are two main criteria for the selection of the initial iteration
steps, the first is that the dominant aerodynamic parameters (inlet and outlet flow rates,
efficiency, axial force, etc.), show significant time periodicity with the time step iteration,
and the second is that the dominant aerodynamic parameter decreases by at least 102
within the 15 sub-iteration steps. Considering that the unsteady flow field of the turbine
stage mostly needs to be post-processed on the computational data of the entire cycle, the
total iteration step will be one rotation cycle more than the initial iteration step.

One of the primary techniques for analyzing the frequency components of the aerody-
namic excitation in a flow field is to perform a Fourier transform of the unsteady pressure.
The preliminary analysis of the excitation components was carried out in Baseline case.
The time and frequency domains of the transient pressure during a single rotation cycle at
a monitoring point of the rotor blade are shown in Figure 8. The rotor blades are subjected
to the stator wake and potential field, and the transient pressure profile shows pressure
pulsations of equal amplitude with 16 periods (Figure 8a). The main harmonic (Figure 8b)
in the frequency domain results also appears at 16EO, which is the VPF. And the amplitude
of the second-order harmonic (32EO) decreases to 1/7 of the amplitude at 16EO. There
are no low-order aerodynamic excitations in the Baseline case, except for the frequency
components associated with the stator VPF.

350,000
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© r
2 310,000
Y r
e r
S 200,000 |-
* N
@ r
£ 270,000
n_ -
- N
$ 250,000
2 A
S 230,000
© r
L r
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C 1 1 1 1
180,000 0.2 0.4 0.6 0.8 1
A single rotation cycle
(a)
48,000
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42,000 |-
©
Q36,000
[
S
S 30,000 |
7]
7]
L 24000
o
€
& 18000 F
2
S 12,000
=

6,000 [ 32EO0

o bl " " Ll " " A 1 A e A A LUk i I ' " " " " A " " " A A sl
12 3 4 5 6 7 8 9 10 11 121314151GE161319202122232425262728293031 32 33 34

(b)

Figure 8. Results on the transient pressure for Baseline case. (a) Time domain; (b) Frequency domain.

For the Damage case where a damaged blade exists in the stator row, the time domain
profile of the transient pressure during a single rotation period (Figure 9a) exhibits a single
region of high transient amplitude over 16 pulsating periods. The frequency spectrum plot
(Figure 9b) exhibits much more noteworthy excitation components.
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Figure 9. Results on the transient pressure for Damage case. (a) Time domain; (b) Frequency domain.

In addition to the VPF and its multiples consistent with those in the Baseline case
(Figure 8), multiple LEO excitation components can be found. The amplitudes of 1-3 EO are
high, about 1/7 of the amplitude of the VPF (16 EO), which is even greater than or equal
to the amplitude of the 2VPF (32 EO). As can be seen in Figure 6, a single damaged vane
produces three resonance risks to the turbine stage on the 1st mode (M1) in the 60-100%
Ngesign: 3EO crossing speed (96% 1 esign), 4EO crossing speed (73% 1esign), SEO crossing
speed (60% 1 esign)- Whether a single damaged blade presents a potential danger to the
safe operation of the turbine stage needs to be determined by calculating the resonance
response at each resonance rotational speed.

6.2. Aeroelastic Simulation for Evaluating Response Levels

Preliminary unsteady calculations show important findings that there are three LEO
resonance risks in the turbine stage when a single vane is damaged. The Campbell diagram
can only determine the operating speeds at which resonance is likely to occur; it cannot
obtain the response intensity at the resonant speeds. Meanwhile, it is difficult to avoid all
the resonance conditions in the Campbell diagram in engineering applications, especially
the risk of sudden LEO resonance in the 60-100% 7,¢s;¢, range in this study. Therefore, it
is very important to conduct further aeroelastic calculations using HGAE to evaluate the
response level of the three resonance conditions.

Similar to the setup of the unsteady simulation, the initial flow field for the aeroelas-
ticity calculations at each resonance condition uses the converged solutions obtained in
the steady simulation of the full annular flow field. To ensure the unsteady simulation
accuracy for different resonance conditions, it is still set as the standard of unsteady time
step that “it takes 32-time steps for the rotor blade to turn through 1 rotor pitch, and 94-time
steps to turn through 1 stator pitch”. The unsteady time steps for the three LEO resonance
conditions, 3EO crossing, 4EO crossing, and 5EO crossing, were set to be 2.672 x 10=%s,
3.549 x 107% s, and 4.317 x 10~ s, respectively.
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In addition, in order to better reflect the LEO resonance intensity, aeroelastic calcu-
lations were also performed for the 16EO crossing of Baseline case. The unsteady time
step is set to 3.787 x 107% s, and the response level in this case is considered as the baseline
response. The total iteration steps for the aeroelastic calculations were set in the same way
as in the case of the unsteady aerodynamic calculations.

Assessing the resonance response level can generally be quantified by calculating the
maximum vibration amplitude, which can usually be calculated using the generalized
blade deflection equation [42—44]:

®Qq>max
wy?

Ximax = 7 )
where @ is the amplitude of the modal force at the relevant frequency after obtaining
the periodic solution; the value of the maximum modal shape obtained from the modal
analysis is denoted as ®,;,4y; and the Q factor, which represents the aerodynamic damping
(structural damping is not considered in this paper), is defined as follows:

1

where the aerodynamic damping ratio ¢ can be obtained by flutter analysis (coupled
approach).

The response of each case is normalized by the maximum vibration amplitude X,y paseline
of the 16EO crossing in the Baseline case. The normalized maximum vibration amplitude
Xinax,nor 1s defined as follows:

Xmax

max,baseline

Xmux,nor - X (11)

The normalized response Xy;4x,10r for each LEO resonance condition is given in Table 3.
The results show that the response of the 3EO crossing is 2.01 times that of the baseline
response excited by the VPE. The responses of the 4EO crossing and the 5EO crossing also
reach 1.797 and 1.804 times the baseline response, respectively.

Table 3. Comparison of Xyx,nor for different cases.

