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Abstract
An axial single-stage high-speed test rig is numerically studied in this paper with half-annulus URANS simulations to describe
the flowcharacteristics at the near stall condition.Wavelet analysis is applied to demonstrate the time–frequency characteristics
of the near-tip pressure signals captured by the numerical probes at different circumferential and axial positions. The detailed
tip flow fields and wavelet transform results are combined to depict the generation and propagation of the spike-type stall
inception. According to the wavelet spectrum, characteristic frequencies correspond to the temporal and spatial features
of the rotating stall, such as the fluctuation of the shock wave, self-oscillation and propagation of tip leakage vortex et al.
Consequently, the detection of typical spike stall inception can be significantly brought forward by identifying the crucial
rotating disturbance and its development for the onset of stall inception. Then, the specific tip flow fields are also discussed
to reveal the flow mechanism of stall inception evolution, including the leading edge spillage and the trailing edge backflow.
Further investigation shows that the stall inception with smooth casing corresponds to the radial separation vortex caused by
the tip leading edge spillage, which continues to develop and propagate in the circumferential direction and finally induces
the stall.
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Abbreviations

DSFT Discrete spatial Fourier transform
DTC Darmstadt transonic compressor
EMD Empirical mode decomposition
HHT Hilbert-Huang transform
ILU Incomplete lower upper
LE Leading edge
NS Near stall
PE Peak efficiency
PS Pressure surface
RANS Reynolds average Navier–stokes
SS Suction surface
SST Shear stress transport
STFT Short time Fourier transform
TE Trailing edge
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List of symbols

Cax Axial chord length
η* Isentropic efficiency
N Rotating speed
π* Total pressure ratio
T Rotating period of the DTC rotor
ω0 Central frequency

1 Introduction

It has been widely acknowledged over the past 80 years that
there are two well-established types of a stall, referred to
as “modal” inception with large length-scale and “spike”
inception with small one [1]. Owing to the features of three-
dimensionality, nonlinearity and short time duration, it is
undoubtedly detrimental to detect the pre-stallwarning signal
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of spike inception, which makes the capture and identifica-
tion of its signal information become the recent interest [2].

Many efforts have been expended over recent decades
to fundamentally comprehend these disturbances’ mecha-
nisms. An experimental investigation of stall inception and
stall cell development in a single-stage axial compressor was
conducted in 1986 by Whittle Laboratory [3]. The stall cell
was first observed behind the rotor at a small distance from
the tip, which proliferated and propagated circumferentially.
McDougall et al. [4] made a detailed measurement of the
transient stalling process and suggested that tip stalling is
more likely at the level of clearance typical of multistage
compressors. Camp and Day [5] proposed a simple model
to indicate the occurrence of stalling patterns based on the
critical rotor incidence. Specifically speaking, if the peak of
the overall characteristics is reached before the critical value
of rotor incidence is exceeded anywhere in the compressor,
then modal-type inception will occur. In another case, spikes
will appear in the overloaded rotor.

Developments in computing techniques helped
researchers to use numerical methods to further inves-
tigate the mechanisms of stall inception. Vo et al. [6] drew
attention to the necessary conditions for forming spike
disturbances derived from multi-passage simulation, and
what they hypothesized has been extensively verified in
subsequent studies. One is that the interface between the
tip clearance and oncoming flows becomes parallel to the
leading edge (LE) plane. The second is the initiation of
backflow, stemming from the fluid in adjacent passages, at
the trailing edge (TE) plane. It is worth noting that both
conditions are linked to the tip clearance flow. However, the
later study from Pullan et al. [7] demonstrated that separation
causes spikes in the LE due to excessive incidence. They
claimed that blade tip leakage flow is not necessary for the
spike-type stall.

The spike stall has been experimentally identified as prop-
agating low-pressure regions on the casing wall around the
leading edge from the series of studies from Inoue et al. [8],
they conducted that the “Tornado-shaped” vortex with the
open end attached to the casing and another end terminated
at the suction side (SS) of the blade causes the spike incep-
tion. Yamada et al. [9] performed a further study to describe
the flow mechanism of the tornado-like vortex: it propagates
circumferentially and progressively develops into multiple
stall cells during moderate stall. Supported by experimen-
tal data, Smith et al. [10]’s unsteady simulations showed two
competing mechanisms cause the high incidence responsible
for the L separation: blockage from casing corner separation
and forward spillage of tip leakage flow. Then, Kim et al.
[11] conducted further research and interpretation of the the-
oretical model.

