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ABSTRACT

The present work attempted to lay a basis for evaluating the compressor
aerodynamic performance in service environments. To achieve this goal, a low-
speed compressor along with a transonic compressor rotor (NASA Rotor37)
were studied. Different damaged blades were established, and three-dimensional
viscous flow field simulations were accomplished. The influence of blade
damage and the mechanism through which blade damage affects the compressor
aerodynamic properties were analyzed. Further, the established numerical
method was validated through low-speed compressor experiments. The results
showed high resemblance of the simulations to the experimental findings, thus
proving the effectiveness of our numerical simulation method. After the blade
was damaged, the surge point of the compressor was advanced, the stable
working flow range was reduced, and the aerodynamic performance was
significantly reduced. The local airflow separation caused by the attack angle
enlargement due to the deformation of blade after damage was the primary
reason for the whole row of rotors to enter an unstable state. Unlike low-speed
compressor, the rotor blade damage of transonic compressor caused the
interference of shock wave with the boundary layer separation, and the burst
low-speed region blocked the blade channel. This deteriorated the rotor flow
state and caused greater flow loss, resulting in a more severe decline in the
aerodynamic performance. The proposed numerical simulation approach for
aerodynamic performance can effectively predict the steady-state aerodynamic
performances of compressors with damaged blades.

1. INTRODUCTION
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the middle to tip regions of the blades more prone to

Aerodynamic performance and internal flow state of
compressor, as one of the three key aero-engine
components, exert a pivotal effect on the stability and
overall performance of aero-engines (Guan et al., 2007;
Zhao et al., 2020; Sun et al., 2024). Recently, owing to the
development of high-speed and large-scale airplanes, the
performances of aero-engine compressors have been
significantly improved. However, this has brought many
challenges, such as the increase in the engine windward
area, which has led to an increasing chance of swallowing
of external objects (Li et al., 2024). Due to the large loads
on compressor blades and the high tangential velocity at
the blade tips, the combination of aerodynamic and
centrifugal forces can easily cause significant geometric
deformation when foreign objects are ingested by the
high-speed rotating blades (Chen et al. 2023). This makes

structural damage. Additionally, the blades have relatively
thin leading edge, making it less capable of withstanding
impact forces. As a result, damage to the leading edge
upper-middle portion is most common, which accounts for
approximately 70% of the total blade damage according to
existing statistics. Therefore, in this study, damaged
blades were constructed based on this observation.
Considering the importance of compressor blades as
critical components of the compressor, even minor
geometric changes can significantly affect the compressor
performance, leading to engine performance degradation
or even loss of thrust. Consequently, scholars worldwide
have conducted studies on the aerodynamic performances
of damaged blades.

Venkatesh et al. (2020) studied the influence of blade
leading edge damage over the aerodynamic properties of
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NOMENCLATURE

SM  stability margin
m  flow rate

d design condition
pr  average absolute total pressure values of rotor
2 outlet
P inlet density
@  loss coefficient
Pl:v average relative total pressure values of rotor

inlet

x  total pressure ratio

S near-instability condition

@, total pressure rise coefficient

p- average absolute total pressure values of rotor
1 inlet

U, rimspeed

P, average static pressure of inlet

*

average relative total pressure values of rotor
2w outlet

o

a first-stage transonic compressor. They found that blade
chordal damage affects the stall boundary more than
radial damage and that the degree of blade damage
affects the compressor aerodynamic properties more than
the number of damaged blades. Imregun and Vahdati
(1999) explored the aeroelastic stability problem for an
artificially assumed bird-impact-damaged blade by
computational fluid dynamics (CFD) coupled with finite
element modeling (FEM) simulations. Kim et al. (2001)
studied the aerodynamic stability of fan rotor blades
subjected to different forms of damage at 70% RPM.
Reid and Urasek (1973) studied blades with localized
damage to the leading edge due to external impacts and
found that damage to the blade leading edge induced a
decrease in the compressor aerodynamic performance,
with a 3.5% decrease in efficiency compared to that of a
compressor with undamaged blades. Tang et al. (2023)
studied how the blade tip notch breakage influenced the
aerodynamic traits for a transonic compressor rotor,
finding that the blade began to display a near-stall state
when the notch was deeper than 0.23 mm. Bohari and
Sayma (2010) studied Rotor67 rotor blades, constructed
blades with two different damage sizes to simulate bird-
impact-damage blade deformation, and used a fluid
dynamics method to analyze the aerodynamic trait
change of fan at varying rotational velocities. Li et al.
investigated the influence of blade tip damage over
stability and surge margin of transonic compressor rotor
blades through unsteady numerical simulations (Li &
Sayma, 2012, 2015). Muir et al. addressed the
aerodynamic problems of a turbofan engine fan during
the takeoff phase of a bird strike (Muir & Friedmann,
2013, 2014, 2016). Jiang et al. (2017) explored how the
local convex defects on blade surface affected the
internal flow and aerodynamic behavior of a transonic
compressor rotor. Li et al. (2018) found that impacted by
external objects, the compressor blade leading edge
produced blunt deformation, and that when the attack
angle exceeded a certain scope, the blunt leading edge
prominently changed the boundary layer evolution and
affected the entire main-stream flow field. Liu et al.
(2022) proposed a method for transforming bird-strike-
deformed blades into aerodynamic models and subjected
a compressor with deformed blades to the numerical
aerodynamic simulations. Yang et al. (2021) selected a
large-bypass-ratio fan from a certain civil aircraft for
investigation, and they constructed three models with
three different amounts of the blade missing above 50%

of the blade height and a model with the whole piece
completely missing for exploring the effect of fan
aerodynamic behavior after a bird struck a fan blade.
Through numerical simulations, Lu et al. investigated
changes in the fan aerodynamic performance due to
damage to a typical fan rotor blade caused by a medium
bird, where experimental archive of a plane cascade was
utilized (Lu, 2017; Lu et al. 2017). Qin et al. (2022)
studied the characteristics and mechanism of the impact
of tip drop block on the aerodynamic behavior of a
transonic compressor rotor by numerical simulations.
Yang (2014) established a geometric model of a fan with
damaged blades based on the dynamic process of a bird
strike and compared the aerodynamic property changes
of fan before and following bird strike through numerical
simulations. Cong et al. (2023) studied how the leading-
edge tip damage affected the compressor aerodynamic
traits.