Case (NDs) EO Excitation Resonant Speed Xomax,nor
Ba(sl‘zhlr\‘l‘];‘;‘;se 16 EOs 68% Mgesign 1
Dag‘;‘fgsc)ase 3EOs 96% Hesign 2.009
Dag;g[e)gfse 4 EOs 73% Mgesign 1.797
Da(r;‘al\}o’gsc)ase 5EOs 60% Mgesign 1.804

Aeroelastic calculations for resonance conditions demonstrate that an individual
damaged vane induces the LEO resonance response of the rotor blade. The response
level is much higher than the intensity of the resonance response excited by the VPF,
which seriously jeopardizes the safe operation of the turbine stage. To detect the failure of
individual damaged vane earlier in engine operation and to better avoid or take measures
to mitigate the possible LEO resonance response problem, it is imperative to explore the
physical mechanism of LEO forced response of rotor blades induced by a single damaged
vane. This study will also provide ideas for troubleshooting after engine failures occur.
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6.3. Discussion on Flow Mechanisms

Differing from self-excited vibration, the main characteristic of forced response is
the presence of external excitation, and the LEO forced response induced by a single
damaged vane is caused by the upstream unsteady flow (wake and potential field). A
better understanding of the unsteady flow helps to develop the aerodynamic measures that
control aerodynamic excitations and hence blade responses. Therefore, the identification
of the wake and potential field and their interactions is key to understand the underlying
mechanism. The next section focuses mainly on the unsteady flow in the turbine stage
to assess and understand the aerodynamic excitation mechanism that induces the LEO
forced response.

The flow fields around the undamaged and damaged vanes are shown in Figure 10,
respectively. The notch of the damaged vanes is located from 34% to 69% span. Therefore,
multiple S1 planes were intercepted near the mid-span along the spanwise direction to
characterize the flow at the stator vane passage and outlet. Transient pressure contour
plots were applied to these S1 planes. A blade stack design that considers radial pressure
equilibrium results in a gradual increase in transient pressure at the trailing edge of the
stator outlet from the hub to the shroud (root to tip). This pressure gradient across the
spanwise direction is represented as the blue arrow in Figure 10a. The limiting streamlines
on the suction side of the blades and the 3D streamlines near the trailing edge are then
used to identify the secondary flow characteristics of the aft passage in the stator row.

Transient pressure (Pa) 240,586 245,911 291,236 316,560 341,885 367,210 Transient pressure (Pa) 240,586 245,911 291,236 316,560 341,885 367,210

(a) (b)
Figure 10. Exits for different stator vanes. (a) The undamaged vane; (b) The damaged vane.

The limiting streamlines of the undamaged vane surface can be seen as the shroud
passage vortex (SPV) and the corner separating vortex (CSV) at the hub. The SPV is
formed at the front of the passage, and it keeps on entraining the low-energy fluids outside
of the boundary layer on the shroud and vane suction surfaces during its propagation
downstream. It eventually flows out of the stator passage in the direction of the red arrow
shown in Figure 10a, influenced by the radial pressure gradient. The limiting streamline
of the vane surface curving upstream in the red circle in Figure 10a is the trace of the SPV
flowing out at the trailing edge of the stator vane.

The flow characteristics of the trailing edge for the damaged vane (Figure 10b) are
different from the studies of previous literature where extensive damage to the trailing
edge existed [24-26]. Interestingly, there is no significant large-scale separation in the notch
cavity of the turbine vanes in this study. However, the notch of the vane causes fluids near
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the vane to leave the trailing edge prematurely, and the expansion of the flow is weakened.
The still higher transient pressure fields near the pressure and suction surfaces converge at
the trailing edge, creating a localized high-pressure region. The deeper the notch depth,
the higher the transient pressure at the trailing edge, which is evident in the current curved
notch. The region in the notch cavity has the highest transient pressure where the notch
depth is maximum at mid-span. In the spanwise direction from the midspan to the end
wall, the expansion degree of the fluid near the blade gradually recovers as the notch depth
decreases. It results in a localized bi-directional radial pressure gradient across the span of
the notch. This contrasts with the unidirectional radial pressure gradient (nearly monotonic
down-pressure trend from the shroud to the hub) at the trailing edge of the undamaged
blade, as indicated by the blue arrow in Figure 10a,b.

The SPV flows from the upper part of the passage toward the mid-span in a normal
path (red arrows in Figure 10b). When flowing to the notch edge, the SPV flips toward the
shroud under the influence of the adverse pressure gradient generated by the localized
high-pressure region of the notch. When it moves to the upper edge of the notch, it is
again subjected to the adverse pressure gradient and flips back, forming a secondary vortex
that rotates clockwise. Meanwhile, this secondary vortex induces a separating vortex (SV)
that rotates counterclockwise around the vortex core due to the shear interaction of the
boundary layer on the blade surface above the SPV. Compared with the undamaged blade
passage, the SPV and SV at the exit together form a higher entropy production region with
more concentrated and larger losses in the upper part of the span. This can be visualized
in a contour plot of entropy [31,45,46] at the stator row exit (Figure 11). The entropy
production AS is defined as:

T
AS=Cyln — — RoIn —. 12
P Tref 8 Pref 12

Csv

Adjacent passages of damaged vane

B | | . H

AS(J/kg/K) 293.37 307.034 320.698 334.362 348.026 361.69

Figure 11. Contour of entropy production at the stator exit for Damage case.

Various types of viscous losses (passage vortex/corner separation, etc.), are shed /mixed/
developed at the trailing edge and together they form the wake at the exit of the stator row.
Entropy is also generally used to track or characterize the wake, so the contours of entropy
in Figure 11 represent the wake distribution at the outlet of the stator vane. Total pressure
or velocity characterization of the wake has also been considered in quantifying the wake
strength. However, the total pressure loss can be used as a proper characterization for
aerodynamic loss only in a steady flow, and the entropy wake is more accurate in non-
stationary calculations [47]. In addition, since the velocity wake will include the velocity
change in the mainstream, it does not simply characterize the velocity deficit of the wake.
Therefore, entropy is finally chosen as the main means of tracing the wake in this study.
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Damage to the vane trailing edge created a radial pressure gradient in both directions
(Figure 10b). The pressure gradient from the center of the notch to the shroud induced the
SPV to flip toward the shroud. Meanwhile, the boundary layer was induced to generate the
SV, creating a more concentrated region of high entropy production. In combination with
Figures 10 and 11, it can also be observed that the pressure gradient from the center of the
notch to the hub then drives the hub passage vortex (HPV) to travel in the radial direction
toward the hub. As the flow reaches the lower edge of the notch, there is no adverse
pressure gradient as there is at the upper edge. The HPV continues to flow obliquely
downward out of the stator passage under the action of the favorable pressure gradient.
More, the radial movement of the HPVs also causes the CSVs to be squeezed. The CSVs
are closer to the hub, and their impact area is significantly reduced. The radial movement
of the multiple vortices described above ultimately causes the wake profile of the damaged
vanes to be significantly different from the other undamaged vanes, which can lead to an
uneven distribution of the stator exit wake in the circumferential direction.

Extracting wake profiles at specific radial locations helps to deepen the understanding
of the circumferential distribution of wake disturbances at stator exit. Figure 12 illustrates
the circumferential distribution of entropy production at 10%, 25%, 45%, 65%, 75%, and
85% spans. To compare the entropy production distributions for all spans in a single figure,
the entropy production curves for different spans are shifted along the vertical axis, and
the values of the vertical axis in Figure 12 do not represent the true entropy production
for different spans. The damaged vane wake exhibits three main features compared to
the undamaged vane wake: (1) the wake strength is essentially the same at 85% span;
(2) the aerodynamic loss is higher, and the wake strength increases at 25% and 75% spans;
and (3) the wake strength weakens at 10%, 45% and 65% spans. The radial redistribution
of the different secondary vortices at the exit of the damaged vanes leads to a different
entropy production in these spans than in the undamaged vanes. Apparently, this is one of
the reasons for the generation of low-order harmonic components at the stator row exit.
Similarly, the localized high static pressure region at the trailing edge of the damaged vane
may also be one of the sources of the low-order harmonic components in the flow field.

L NI AN | NI NN NN NI N N N NN
_UULLJUUUUUUUUL—JL—JULH% span
65% span

LA A A fess epan

25% span

AS(J/kg/K) 293.37 307.034 320.698 334.362 348.026 361.69

10% span

(S Ter s

-5 2 0o 1 2 3
nTheta
Figure 12. The circumferential distribution of entropy production at 10%, 25%, 45%, 65%, 75%, and

85% spans.

The association between wake and entropy production has been described above, and
either the circumferential uniform or non-uniform pressure distribution is regarded as a
potential field perturbation by the downstream rotor blades. The aerodynamic excitation
of rotor blades in the current subsonic turbine stage mainly comes from the stator row
potential field disturbance and wake disturbance. The unsteady flow characteristics at
the trailing edge of the damaged vane are dominated by the localized high static pressure
region and the radial redistribution of the secondary vortices. They will lead to the non-
uniform circumferential distribution of transient pressure and entropy. Analyzing the
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harmonic components of the potential field and wake at the stator row exit is an important
procedure to reveal the LEO excitation mechanism.

The spatial DFT of entropy and transient pressure distribution at the stator row exit
can be used to analyze the spatial harmonic components of the exit wake and potential
field to determine the disturbance sources (wake and potential field) in the stator row with
damaged vane. According to the spans that may have low-order harmonic components in
Figure 12, spatial DFT was performed on the entropy and transient pressure contours for
10%, 45%, 65%, and 75% spans at the stator row exit (Figures 13 and 14).
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Figure 13. Spatial DFT of transient pressure distribution at the stator exit.
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Figure 14. Spatial DFT of entropy production distribution at the stator exit.

In Figures 13 and 14, the spatial harmonic components of both the Baseline case and
the Damage case are dominated by 16 and its multiples (32) related to the vane counts, but
there is a significant low-order harmonic component in the Damage case. Moreover, it is
important to note that only one damaged vane exists in the current stator row. However,
both the wake and the potential field have a family of low-order harmonics. The 2nd and
3rd orders with higher amplitudes may be related to the influence of the damaged vanes in
the adjacent passages, and the other lower order harmonics are present as multiples of the
1st-3rd orders.
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A damaged vane produces transient pressure and entropy with non-uniform cir-
cumferential distribution, which gives rise to the spatial DFT spectral distribution with
low-order harmonics at the stator row exit. These low-order harmonics propagate down-
stream and eventually act on the rotor blades and become the main source of unsteady
pressures on the rotor blade. Figure 15 shows a schematic diagram of the S1 flow field
at 50% span at 3EO crossing superposing the contours of the entropy and transient static
pressure. The black entropy contours are used to trace the wake, while the background
cloud of transient static pressure characterizes the potential field.

e | N

Transient pressure (Pa) 139,286 196,267 253,248 310,229 367,210

Figure 15. Schematic diagram of S1 flow field at 50% span at 3EO crossing.

The unsteady effect of stator row disturbances on the rotor row is obvious. With
each rotation of the rotor blades through the stator row potential field and wake, the
circumferentially unevenly distributed velocity field /pressure field in the absolute reference
system is regarded as a distorted incoming flow in the rotor reference system. The periodic
relative rotation of the two blade rows causes periodic variations in the transient pressure
on the rotor blade surfaces (Figures 8 and 9). As mentioned above, the time domain curve
of transient pressure on rotor blades in the Baseline case (Figure 8) shows 16 complete
sinusoidal periods (corresponding to the vane counts) with more consistent amplitudes
of peaks and troughs. However, in the Damage case (Figure 9), the time domain curve of
transient pressure contains only 13 similar sinusoidal periods, and the other 3 sinusoidal
periods have different amplitudes of peaks and troughs. Combined with the analysis of
the flow field at the stator exit (Figures 10-14), the damaged vane causes a variation in the
perturbation strength of the potential field and wake in the two passages adjacent to the
pressure and suction sides.

More, the low-order harmonics of the stator row wake and potential field perturba-
tions may not contribute to the LEO resonance response of the rotor blades to the same
extent. Determining the contributions of the wake flow and potential field to the aerody-
namic excitation of the blade surface can help to provide insight into the LEO excitation
mechanism induced by a single damaged blade. If damage occurs at other spans than
the midspan on the blade in the engineering, this underlying mechanism may be used to
identify the resonance risk in advance of blade failure.