In recent years, research around the world on
damaged blades of compressors has mainly focused on the
dynamic process of damage and structural design, while
there have been fewer studies concerning how the blade
damage  affects the  compressor  aerodynamic
performances. Because an aircraft cannot stop operating
immediately when the compressor blade is damaged due
to the engine's inhalation of foreign objects during flight,
the engine still needs to operate with the damaged
compressor rotor blade. Hence, it is profoundly
meaningful to explore the effect of blade damage on the
compressor aerodynamic performances and to reveal the
mechanism underlying engine performance deterioration
to ensure the aircraft flight safety.

In the present work, we investigated a low-speed axial
compressor. Aerodynamic performance experiments and
simulations of the original compressor and the compressor
with damaged blades were carried out. The reliability of
our numerical approach was experimentally validated. In
addition, to study the rotor blade of the transonic
compressor, damaged blades with different tip curling
degrees were constructed, and the three-dimensional
viscous numerical simulations were carried out. Through
internal flow field comparison between the original
compressor and that with damaged blades, the variation
mechanism for compressor internal flow field alongside
the influence of blade damage over the compressor
aerodynamic properties were analyzed.
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Fig. 1 Schematic diagram of low-speed compressor
test bed

Table 1 Main design parameters of low-speed

compressor
Design Parameters Value
Rotational speed (r/min) 6000
Total pressure ratio 1.054
Flow rate (kg/s) 8.4
Outer diameter (mm) 400
Inner diameter of rotor/stator inlet (mm) 160/200
Number of rotor/stator blades 15/20

2. EXPERIMENT AND SIMULATION OF LOow-
SPEED COMPRESSOR

2.1 Experimental System

Figure 1 schematically illustrates the test bed for
single-stage low-speed axial flow compressor. From left
to right, the components include the bell mouth, outer
compressor shell, rectifier cone, rotor blades, stator
blades, inner compressor shell, supporting bracket,
throttle, rotation shaft, speed torque sensor, as well as
motor. Table 1 lists the major parameter settings for the
investigated compressor (Charles et al., 1995; Boos et al.,
1998).

To determine the aerodynamic parameters of the
compressor, eight static pressure holes were evenly
created circumferentially at the compressor rotor inlet and
the compressor outlet, and the pressure sensor was
connected to record the static pressure change of the wall
surface. Moreover, eight five-point comb total pressure
probes were uniformly distributed circumferentially at the
compressor outlet, and the total pressure of outlet section
was measured by arranging 40 points in total. Figure 2
schematically illustrates the five-hole total pressure probe
and the layout diagram of aforementioned measuring
points for the compressor outlet section.

Because parameters such as the geometric center of
gravity of the damaged blade are different from those of
the original blade, in order to better balance the whole row
of blades, three drum-shaped damaged blades with a
circumferential angle of 120° were used in the experiment,
with which the damaged fan aerodynamic properties were
determined. Figure 3 displays the physical diagram for
the fan with damaged blades and the physical diagram of
the arrangement of probe measuring points. During the
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Fig. 2 Schematic diagram: (a) five-hole total pressure
probe and (b) outlet total pressure measuring point
layout

(b)
Fig. 3 Physical diagram: (a) fan with damaged blades
and (b) probe arrangement
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Fig. 4 Structure of low-speed damaged blade: (a)
finite element model and (b) damage situation

measurement, the compressor working condition was first
determined, and the corresponding throttle position was
adjusted to change the back pressure and inlet flow rate.
After the motor was started, the air flow was stable, and
the atmospheric pressure along with temperature were
measured. At the compressor outlet and inlet sections, the
corresponding static pressure and total pressure were
collected, and then the throttle opening was changed to
continue the measurement for the next working condition.

2.2 Numerical Simulation Method

Before the aerodynamic property analysis and
comparison between the prototype compressor and that
with damaged blades, it was necessary to obtain a
geometric model of the damaged blade. At present, there
are two widely used methods (Barber et al., 1978): one is
to carry out a bird impact experiment to create a damaged
blade and use reverse engineering software to reconstruct
geometric elements such as the feature lines and surface to
establish a geometric model of the damaged blade; and the
other is to use the FEM method for simulating the blade
damage. Based on numerical simulation results, a
damaged blade model that can perform flow field
simulations is obtained.

Based on operation time and cost restrictions, the
second method was adopted in this study. The following
introduces the establishment of damaged blade model in
the currently adopted model. Utilizing a gelatin cylinder
whose compressibility is identical to that of a bird body
mass density, we replicated the load produced by bird
strike to impact blade 14. The blade was discretized into a
hexahedral mesh, and the mesh size was 3 mm. The bird
body was modeled with smoothed article hydrodynamics

Fig. 5 Comparison of displacements between
damaged and original blades

Ritii Stator
V Outlet
Damaged blades

Inlet

Fig. 6 Compressor simulation model with damaged
blades

(SPH) particles. The blade had a 6000 r/min rotational
velocity, while the bird was 100 g in weight. When the
speed was 80 m/s, the middle portion of blade leading
edge was impacted, and bird body particles contacted the
blade by erosion contact. Figure 4 shows the FEM model
for the blade alongside the damage after impact.