Figure 16 illustrates the amplitude distribution of the aerodynamic excitation for
3-5 EO on the rotor blades. The results show that the distribution patterns of 3-5 EO
aerodynamic excitation on the suction surface of the rotor blades are almost the same, and
only the amplitude of each region is somewhat different. This suggests that the interaction
mechanisms of different orders aerodynamic excitation may be similar, and it is feasible to
analyze 3EO aerodynamic excitation as an example.



Entropy 2024, 26, 4

17 of 25

FFT(Transient pressure (Pa))

5698.09
5381.53
5064.97
4748.41
4431.85
4115.29
3798.73
3482.17
3165.61
2849.05
2532.49
2215.92
1899.36
1582.8

1266.24
949.682
633.122
316.561

‘4
|
C/ ‘
! |
f f
/ i
3EO 4EO SEO

Figure 16. The amplitude of 3-5 EO excitation on rotor blades.

The regions affected by different EOs aerodynamic excitation are shown as the leading
edge of the suction surface on the rotor blade (blue ellipse) and the mid-rear part of the
blade (orange ellipse). The blade leading edge exhibited the LEO aerodynamic excitation
at the whole span, with the highest magnitude of aerodynamic excitation at the mid-span
of the blade (red ellipse). This is extremely similar to the radial distribution of the stator
wake and potential field. It can be preliminarily presumed that the perturbations at each
span at the stator exit propagate along the axial direction and will subsequently impinge
on the leading edge of the rotor. The localized high-pressure region of the potential field in
mid-span may contribute to the highest excitation amplitude in the mid-span of the rotor
blades. In addition, another region with high amplitude exists at 40-60% axial chord of
the rotor blade. In combination with Figure 15, the propagation of stator wake disturbance
and potential field disturbance in the rotor passages may also be one of the aerodynamic
sources of localized LEO excitation on the rotor blades.

The excitation mechanism of the stator row wake and potential field disturbances on
the rotor blade surface are discussed in Figures 17 and 18 to explain the sources of the
high amplitude regions in the excitation distribution on the blade surface in Figure 16. The
fluctuating pressure in this paper is obtained by subtracting the time-averaged pressure of
one rotor revolution from the transient pressure. The horizontal coordinates in the time—
space diagram (Figure 18) represent the time scale (iteration steps), which is characterized
by the time step range comparable to the time required for the rotor to rotate through five
rotor passages. Each rotation of the rotor blade through one rotor passage is defined as one
time period T, so the horizontal coordinate represents a time step ranging from 0 to 5T. In
addition, the time scale for the rotor to rotate through six rotor passages is similar to the
time it takes for the rotor to rotate through two stator passages. The vertical coordinates in
the time—space diagrams then represent the transient pressure distributions at 50% span
for the pressure surface (PS) and suction surface (SS) of the monitored rotor blades (blades
marked by red circles in Figure 17). The corresponding positions of the PS and the SS are
labeled in the figure. Each high- or low-pressure region has been noted with a letter, where
P means potential field excitation and W represents wake excitation.

When Time = 0 (Figure 17a), the monitored rotor blade approaches the stator trailing
edge and it is going to be impacted by the high-pressure region of the potential field of
the stator trailing edge. Then during the time from Time = 0 to Time = T (Figure 17b), the
rotor makes a complete rotation through the high-pressure region of the tailing potential
field. This is a process of gradual approaching and leaving of the high-pressure potential
field for the rotor leading edge, which is reflected in the high amplitude region P1 for the
time—space diagram (Figure 18a). Meanwhile, the blade pressure surface is impacted by
the high amplitude of the stator potential field at the T moment that forms the P3 region.
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Transient pressure (Pa) 139,286 196,267 253,248 310,229 367,210

Rotor rotation Time: T Rotor rotation
—— C——

Time:

Time:

5/4T

2T

Rotor rotation Time: 13/8T Rotor rotation
——

(d)

Rotor rotation Time: 9/4T Rotor rotation
—— ——
(e) (f)

Figure 17. S1 flow field of turbine stage at multiple time steps. (a) Time = 0; (b) Time = T; (c) Time = 5/4T;
(d) Time = 13/8T; (e) Time = 2T; (f) Time = 9/4T.

As the time comes to Time = 5/4T (Figure 17c), the upstream stator vane wake
gradually approaches the leading edge of the monitored blade. As the rotor blade continues
to rotate, the upstream stator blade wake will be cut into two parts by the rotor blade. One
part of the wake directly impinges on the pressure leading edge of the rotor blade and then
propagates downstream along the pressure side passage of the monitored blade. When the
rotor continues to rotate, this portion will continue to act on the rotor pressure surface and
form the W2 region.

Another portion of the wake enters the suction side passage of the monitored blade
during the time period from Time = 5/4T to Time = 13/8T (Figure 17d). Due to the effect of
the crosswise pressure difference between the pressure and suction surfaces in this passage,
the wake propagates downward from the leading edge along the blade profile, and this
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Fluctuating pressure (Pa) -31,656 -18,993.6 -6,331.2 6,331.2 18,9936 31,656

process forms the W3. Meanwhile, in the time period from Time = 13/8T to Time = 2T
(Figure 17e), the leading edge of the monitored rotor blade is located downstream of the
main flow passage of the stator row, and the low-amplitude region of the potential field
attacks the leading edge of the rotor to form the P2 region. Finally, at Time = 2T and
Time = 9/4T (Figure 17f), the low-amplitude region of the potential field will also directly
enter the rotor passage to impact the blade pressure surface to form the P4 region.

Transient pressure (Pa) 126,624 177,274 227,924 278,573 329,223 379,873

() (b)

Figure 18. Time-space diagram of rotor blade for Baseline case: (a) Fluctuating pressure; (b) Transient
pressure.

In addition, near the trailing edge of the suction surface, the time-space diagram of
the fluctuating pressure shows alternating high and low amplitudes. By analyzing the
transient pressure time-space diagram (Figure 18b), these alternating pressures are caused
by the change in the position of the shock wave on the suction surface. Although there
is a subsonic flow between the stator and rotor rows, there is no shock wave interference.
However, the rear part of the rotor passage is transonic flow and there is a shock wave
(obvious pressure spike demarcation—red solid line). Since the position and intensity of
the shock wave depend on the Mach number (Ma) prior to the shock wave, the potential
field and wake acting on the suction surface of the rotor (especially the w3 of the velocity
deficit) will inevitably result in a variation of Ma. This ultimately results in the periodic
shift in the position of the shock wave on the blade surface observed in Figure 18b.

Figure 19 shows the time—space diagrams of fluctuating and transient pressures at
the blade surface of the monitored rotor at 50% span for the Damage case. By comparing
with the Baseline case time—space diagrams, the source of the high amplitude region of the
low-order excitation on the blade surface in Figure 16 is analyzed.

First, the localized high pressure in the notch cavity of the damaged stator (Figure 10b)
leads to an increase in the intensity of the level of the potential field acting on the leading
edge of the rotor, which is reflected in the enhancement of the high amplitude P1 dominated
by the potential field. In addition, the radial redistribution of the secondary vortices due
to the radial pressure gradient (Figure 11) leads to a significant weakening of the wake
intensity in the midspan. This corresponds to a diminished W3 in the front-middle of the
suction surface. It is confirmed by the weakening of W2 at the pressure surface of the
monitored rotor blades. The weakening of leading edge P2 may be related to the expansion
of the adjacent passage of the damaged vane. In addition, changes in the strength of the
wake and potential field will also significantly change the intensity and location of the
shock wave at the suction surface (Figure 19b). These flow field variations described above
ultimately become the source of the low-order excitations in the blade surface in Figure 16.
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Figure 19. Time-space diagram of rotor blade for Damage case: (a) Fluctuating pressure; (b) Transient
pressure.

Thus far, the low-order harmonic excitation at the exit due to the single damaged
vane acts mainly at the leading edge of the rotor blade and the mid-chord area of the
suction surface, but the interaction mechanism is not the same at the two regions. The
high amplitude of low-order excitation at the leading edge presents the combined effect of
multiple perturbations dominated by the potential field. The high amplitude of low-order
excitation at the middle chord is closely related to the variation of the intensity and position
of the shock wave due to the propagation of the stator row perturbation in the rotor row.

As known from previous work [31], the strength of the LEO aerodynamic excitation
is determined by the variation level in the average value of the transient pressure. The
inconsistency in the interaction mechanism between these two regions can also be identified
by the time domain diagrams of the transient pressure curves. The transient pressure was
monitored by picking up a point (Figure 16) in the high amplitude region of the leading
edge of the rotor blade and the mid-chord of the suction surface, respectively. The transient
pressure at the leading edge point (Figure 20) exhibits increased peaks and valleys shape
as the point passes through the damaged vane passage (Black dashed box). The increase
in the average transient pressure is the source of the LEO excitation with high amplitude.
This also coincides with the localized high-pressure region of the trailing edge notch of
the damaged vane (Figure 10b) and the P1 region in Figure 19a. It also verifies that the
low-order aerodynamic excitation at the rotor leading edge is mainly caused by multiple
perturbations dominated by the potential field impinging on the rotor leading edge.

In contrast, the transient pressure of the monitoring point at the mid-rear of the suction
surface (Figure 21) exhibits a reduction in the peaks and troughs of the transient pressure as
it passes through the passage of the damaged vane (Black dashed box). The average value
reduction of transient pressure is responsible for the LEO excitation with high amplitude at
this region. This just confirms that the stator row disturbance propagating through the rotor
row causes a weakening of the shock wave at the rear of the blade as mentioned above. In
short, on the one hand, since present engine designs usually pursue smaller axial spacing,
this may worsen the resonance risk caused by sudden vane damage. On the other hand,
the inconsistency in the excitation mechanisms at different regions of the rotor blade may
make the selection of aerodynamic measures to control resonance response more cautious
in the future. For example, the adjustment of aerodynamic measures (solidity, axial spacing,
etc.), for the leading edge, which is dominated by the potential field excitation, may not
necessarily have a positive effect on the excitation level at the rear of the rotor blade. This
needs to be focused on in future studies.
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Figure 20. Time histories of transient pressures at leading edge points of the suction surface.
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Figure 21. Time histories of transient pressures at the mid-rear point of the suction surface.

6.4. Aerodynamic Performance

Understanding the aerodynamic performance is also important to ensure high-efficiency
operations and detect faults in time during turbine stage operation. The aerodynamic effi-
ciencies of the different cases for the 3EO crossing are shown in Table 4.

Table 4. Comparison of aerodynamic performance.

Case Mass Flow (kg/s)  Expansion Ratio Stage Aerodynamic Efficiency
Baseline case 26.0776 1.755 89.589%
Damage case 26.1333 1.753 89.563%

Error 0.213% —0.119% —0.018%
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Compared to the Baseline case, the change in aerodynamic efficiency after vane
damage (Damage case) is very small, decreasing by only 0.018%. Such a performance
fluctuation may be ignored in engineering. Unfortunately, a single damaged vane greatly
increases the LEO resonance risk. Then, if trailing edge damage occurs to one vane at
a stator row during engine operation, this failure may not be easily detected due to the
insignificant change in aerodynamic efficiency. However, the vibration risk at the high level
that it brings can greatly endanger the safe operation of the engine.