Figure 5 depicts the displacement contrast between
the damaged and original blades. As is clear, although the
blade did not break after completion of the impact, bulging
was evident, and the largest deformation was located at
approximately 65% of blade height. At this point, low-
speed damaged blade model was established, which was
utilized as a part of subsequent damaged blade in the full-
channel numerical simulation model.

For the present aerodynamic simulations of
compressors with damaged blades, a compressor model
having three damaged blades evenly arranged in the
circumferential direction every 120° was utilized, as
shown in Fig. 6. In this study, the NUMECA AutoGrid5
module was used to construct the O4H structured grid for
the simulation model. Grid independence verification was
carried out for simulating the aerodynamic behavior of
original compressor. Because the original compressor had
an axisymmetric structure, the grid independence
verification was carried out by single-channel simulations.

To obtain suitable y+ values along the blade surface,
the first layer mesh thickness was selected as 0.007 mm.
Reynolds-averaged Navier—Stokes (N-S) were employed
as the governing equations, while the fourth-order Runge—
Kutta was applied for obtaining an iterative solution.
Spatial discretization was accomplished using the second-
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Fig. 7 Grid independence verification: (a) total
pressure ratio—mass flow rate and (b) isentropic
efficiency—mass flow rate

order precision central difference format, and the
convergence was accelerated by the local time stepping
and multi-grid techniques. Besides, the turbulence model
adopted was Spalart-Allmaras (S-A). The boundary
conditions of the simulation were as follows. The total
inlet pressure was set as the standard atmospheric
pressure, while the total temperature was adopted as the
standard atmospheric temperature. Pressure boundary
conditions at the axial inlet and outlet were radially
uniform static pressures. In the simulation, the outlet
pressure was gradually increased to approximate the
compressor stall boundary, and the divergence point of
simulations was used as the compressor stalling point.

In this study, three grids were investigated for grid
independence verification, consisting of 0.95, 1.39, and
1.74 million elements. Figure 7 diagrammatizes the
compressor aerodynamic performance characteristics
calculated for different grids. As is clear, when the
quantity of grid elements reached 1.39 million, its
influence on the simulated compressor characteristics
could be basically ignored. Therefore, the division scheme
of a single-channel grid with 1.39 million elements was
selected to generate a full-channel computational domain

(@) (b)

Fig. 8 Blade surface grids for simulations: (a) rotor
blade and (b) stator blade

Fig. 9 Grid comparison at 65% of the blade height
B2B surface for simulations: (a) original rotor and (b)
rotor with damaged blades

grid. Because the stator blade was undamaged and
symmetric, the flow field details could be obtained by
using a stator blade via a steady-state simulation. The
quantity of grid elements in the whole computational
domain was 11.79 million. Figure 8 depicts the
computational grid for blade surface, whereas Fig. 9
displays the comparison regarding computational grids of
the full-channel at 65% of the blade height B2B (blade to
blade) surface for the original compressor and the
compressor with damaged blades.

3. NUMERICAL SIMULATION OF AERODYNAMIC
PERFORMANCE OF TRANSONIC COMPRESSOR

3.1 Computational Model

To investigate how the blade damage affects the high-
speed compressor performance, the Rotor37 blade
designed by NASA was selected for this study. This rotor
is used as the first-stage rotor in transonic compressors
(Reid & Moore, 1978). In this study, the ring had 36
blades, the relative blade tip Mach number was 1.48, the
design velocity and flow rate were separately 17188 r/min
and 20.188 kg/s, and the isentropic efficiency was 0.877.

The performance parameters of the rotor were typical
for transonic compressors. Detailed experimental data are
available for this compressor, and thus, it was selected for
analysis via numerical simulations. Figure 10 shows the
full-channel simulation model of the Rotor37 rotor blade.

3.2 Simulation Method

To obtain damaged blades with different damage
forms, the same construction method as that used for low-
speed damaged blades was adopted. The Rotor37 blade
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Fig. 11 FEM model for a bird striking the blade: (a)
slight impact, (b) moderate impact, and (c) severe
impact

was discretized via a hexahedral grid 1.5 mm in size, and
the grid of the blade leading edge was refined. Single-
blade grid elements totaled 34400 in number. The blade
was impacted by three kinds of bird bodies, while the bird
body was modeled using SPH particles. The rotation
constraint was set at the blade root, and the blade was
impacted by bird at a 103 m/s velocity. Erosion contact
was adopted between bird body particles and the blade.
Fig. 11 illustrates the FEM model for a bird striking the
blade.

Figure 12 depicts the damage resulting from three
kinds of bird bodies striking the blade, and the circle
shows the damage deformation position.

As is clear, the blade damage form was tip leading
edge curling, and the blade did not tear. The curl degree of
the blade leading edge intensified with the growing bird
mass. At this point, the establishment of blade models with
different damage degrees was completed, and these were
subsequently used as the damaged blades in the full-
channel numerical simulations.