7. Conclusions

In this paper, a full annulus unsteady aeroelastic simulation of a single-stage turbine
is carried out using an in-house CFD code. The effect of a single damaged vane of the
stator row on the LEO forced response of the rotor blade is investigated. Firstly, this
study finds that the damaged vane introduces multiple LEO harmonic components with
high amplitude, which will substantially increase the LEO resonance risk of the rotor
blades. Then the generation and interaction mechanisms of LEO aerodynamic excitation are
clarified in terms of detailed flow mechanisms. Finally, the danger level of a single damaged
vane is comprehensively evaluated in conjunction with the aerodynamic performance
changes. The main conclusions are as follows:

1.  Asingle damaged vane introduces not only 1EO excitation corresponding to damaged
vane count but also a family of LEO aerodynamic excitations ranging from 2-10EO. For
the single-stage turbine studied, the M1/3ND resonance response of the rotor blade
excited by 3EO is 2.01 times higher than that of the M2/16ND resonance response
excited by VPF. The resonance response of the corresponding ND excited by 4EO
and 5EO with lower amplitude also reaches 1.797 and 1.804 times the resonance
response excited by VPF, respectively, and the risk of blade fatigue failure of the blade
is greatly increased;

2. The wake and potential field are the main disturbances for current turbine rotor blades.
The localized high pressure in the notch cavity and the radial redistribution of the
secondary vortex at the stator exit caused by the damaged vane are the main reasons
for the generation of low-order harmonic components in the stator exit flow field.
With the axial propagation of wake and potential field disturbances through the blade
rows, the rotor blade surface is subjected to different intensities of LEO aerodynamic
excitation. Advanced engine designs generally aim for smaller axial spacing, which
may make the hazards caused by sudden blade damage more severe in the future;

3. This paper analyzes the excitation mechanisms of the whole rotor blade affected
by the damaged vane. The low-order harmonics at the stator outlet due to a single
damaged vane mainly act at the leading edge of the rotor blade and the mid-chord
of the suction surface, and the excitation mechanisms in the two regions are not the
same. The high excitation region at the leading edge exhibits the combined effect of
multiple disturbances dominated by the potential field. The high excitation region
at the mid-chord, on the other hand, is closely related to the weakening intensity
of the shock wave at the blade surface. The increase and decrease in the average
transient pressure are the main reasons for the higher LEO amplitude in the two
high excitation regions, respectively. This will require a more careful selection of the
various aerodynamic measures to control resonance response in the future.

This study comprehensively reveals, for the first time, the underlying mechanism of
LEO resonance response induced by the damaged vane of the stator row from the pertur-
bation source, aerodynamic excitation, to resonance response. This will help engineers
consider more appropriate aerodynamic measures to control the LEO resonance response in
blade design and provide them with theoretical support to develop more proper structural
designs to optimize the vibration behavior of rotor blades in the future. However, only
one damaged vane case was investigated in the current study. In engineering applications,
the number of stator vanes experiencing damage failure is often random. There might be
multiple vane damages with randomly distributed circumferential positions, and the inter-
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action of unsteady perturbations between blade rows will be more complicated. It is also
important to find out how to counteract these negative effects in future actual operations.
The above will be the focus of attention in future studies.

Author Contributions: Conceptualization, X.J. and H.Y.; methodology, X.J. and H.Y,; software, Y.Z,;
validation, Y.Z. and X.J.; formal analysis, X.J. and H.Y.; investigation, H.Y. and X.J.; resources, H.Y.
and Y.Z.; data curation, Y.Z.; writing—original draft preparation, X.J.; writing—review and editing,
X.J.; visualization, X.J.; supervision, H.Y.; project administration, Y.Z.; funding acquisition, Y.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science and Technology Major Project, China
(Grant No. 2017-1I-0009-0023).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors gratefully acknowledge the technical help from Qingzhe Gao at
Beihang University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Bréard, C.; Green, ].S.; Imregun, M. Low-engine-order excitation mechanisms in axial-flow turbomachinery. J. Propul. Power 2003,
19, 704-712. [CrossRef]

Vahdati, M.; Sayma, A.; Imregun, M. An Integrated Nonlinear Approach for Turbomachinery Forced Repsonse Prediction—Part
2: Case Studies. J. Fluids Struct. 2000, 4, 103-125. [CrossRef]

Mayorca, M.A.; Ozturk, R.B.U. Estimation of Burner Can Induced Excitation Levels in an Industrial Gas Turbine. In Proceedings
of the ASME Turbo Expo 2013: Turbine Technical Conference and Exposition, Volume 7B: Structures and Dynamics, San Antonio,
TX, USA, 3-7 June 2013. [CrossRef]

He, L.; Menshikova, V.; Haller, B.R. Influence of Hot Streak Circumferential Length-Scale in Transonic Turbine Stage. In
Proceedings of the ASME Turbo Expo 2004: Power for Land, Sea, and Air, Volume 5: Turbo Expo 2004, Parts A and B, Vienna,
Austria, 14-17 June 2004. [CrossRef]

Kovachev, N.; Miiller, T.R.; Waldherr, C.U.; Vogt, D.M. Prediction of Low-Engine-Order Excitation Due to a Nonsymmetrical
Nozzle Ring in a Radial Turbine by Means of the Nonlinear Harmonic Approach. ASME. J. Eng. Gas Turbines Power 2019,
141, 121004. [CrossRef]

Rodriguez, A.M.; Kauffman, J.L. A Low-Order Frequency-Based Exploration of Vibration Localization with Engine-Order
Excitation. Proceedings the of AIAA Scitech 2020 Forum, Orlando, FL, USA, 6-10 January 2020. [CrossRef]

Mattheij, ].H.G. Role of brazing in repair of superalloy components—advantages and limitations. Mater. Sci. Technol. 1985, 1,
608-612. [CrossRef]

Bendiksen, O.; Kielb, R.E.; Hall, K.C. Turbomachinery aeroelasticity. In Encyclopedia of Aerospace Engineering; John Wiley and Sons:
Hoboken, NJ, USA, 2010. [CrossRef]

Wang, S.S.; Mao, ].R,; Liu, G.W,; Feng, Z.P. Performance deterioration of the governing stage nozzle caused by solid particle
erosion in the steam turbine. Proc. Inst. Mech. Eng. Part A 2010, 224, 279-292. [CrossRef]

Granovskiy, A.; Manaev, I; Vassiliev, V.; Kissel, H. Effects of Blade Degradation on Turbine Performance. In Proceedings of the
ASME 2013 Turbine Blade Tip Symposium, ASME 2013 Turbine Blade Tip Symposium, Hamburg, Germany, 30 September-3
October 2013. [CrossRef]

Dewangan, R.; Patel, ].; Dubey, J.; Sen, PXK.; Bohidar, S.K. Gas turbines blades-a critical review of failure on first and second stages.
Int. ]. Mech. Eng. Robot. Res. 2015, 4,216. Available online: https://www.academia.edu/download /80220158 /ijmerr_v4n1_24.pdf
(accessed on 1 November 2023).

Giel, PW,; Shyam, V.; Juangphanich, P.; Clark, J.P. Effects of Trailing Edge Thickness and Blade Loading Distribution on the
Aerodynamic Performance of Simulated CMC Turbine Blades. In Proceedings of the ASME Turbo Expo 2020: Turbomachinery
Technical Conference and Exposition, Volume 2B: Turbomachinery, Virtual, 21-25 September 2020. [CrossRef]

Vahdati, M.; Sayma, A.IL; Imregun, M. Multi-stage Whole Annulus Forced Response Predictions Using an Integrated Non-linear
Analysis Technique—Part II: Study of a HP Turbine. J. Fluids Struct. 2000, 14, 103-125. [CrossRef]

Figaschewsky, F.; Giersch, T.; Kithhorn, A. Forced Response Prediction of an Axial Turbine Rotor with Regard to Aerodynamically
Mistuned Excitation. In Proceedings of the ASME Turbo Expo 2014: Turbine Technical Conference and Exposition, Volume 7B:
Structures and Dynamics, Diisseldorf, Germany, 16-20 June 2014. [CrossRef]

Hauptmann, T.; Aschenbruck, J.; Seume, ].R. Forced Response Excitation due to Stagger Angle Variation in a Multi-Stage Axial
Turbine. Int. J. Gas Turbine Propuls. Power Syst. 2017, 9, 1-11. [CrossRef]


https://doi.org/10.2514/2.6160
https://doi.org/10.1006/jfls.1999.0254
https://doi.org/10.1115/GT2013-95849
https://doi.org/10.1115/GT2004-53370
https://doi.org/10.1115/1.4045152
https://doi.org/10.2514/6.2020-1448
https://doi.org/10.1179/mst.1985.1.8.608
https://doi.org/10.1002/9780470686652.eae156
https://doi.org/10.1243/09576509JPE852
https://doi.org/10.1115/TBTS2013-2039
https://www.academia.edu/download/80220158/ijmerr_v4n1_24.pdf
https://doi.org/10.1115/GT2020-15802
https://doi.org/10.1006/jfls.1999.0254
https://doi.org/10.1115/GT2014-25896
https://doi.org/10.38036/jgpp.9.3_1

Entropy 2024, 26, 4 24 of 25

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.
36.
37.
38.
39.

40.
41.

42.

43.

44.

Aschenbruck, J.; Seume, J.R. Experimentally Verified Study of Regeneration-Induced Forced Response in Axial Turbines. ASME J.
Turbomach. 2015, 137, 031006. [CrossRef]

Chen, T.; Rogerson, J.; Patel, K.; Millington, P. Effects of Design Variables on High Cycle Fatigue in Steam Turbine Stages. In
Proceedings of the ASME Turbo Expo 2014: Turbine Technical Conference and Exposition, Volume 1B: Marine, Microturbines,
Turbochargers and Small Turbomachines, Steam Turbines, Diisseldorf, Germany, 16-20 June 2014. [CrossRef]

Montomoli, E; Massini, M.; Salvadori, S. Geometrical uncertainty in turbomachinery: Tip gap and fillet radius. Comput. Fluids
2011, 46, 362-368. [CrossRef]

Hauptmann, T.; Seume, ]J.R. Aerodynamic Excitation Analysis for Variable Tip Gap. In Proceedings of the ASME Turbo Expo
2016: Turbomachinery Technical Conference and Exposition, Volume 7B: Structures and Dynamics, Seoul, Republic of Korea,
13-17 June 2016. [CrossRef]

Yan, X.; Ye, M.; He, K. Investigations Into Heat Transfer and Aerodynamic Performance of a Worn Squealer Tipped Turbine Stage.
ASME ]. Turbomach. 2020, 142, 091012. [CrossRef]

Klein, W.A. Contributions to the Study of the Aerodynamics of Damaged Turbine Blades. Master’s Thesis, Carleton University,
Ottawa, ON, Canada, 1993. Available online: https:/ /elibrary.ru/item.asp?id=5629552 (accessed on 5 November 2023).

Isaacs, D.P. The Aerodynamics of Turbine Blades with Trailing Edge Damage. Ph.D. Thesis, Carleton University, Ottawa, ON,
Canada, 1994.

Naeem, M.; Singh, R.; Probert, D. Implications of engine deterioration for operational effectiveness of a military aircraft. Appl.
Energy 1998, 60, 115-152. [CrossRef]

Islam, A. An Experimental and computational study of the aerodynamics of turbine blades with damage. Ph.D. Thesis, Carleton
University, Ottawa, ON, Canada, 1999. Available online: http:/ /repository.library.carleton.ca/downloads/j3860720b (accessed
on 7 November 2023).

Mare, L.; Imregun, M.; Smith, A.; Elliott, R. A numerical study of high pressure turbine forced response in the presence of
damaged nozzle guide vanes. Aeronaut. J. 2007, 111, 751-757. [CrossRef]

Meyer, M.; Parchem, R.; Davison, P. Prediction of Turbine Rotor Blade Forcing due to In-Service Stator Vane Trailing Edge
Damage. In Proceedings of the ASME 2011 Turbo Expo: Turbine Technical Conference and Exposition, Volume 6: Structures and
Dynamics, Parts A and B, Vancouver, BC, Canada, 6-10 June 2011. [CrossRef]

Chernobrovkin, A.; Lakshminarayana, B. Unsteady Viscous Flow Causing Rotor-Stator Interaction in Turbines, Part 2: Simulation,
Integrated Flowfield, and Interpretation. J. Propul. Power 2000, 16, 751-759. [CrossRef]

Jocker, M.; Hillion, EX.; Fransson, T.H.; Wéahle'n, U. Numerical Unsteady Flow Analysis of a Turbine Stage with Extremely Large
Blade Loads. ASME |. Turbomach. 2002, 124, 429-438. [CrossRef]