The Rotor37 rotor was discretized with a structured
grid using AutoGrid5. After curling of blade leading edge,
the deformation at tip location caused the damaged blade
to fail to maintain the same tip clearance as the original
blade. Using AutoGrid5 to automatically quantify the
same tip clearance could effectively avoid this problem. In
the grid calibration, grid independence verification was
also carried out by single-channel simulations of the
original rotor. The numbers of grid elements for the three
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(a) (b) (c
Fig. 12 Rotor37 blades with different degrees of
damage: (a) original blade, (b) slightly curled blade,
(c) moderately curled blade, and (d) heavily curled
blade
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Fig. 13 Three-dimensional diagram of grid with 0.9
million elements for single-channel simulations

schemes for the single-channel simulations were 0.51, 0.9,
and 1.56 million. Figure 13 shows a three-dimensional
diagram of the grid with 0.9 million elements, and Fig. 14
shows the rotor characteristic curves under different grid
numbers. To obtain suitable y+ values along the blade
surface, the first-layer mesh height was selected as 0.003
mm. The inlet and outlet boundary conditions for the
simulations were formulated using the same settings as
those used for the low-speed compressor.

As revealed by the comparison of simulation
outcomes with various grids, although the simulation
results of these three grids were relatively consistent, the
number of grid elements still had a certain influence on the
results. As long as the quantity of grid elements exceeded
0.9 million, its influence on the simulated rotor
characteristics could be ignored. Therefore, a 0.9 million
grid element division scheme was used to mesh the full-
channel computational domain. Mesh elements of the
whole computational domain totaled 34.04 million in
number.

To obtain the influence of blade curling degree over
the compressor aerodynamic behavior, Rotor37 models
having one slightly curled blade, one moderately curled
blade, and one severely curled blade were established. For
brevity, the original rotor and the damaged rotor models
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Fig. 14 Rotor37 rotor grid independence verification:
(a) total pressure ratio—mass flow rate and (b)
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Fig. 15 Computational grids on the surface of each
model blade: (a) full ring of D model, (b) local blades
of A model, (c) local blades of B model, (d) local
blades of C model, and (e) local blades of D model

with slightly, moderately, and severely curled blades were
separately named models A, B, C, and D. Figure 15
depicts the surface grid for each model blade, and the
circle in the figure shows the damaged blade.
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4. RESULT ANALYSIS OF LOwW-SPEED

COMPRESSOR

4.1 Comparison of Aerodynamic Characteristics
Between Experiments and Simulations

Figure 16 compares experimental versus simulated
characteristics for the original compressor at varying
velocities, where all the experimental speeds are
converted speeds. Since the opening of the valve was
changed to achieve throttling in the experiment, the actual
outlet static pressure could not be lower than atmospheric
pressure, and the flow range of the compressor was
limited. Therefore, the experimental data points had
difficulty reaching a high flow state. As revealed by the
comparisons of simulation and experimental outcomes in
the diagram, the change characteristics of simulated
efficiency and total pressure ratio coincided with those of
the experiment, but the experimental values were
generally lower. This was because the converted speeds
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Fig. 17 Characteristics of low-speed compressor with
damaged blades: (a) total pressure ratio—mass flow
and (b) isentropic efficiency—mass flow

were slightly lower than the simulated speeds at the
physical speeds of the experiments. The simulation and
experimental results at 100%, 80%, and 60% rotational
speeds had maximum errors of the total pressure ratio of
0.59%, 0.39%, and 0.16%, respectively, and
corresponding respective maximum errors of the
efficiency of 0.65%, 0.51%, and 0.32%.

Figure 17 illustrates the comparison of experimental
versus simulation characteristics for a compressor with
three bulging blades at varying speeds. As is clear, after
the blade was damaged, the experimental and simulation
characteristics of the compressor were still consistent.
Within the range of the rotational speed error, the
simulated values somewhat exceeded the experimental
values. Calculated and experimental results at 100%, 80%,
and 60% rotational speeds were obtained at identical flow
rate. Maximum errors of the total pressure ratio were
0.29%, 0.18%, and 0.08% respectively, and the
corresponding maximum errors of the efficiency were
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Fig. 18 Comparison of characteristics of low-speed
compressor blades before and after damage (design
speed): (a) total pressure ratio—mass flow and (b)
isentropic efficiency—mass flow

0.61%, 0.52%, and 0.40%, respectively. The comparison
unravels that the experimental findings were highly close
to the simulation outcomes within the permissible error
range. Our proposed numerical simulation approach could
capture the variation characteristics of the compressor
aerodynamic performance, thus verifying its feasibility.

To compare the influence of blade damage over the
compressor behavior at design speed, the characteristics
comparison between the original compressor and that with
damaged blades is presented in Fig. 18. The design point
shown in Table 1 was the design condition, and the
stability margin formula is:

AR A
SM :j—)—m L (1)
g Mh

where SM is the stability margin, =* signifies total
pressure ratio, m signifies flow rate, subscript s represents
the near-instability condition, and subscript d stands for
design condition (assuming that the original design state
is the design point parameter after damage).
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Stability margin was 27.07% for the original
compressor, whereas was 23.65% for the damaged
compressor. Thus, the stability margin was reduced by
3.42% by the damage. According to Fig. 18, the
compressor characteristic graphs with the damaged blades
shifted down overall, and the aerodynamic performance
decreased significantly. The flow rate at the clogging point
was relatively reduced by 0.86% compared to that without
damage, the flow rate near stall point grew by 2.44%, the
stable working flow boundary range was reduced by
7.56%, and the maximum efficiency was reduced by 3.1%.
To better analyze the causes of compromise in compressor
aerodynamic properties, we analyzed the flow fields for
the three typical operating points in Fig. 18.