Clark, ]J.P; Anthony, R.J.; Ooten, M.K,; Finnegan, ].M.; Dean Johnson, P.; Ni, R.H. Effects of downstream vane bowing and
asymmetry on unsteadiness in a transonic turbine. J. Turbomach. 2018, 140, 101006. [CrossRef]

Liu, J.; Qiao, W.; Duan, W. Effect of Bowed/Leaned Vane on the Unsteady Aerodynamic Excitation in Transonic Turbine. J. Therm.
2019, 28, 133-144. [CrossRef]

Zheng, Y.; Jin, X,; Yang, H. Effects of asymmetric vane pitch on reducing low-engine-order forced response of a turbine stage.
Aerospace 2022, 9, 694. [CrossRef]

Zheng, Y. Computational aeroelasticity with an unstructured grid method. J. Aerosp. Power 2009, 24, 2069-2077. [CrossRef]
Zheng, Y.; Yang, H. Full assembly fluid /structured flutter analysis of a transonic fan. J. Beijing Univ. Aeronaut. Astronaut. 2013,
39, 626. [CrossRef]

Zheng, Y.; Jin, X.; Yang, H.; Gao, Q.; Xu, K. Effects of Circumferential Nonuniform Tip Clearance on Flow Field and Performance
of a Transonic Turbine. In Proceedings of the ASME Turbo Expo 2020: Turbomachinery Technical Conference and Exposition,
Volume 2B: Turbomachinery, Virtual, 21-25 September 2020. [CrossRef]

Zheng, Y. Computational Aerodynamics on Unstructed Meshes. Ph.D. Thesis, Durham University, Durham, UK, 2004. Available
online: http:/ /etheses.dur.ac.uk/2830 (accessed on 2 November 2023).

Zheng, Y.; Hui, Y. Coupled fluid-structure flutter analysis of a transonic fan. Chin. . Aeronaut. 2011, 24, 258-264. [CrossRef]
Roe, P.L. Approximate Riemann solvers, parameter vectors, and difference schemes. J. Comput. Phys. 1981, 43, 357-372. [CrossRef]
Van Leer, B. Towards the ultimate conservative difference scheme. J. Comput. Phys. 1997, 135, 229-248. [CrossRef]

Jameson, A. Time dependent calculations using multigrid, with applications to unsteady flows past airfoils and wings. In
Proceedings of the 10th Computational Fluid Dynamics Conference, Honolulu, HI, USA, 24-26 June 1991. [CrossRef]

Menter, ER. Two-equation eddy-viscosity turbulence models for engineering applications. AIAA J. 1994, 32, 1598-1605. [CrossRef]
Marshall, J.G.; Imregun, M. A review of aeroelasticity methods with emphasis on turbomachinery applications. J. Fluids Struct.
1996, 10, 237-267. [CrossRef]

Bréard, C.; Vahdati, M.; Sayma, A.L; Imregun, M. An Integrated Time-Domain Aeroelasticity Model for the Prediction of Fan
Forced Response due to Inlet Distortion. ASME. J. Eng. Gas Turbines Power 2002, 124, 196-208. [CrossRef]

Vahdati, M.; Sayma, A.L; Imregun, M.; Simpson, G. Multibladerow Forced Response Modeling in Axial-Flow Core Compressors.
ASME. ]. Turbomach. 2007, 129, 412—-420. [CrossRef]

Monk, D.J.; Key, N.L.; Fulayter, R.D. Reduction of aerodynamic forcing through introduction of stator asymmetry in axial
compressors. J. Propul. Power 2016, 32, 134-141. [CrossRef]


https://doi.org/10.1115/1.4028350
https://doi.org/10.1115/GT2014-25610
https://doi.org/10.1016/j.compfluid.2010.11.031
https://doi.org/10.1115/GT2016-57217
https://doi.org/10.1115/1.4047632
https://elibrary.ru/item.asp?id=5629552
https://doi.org/10.1016/S0306-2619(98)00024-5
http://repository.library.carleton.ca/downloads/j3860720b
https://doi.org/10.1017/S0001924000004929
https://doi.org/10.1115/GT2011-45204
https://doi.org/10.2514/2.5663
https://doi.org/10.1115/1.1458023
https://doi.org/10.1115/1.4040998
https://doi.org/10.1007/s11630-018-1084-2
https://doi.org/10.3390/aerospace9110694
https://doi.org/10.13224/j.cnki.jasp.2009.09.026
https://doi.org/10.13700/j.bh.1001-5965.2013.05.024
https://doi.org/10.1115/GT2020-15295
http://etheses.dur.ac.uk/2830
https://doi.org/10.1016/S1000-9361(11)60031-9
https://doi.org/10.1016/0021-9991(81)90128-5
https://doi.org/10.1006/jcph.1997.5704
https://doi.org/10.2514/6.1991-1596
https://doi.org/10.2514/3.12149
https://doi.org/10.1006/jfls.1996.0015
https://doi.org/10.1115/1.1416151
https://doi.org/10.1115/1.2436892
https://doi.org/10.2514/1.B35704

Entropy 2024, 26, 4 25 of 25

45. Li, H.; Su, X,; Yuan, X. Entropy Analysis of the Flat Tip Leakage Flow with Delayed Detached Eddy Simulation. Entropy 2019,
21, 21. [CrossRef]

46. Jin, Y.; Du, ], Li, Z.; Zhang, H. Second-Law Analysis of Irreversible Losses in Gas Turbines. Entropy 2017, 19, 470. [CrossRef]

47. He, L. Unsteady Flow and Aeroelasticity; CRC Press: Boca Raton, FL, USA, 2003; pp. 257-308.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/e21010021
https://doi.org/10.3390/e19090470

	Introduction 
	Geometrical Model and Numerical Methods 
	Single-Stage Turbine 
	Numerical Methods 
	Aerodynamic Models 
	Structural Models 


	Grid Independence and Code Verification 
	Grid Independence 
	CFD Code Verification 

	Damaged Stator Vane Case 
	Rotor Campbell Diagram 
	Results 
	Identification of LEO Excitation Components 
	Aeroelastic Simulation for Evaluating Response Levels 
	Discussion on Flow Mechanisms 
	Aerodynamic Performance 

	Conclusions 
	References