4.2 Flow Field Analysis of Clogging and Maximum-
Efficiency Conditions

To comprehend the causes of deteriorated
aerodynamic properties for the compressor rotor under the
clogging and maximum-efficiency conditions, Figs. 19
and 20 show the relative Mach number contours for

Relative Mach Number
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65% blade height section

° o
’

Relative Mach Number
% o v s

separation zon

(b)
95% blade height section
Fig. 20 Comparison of relative Mach number contours of different blade height sections (maximum-efficiency
condition): (a) original rotor and (b) damaged rotor

various blade height sections of the original compressor
rotor and the rotor with damaged blades under these two
conditions. In case the efficiency is maximum, the flow of
the rotor with bulging blade in the middle and tip sections
was significantly different from that of the original rotor.
The main performance characteristics were as follows. A
low-speed zone was present on the bulging blade suction
side. The low-speed region in the blade middle section
extended from leading to trailing edge of damaged blade,
occupying about 25% of circumferential range of the
damaged blade channel. This was because after the blade
was damaged, the section had the same height as the blade
with the largest damage deformation, and its geometric
inlet angle increased significantly. This resulted in an
attack angle enlargement of incoming flow, causing
boundary layer separation of the damaged blade suction
surface, resulting in a broad scope of low-speed zones.
This phenomenon was not evident under the blocking
condition, which was due to the lower outlet back pressure
in such context, as well as the larger Mach number in
main-stream region and the smaller boundary layer
separation area on the damaged blade suction surface.
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Fig. 21 Comparison of relative Mach number contours of axial 50% chord length section (maximume-efficiency
condition): (a) original rotor and (b) damaged rotor
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Fig. 22 Comparison of entropy contours of whole flow field (maximum-efficiency condition): (a) original rotor
and (b) damaged rotor

Under the maximume-efficiency condition, the blade
shape change of the blade tip section was not as severe as
that of the 65% blade height, but it led to an attack angle
enlargement for incoming flow. Therefore, the low-speed
region only started from 40% chord length of the damaged
blade suction surface and extended downstream.
Nonetheless, because the flow separation of the tip section
was doped with coupling of the tip clearance flow, the
circumferential range of influence as the low-speed zone
developed downstream was gradually expanded, and the
whole circumferential range of the suction-side channel
for the damaged blade was occupied as the flow moved to
its trailing edge.

Figure 21 illustrates the relative Mach number
contour comparison for 50% axial chord length section
between the original and damaged rotors in the maximum-
efficiency state. Clearly, the low-speed region on the
damaged blade surface occupied partial channel area,
which extended from the blade bulge position to tip,
although failing to affect the flow of neighboring channels
following the flow squeezing through main-stream area in
the channel. Moreover, the relative Mach number gradient

on the blade surface seldom changed in this condition, and
large flow separation was absent. This was also the
primary reason that the compressor could still operate
stably under this condition.

Figure 22 depicts the entropy contours for the whole
compressor flow field in the maximum-efficiency state.
Clearly, an evident high-entropy area was present in the
leading edge vicinity of damaged blade surface, which
expanded to the blade tip along the span direction,
showing consistency with the low-speed region of the
damaged blade suction surface. This indicated that the
boundary layer flow separation led to the emergence of a
low-speed and high-entropy area, which also increased the
flow loss and caused compromise in the compressor
aerodynamic properties.

Figure 23 displays the static pressure distributions on
blade surface for the original and damaged blades at
various blade height sections under the maximum-
efficiency condition. At the 65% blade height section, the
suction surface static pressure at the blade leading edge
was higher for the damaged blade than for the original
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Fig. 23 Static pressure distributions on the blade surface of different blade height sections (maximum-efficiency
condition): (a) 65% blade height section and (b) 95% blade height section
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Fig. 24 Comparison of relative Mach number contours of different blade height sections (near-stall condition):
(a) original rotor and (b) damaged rotor

blade. At the 95% blade height section, the maximum
static pressure difference on the suction surface between
these two blade types was near 40% of the chord length,
showing complete coincidence with the starting position
of low-Mach-number zone in the different blade height
sections of the damaged blade. Additionally, before 10%
of the chord length in the damaged blade middle section,
the blade surface pressure difference increased rapidly,
leading to an rise in the inverse pressure gradient, and the
boundary layer separated beforehand, which aggravated
the degree of flow loss and led to a decline in performance.

4.3 Flow Field Analysis of Near-Stall Condition

Figure 24 displays the relative Mach number contour
comparisons for different blade height sections under the
near-stall condition. In contrast to the first two conditions,
the flow decelerated because of the continuous increase in
the outlet back pressure, the attack angle of incoming flow
further increased, and the pressure gradient at blade
leading edge decreased. The boundary layer could merely
resist a limited inverse pressure gradient, and separation
of flow occurred at the blade rear. In the case of damaged

rotor, the flow separation on the blade surface produced a
large scope of low-speed zones in the downstream
neighboring channels along the rotation direction, thus
intensifying the flow channel obstruction.

Moreover, flows in each blade channel of the original
rotor were basically identical, and separation of flow
occurred on the suction side of channel middle, which
expanded downstream to result in stall of the entire
compressor. For the rotor with damaged blades, there were
a few low-speed regions on the damaged blade surfaces.
Upon the blade channel blockage by low-speed region, the
inlet flow angle of succeeding blade channel enlarged in
the rotor rotation direction, making it the next stall
channel.  Accordingly, the compressor exhibited
performance reduction and entered a stall state
beforehand, which was also the reason for the advanced
surge point of compressor characteristic curve following
the blade damage.

Figure 25 shows the relative Mach number contour
comparisons for the axial 50% chord section in the near-
stall state. In contrast to the maximum-efficiency state, the
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Fig. 27 Static pressure distributions on the blade surface of different blade height sections (near-stall condition):

(a) 65% blade height section and (b) 95% blade height section.

circumferential scope covered by low-speed region in the
blade channel comprising damaged blades progressively
expanded, influencing the neighboring channels in the
rotation direction. The circumferential scope covered by
low-speed region near the tip clearance reached six
channels. In case the back pressure continued to increase,
the circumferential scope would expand ongoingly, which
would significantly reduce the compressor aerodynamic
properties, ultimately leading to stability boundary
crossing and stalling.

Figure 26 shows the streamline comparison between
the original and damaged blades at the 65% blade height
section under this condition. Clearly, in contrast to the

original blade, the damaged blade deformed near the
leading edge, resulting in a large amount of backflow gas
on the blade suction side. These low-energy fluids and
backflow gases formed a significant separation vortex
structure along the blade. The separation vortex at 35% of
the blade chord length had a distinct vortex core
configuration. The significant chord flow separation
vortex structure caused a sharp reduction in the
compressor outlet flow within the blade height scope, and
the flow loss increased.

Figure 27 displays the static pressure distributions on
blade surface for various blade height sections in the near-
stall state. In contrast to the maximum-efficiency state, it
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Table 2 Comparison of aerodynamic parameters of different models

Parameter Variation

Model B

Model C

Model D

Clogging point flow rate

—0.24%

—1.36%

—2.79%

Near-stall point flow rate

+3.66%

+4.83%

+5.89%

Stable working flow boundary range

—35.36%

—58.16%

—83.03%

Near-stall point total pressure ratio

—3.03%

—5.32%

—10.02%

Maximum efficiency

—0.42%

—1.48%

—2.50%

Stability margin

—8.43%

—11.56%

—17.25%

Note: “+” means increase, “—*“ means decrease.

can be found that as the throttling continued, the blade
surface static pressure increased, while the distribution
trend along the chord direction basically did not change.
However, pressure difference on the damaged blade
surface in the tip section gradually decreased, which
meant that the mechanical energy conversion efficiency of
the blade decreased, resulting in a poor compression effect
and overall performance degradation, which was
consistent with the efficiency and total pressure ratio
results for the compressor after damage.

5. ANALYSIS OF SIMULATION RESULTS OF
TRANSONIC COMPRESSOR ROTOR

5.1 Aerodynamic Characteristics Analysis

Figure 28 depicts the aerodynamic performance
comparison for the model rotor having different curled
blades at the design speed, where the black dots represent
experimental values of the Rotor37 rotor reported
previously (Suder, 1996). After the blade was damaged,
the efficiency along with total pressure ratio for each
model rotor decreased significantly under all stable
working conditions, and the aerodynamic performance
decreased more sharply as the blade curl intensified.
Besides, compared to the stable operating flow state of
original rotor, as the curling degree increased, the flow
rate at rotor clogging point gradually decreased, the flow
rate near the stall point gradually increased, the stable
rotor operating range became increasingly smaller, and the
maximum efficiency point gradually shifted to the left.
Table 2 shows the changes of the aerodynamic parameters
of each model rotor compared with those of the original
rotor.

The pre-damage rotor characteristics obtained by
simulations resembled the experimental findings, and the
maximum error of aerodynamic parameters at the same
flow rate and boundary point was not more than +5%. The
further step showed the feasibility of the presently
proposed numerical simulation approach. As revealed by
the comparison of simulated rotor aerodynamic traits prior
to and following the damage, the aerodynamic
performance of damaged rotor was different from that of
the undamaged rotor, but the variations of the
characteristics prior to and following the damage were
consistent, suggesting that the numerical outcomes could
reflect the overall characteristics of the damaged blade
effect on the compressor rotor aerodynamic properties
reasonably. Hence, the numerical simulation approach
used in the present work for the damaged blade is
reasonable.
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Fig. 28 Aerodynamic performance comparison of
Rotor37 rotor before and after curling: (a) total
pressure ratio—mass flow and (b) isentropic
efficiency—mass flow

To evaluate the compressor performance following
blade damage in more detail, the total pressure rise
coefficient and loss coefficient were used as indicators
(Zhang et al. 2015). The former coefficient is formulated
as

®tt = (Pz* - Pl* )/(O'SP Uri )’ (2)

where P/ and P, separately signify the mean absolute
total pressure values for rotor inlet and outlet, p signifies
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Fig. 30 Comparison of relative Mach number contours of different axial sections of each model (clogging
condition): (a) model A, (b) model B, (c) model C, and (d) model D.

inlet density, and U, signifies rim speed. The loss
coefficient is defined as

ol .

2w
where Py, and Py, separately signify the mean relative
total pressure values of the rotor inlet and outlet, and P,
denotes the mean static pressure at the inlet.

£ *

w Pl _Pl

o=(R]

Figure 29 illustrates the comparisons of total pressure
rise and loss coefficients for each model rotor at the peak
efficiency point. From the figure, it is clear that as the
degree of curl of the damaged blade gradually increased,
the former coefficient gradually decreased, and the latter

1325

coefficient gradually increased. This showed that after the
blade curled, the working ability of the compressor rotor
decreased, and the flow loss also increased. Furthermore,
the effect became more significant with the increase in the
degree of damage.

5.2 Flow Field Analysis of Different Damage Degree
Models Under Clogging and Maximum-
Efficiency Conditions

To clarify the causes of aerodynamic property
compromise with the damaged rotor near the clogging and
maximume-efficiency conditions, Figs. 30 and 31 show the
relative Mach number contours for various axial sections
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Fig. 31 Comparison of relative Mach number contours of different axial sections of each model (maximum-
efficiency condition): (a) model A, (b) model B, (c) model C, and (d) model D

of rotor under the two conditions. According to these
figures, the flow field structure of damaged rotor was
relatively consistent in the area far from the damaged
blade, and the circumferential inhomogeneity was not
significant. However, the flow field structure in damaged
blade area was significantly different, which was mainly
manifested in the large-scale low-speed region in the
damaged blade channel and its adjacent channels in the
reverse rotation direction. With the increase in the curling
degree, the low-speed zone occupied more channels. The
low-speed region was located at the channel top, mainly
concentrated in the channel formed by the damaged blade
suction surface alongside the neighboring blade pressure
surface. This was because after the blade was curled, the
inlet angle of blade shape at the corresponding radial
position increased significantly, leading to an attack angle
enlargement of airflow, causing boundary layer separation
along the damaged blade as well as the blade channel
clogging, thereby resulting in the flow capacity reduction
of the entire rotor. Given the rise of back pressure, the
attack angle of incoming flow increased. Thus, this
phenomenon was more evident under the maximum-
efficiency condition compared with the clogging
condition.

Figure 32 depicts the relative Mach number contours
for various blade height sections. Since the blade shape
change caused by blade damage was mainly concentrated
in the tip area, there were no evident low-speed areas in
the blade middle and root sections. At the 95% blade
height section, a large scope of low-speed zones appeared

in the blade channel on the damaged blade suction side.
These zones started from the blade leading edge and
covered the downstream area, almost covering the entire
blade passage, which was also caused by the boundary
layer separation. It was transmitted in the reverse rotation
direction. As the degree of blade damage increased, the
low-speed zone gradually expanded. When the blade was
slightly, moderately, and severely curled, the numbers of
blade channels covered by the low-speed zone were 2, 3,
and 5, respectively. At this blade height, the detached
shock wave generated at the damaged blade leading edge
was stronger, the Mach number reduction after the wave
was more evident, and the range of influence was larger.
The channel shock wave in the channel covered by the
low-speed region was pushed to the upstream area near the
inlet of the blade channel. A local high-speed region
appeared in the upstream area of the blade channel on the
left side of low-speed zone. This was attributable to the
combined effect of the blockage of adjacent channels and
the disappearance of the influence of the extended shock
wave of the damaged blade, resulting in a sharp rise of
inflow Mach number to generate a local high-speed
region.

Figure 33 shows the comparison of the three-
dimensional tip clearance leakage flow lines of each
model. In contrast to the original blade, the tip clearance
flow of tip-rolled blade showed a more complex
phenomenon. As the blade tip curling intensified, the air
flow that originally impacted the blade tip suction surface
could not directly flow into the channel, which led to the
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Fig. 32 Comparison of relative Mach number contours of different blade height sections of each model
(maximume-efficiency condition): (a) model A, (b) model B, (c) model C, and (d) model D
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Fig. 34 Rotor outlet parameter distributions along the radial direction (maximum-efficiency condition): (a) total
pressure ratio and (b) static pressure

secondary flow enhancement in the damaged blade tip
clearance as well as a radial vortex formation under the
high-speed centrifugal force of the compressor (indicated
by red dotted circle in the figure). Moreover, this vortex
flow also affected the tip clearance flow of the adjacent
blades (counter-rotating direction) of the damaged blade,
which gradually expanded the circumferential range of the
radial vortex, resulting in blockage of the flow channel and
significantly deteriorating the performance of the rotor.

Figure 34 illustrates the static pressure and total
pressure ratio distributions along the blade height at the
rotor outlet. As is clear, after the blade was curled, the two
rotor outlet parameters decreased over the whole blade
height range, and the decrease was more severe with the
increase in the damage degree. This was because the
increase of blade inlet angle led to an enlarged attack angle

of incoming flow. This caused the airflow separation at
blade leading edge, which developed rapidly on the
suction surface, increasing the flow loss, and reducing the
work capacity of this stage of the blade. Noticeably, due
to the small curling degree of the model B rotor blade, its
outlet parameters changed little from those of the original
rotor.

5.3 Flow Field Analysis of Different Damage Degree
Models Under Near-Stall Condition

Figure 35 depicts the relative Mach number contour
comparisons for different axial sections of each model in
the near-stall state. In contrast to the first two conditions,
the range of the low-speed zone in the damaged blade
channel was expanded, and the number of circumferential
channels covered by this zone also increased. The low-
speed regions in the rotor blade tip under slight, moderate,
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Fig. 35 Comparison of relative Mach number contours of different axial sections of each model (near-stall
condition): (a) model A, (b) model B, (c) model C, and (d) model D

and severe curling conditions were expanded to 5, 8, and
12 blade channels, respectively, which were about 2.5
times larger than the numbers under the maximum-
efficiency condition. The low-speed region of the rotor
blade tip with severe curling occupied 1/3 of the
circumferential range.

Figure 36 shows the isosurfaces with the relative
Mach number of 0.25 before and after the rotor curling.
The distribution position and shape of the low Mach
number isosurfaces were consistent with those of the low-
speed zone distributions of the axial and radial sections.
This was because as the rotor continued to throttle, the
downstream back pressure increased, and the attack angle
of incoming flow increased, resulting in expansion of the
separation zone of the damaged blade. Under the joint
effect of damaged blade channel and tip leakage flow,
some adjacent blades on the left side also caused flow
separation at the blade tip, forming a large low-speed zone
to block the flow field. With the intensifying curl degree
of the blade, the circumferential scope covered by the low-
speed area was also larger, and the deterioration of the
rotor flow state was more significant.

Figure 37 displays the suction surface distributions of
the limiting streamlines for the original blade and those
with different curl degrees. As is clear from the figure, in
the near-stall state, the leading edge separation zone in
original blade was located near about a 35% chord length,
covering the entire radial range from a 20% blade height
to an 80% blade height, and the separation zone of trailing
edge extended from the blade tip to root. With the
intensification of blade curl degree, the separation zone

near the leading edge moved from a 35% chord position
to the damaged blade height at the blade leading edge.
Despite the reduced radial range of leading-edge
separation zone, the separation in the curled blade height
range became more chaotic, which also led to the loss of
flow separation gradually increasing. Due to the influence
of blade leading-edge curl, the trailing edge separation
zone gradually shrank within the spanwise range, and the
trailing edge separation zone for damaged blade only
extended from the root to the lowest height of curled blade,
which indicated that the loss arising from trailing edge
separation was gradually decreasing. However, given the
intensified boundary layer separation in the leading edge
vicinity, the flow loss increased sharply, so the total flow
loss still progressively increased as the blade curling
degree intensified, resulting in the deterioration of the
flow state of the rotor and a significant decline in the
performance, which coincided with the characteristic
graph presented in Fig. 28.

To explore the influence of blade tip curl damage over
the surface shock wave, we illustrate the static pressure
distribution for original blade and three different damage
degrees of the curled blade surface at a 95% blade height
in Fig. 38. As is clear from this figure, in contrast to the
original blade, the blade tip curl damage caused the shock
wave position on the blade surface to appear earlier and
even caused it to be pushed to the blade leading edge. This
caused separation of the suction surface boundary layer
behind the shock wave to occur earlier, thereby increasing
the degree of flow loss. In addition, the suction surface
static pressure for heavily curved blade increased sharply
near the trailing edge. This was due to the blockage of the
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tip passage resulting from the curl at the blade tip leading
edge, so that the airflow was squeezed to the lower part of
the passage. Under the action of the high-speed centrifugal
force, the lower squeezed airflow developed rapidly to the
top of the passage at a 60% chord length, and the airflow
on the pressure side formed a local high-pressure site
under the coupled action of trailing edge backflow to the
suction side.

Figure 39 shows the relative Mach number contours
for various blade height sections of each model under the
near-stall working scenario. In contrast to the first two
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working scenarios, due to the flow rate decline, the
downstream back pressure of rotor increased, the
upstream shock wave intensity increased, the Mach
number after the wave decreased more drastically, and the
influence of extended shock wave on the upstream range
was also larger. The local high-speed zone at the leading
edge of left channel inlet in the low-speed zone was more
evident, and the ranges and values of these high-speed
zones were significantly increased in contrast to those
under the former working conditions. Besides, the low-
speed region of blade tip was further expanded, and the
detached shock wave at blade leading edge was pushed to
a more upstream position almost perpendicular to the
direction of the airflow. After the airflow passed through
the normal shock wave, the Mach number decreased
rapidly to subsonic speeds. Affected by the attack angle
enlargement of incoming flow, the boundary layer
separation began to occur at the blade suction leading edge,
resulting in a low-speed region that completely covered
the channel, causing blockage and affecting downstream
flow.

Figure 40 shows the radial distribution of the rotor
outlet parameters. Compared with the maximum-
efficiency condition, the static pressure along with total
pressure ratio in the whole blade height range decreased
more, which still conformed to the variation trend that the
more severe the damage was, the more severe the decline
was. This showed that under the near-stall working
scenario, the blade working ability was significantly
reduced, the flow loss of the rotor increased sharply, and
with the increase in the curl degree, the aerodynamic
performance of the rotor deteriorated more significantly.

6. CONCLUSIONS

In this study, the mechanism through which blade
damage affects the aerodynamic performances and
internal flow field structures of low-speed compressors
and transonic compressors were analyzed. The proposed
simulation approach was validated by carrying out an
aerodynamic performance experiment of the low-speed
compressor. The following conclusions are drawn:

(1) The aerodynamic performance experiment and
numerical simulation results of a low-speed compressor
were highly consistent. At different speeds, the maximum
errors of the aerodynamic performance parameters of the
experimental and simulation results at the same flow rate
were within £3%, which effectively verified the rationality
and effectiveness of the proposed numerical simulation
approach for aerodynamic performance.

(2) After the blade was damaged, the aerodynamic
properties, including the compressor isentropic efficiency
and total pressure ratio, decreased significantly. The flow
rate near the stall point increased, while that at the
clogging point decreased, resulting in a reduced stable
working range along with a significant decrease in the
stability margin.

(3) The flow field assessment under each typical
working condition showed that the change of blade shape
caused by blade damage increased the attack angle of
incoming flow, leading to local airflow separation. Its
coupling with the concurrent low-speed flow was the
primary factor inducing the whole rotor to enter an
unstable state.

(4) Unlike the low-speed compressor, the blade
damage of the transonic compressor rotor also changed the
strength and position of the extended and passage shock
waves, which interfered with the boundary layer
separation and affected the upstream flow field of rotor.
Consequently, the clogging area of internal channel of the
compressor turned larger, the deterioration of the flow
state became more significant, and the flow loss surged,
resulting in a more severe decline in the aerodynamic
performance and the transition to unstable conditions.

(5) The computational results of the transonic rotor
with varying degrees of blade damage showed that as the
level of blade damage increased, the rotor's ability to
perform work decreased, and flow losses increased,
leading to a more severe decline in the aerodynamic
performance. When the rotor blades experienced minor,
moderate, and severe damage, the stability margin was
reduced by 8.43%, 11.56%, and 17.25%, respectively.
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