Dynamic pressure probes installed at rotor casing have
often been used to depict the flow behaviors during the

pre-stall and stall inception periods [12]. Various methods
are proposed to analyze the unsteady casing pressure from
circumferential arrays. McDougall et al. [4] first applied
Discrete Spatial Fourier Transform (DSFT) to analyze stall
inception data and observed the detailed flow character-
istics of the modal wave. However, DSFT is inadequate
for detecting spike-type disturbance due to the limitation
of the sampling frequency [13]. Short-time Fourier Trans-
form (STFT), as a typical time–frequency analysis method,
decomposes unsteady signals into multiple stationary parts.
Several attempts have been made [14, 15] to observe the
occurrence and development of rotating stalls. Meanwhile,
the wavelet transform was exploited as a priority for indi-
cating flow characteristics and detecting stall inception on
account of its time–frequency ability. The first systematic
report on wavelet analysis was carried out by Morlet and
Grossmann [16] in 1984. By disintegrating signals into
elementary building blocks well localized in space and fre-
quency, the wavelet transform can characterize the local
regularity of signals. It is fully demonstrated from Lin’s
research [17] that proper use of wavelet transform can
uncover the details of the behavior of the spikes, and the
size, location, time of initiation, and evolution of the distur-
bance can be tracked. Since the choice of the wavelet base
is crucial to the global analysis, plenty of research has been
conducted to build a deeper comprehension of how to center
frequency ω0 affects the wavelet analysis result [17–19]. At
the same time, the Hilbert-Huang Transform (HHT) with the
empirical mode decomposition (EMD)method has also been
thoroughly studied as a comparison for stalling research [20,
21]. Besides, wavelet coherence and corresponding correla-
tion analysis technologies are subsequently applied to track
the developments of rotating disturbances and stall inception
by Zhang et al. [18, 22]. Adaptive learning and optimiza-
tion algorithms have attracted extensive attention recently. A
high-order distortion dynamic mode was derived to depict
the stalling signals by Lin et al. [23]. It is innovative that the
stall detection approach for axial compressors in this paper is
proposed with non-uniform inflow by using the deterministic
learning algorithm. According to previous research summa-
rized above, it is practicable to capture the process of the
generation and propagation of the spike-type stall inception
through multiple time–frequency analysis skills.

In this paper, an axial single-stage high-speed compressor
was numerically studied with half-annulus URANS simu-
lations. Wavelet analysis was utilized to process the wall
pressure signal collected by numerical probes arranged cir-
cumferentially at different axial positions. The detailed tip
flow fields and time–frequency analysis on tip pressure sig-
nals at the near stall condition were combined to demonstrate
the characteristics of stall inception. Simultaneously, the spe-
cific phenomena were further discussed to reveal the flow
mechanism of stall inception evolution. The rest of the paper
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Fig. 1 Illustration of DTC test rig

is organized as follows. The preliminary works of the sim-
ulation setting are introduced in Sect. 2. Section 3 shows
the main results, including wavelet analysis and flow char-
acteristics of the stall inception pattern. Section 4 gives the
conclusions of this paper.

2 Methodology

2.1 Investigated compressor

The investigated compressor is the Darmstadt Transonic
Compressor (DTC), an axial single-stage high-speed test rig
at the Institute of Gas Turbines and Aerospace Propulsion,
Technical University of Darmstadt. It was built in coopera-
tion with MTU Aero Engines and went into service in 1994.
As a typical design of a high-pressure compressor in a mod-
ern turbofan engine, the rotors of DTC are often used for
developing new approaches to flow control and verification
of numerical simulation results.

Figure 1 shows the cross-section of the single transonic
compressor stage. It consists of a blisk rotor with 16 radially
stacked CDA airfoils and a stator row with 29 blades of ordi-
nary 2D design. It is characterized by a maximum pre-shock
Mach number of 1.35 at a design speed of 20000 rpm. The
design total pressure ratio of the inlet stage reaches 1.5 at the
mass flow rate of 16.0 kg/s, while the tip clearance is approx-
imately 1.7% span. Table 1 provides the crucial parameters
of the blade at the design point [24].

2.2 Numerical procedure

The commercial three-dimensional Navier–Stokes flow
solver, ANSYS-CFX, performs steady and unsteady sim-
ulations. To ensure the solver’s robustness, CFX uses

Table 1 Design parameters of DTC [24]

Parameter (unit) Value

Rotor/Stator number (–) 16/29

Rotating speed (RPM) 20,000

Design mass flow (kg/s) 16

Design total pressure ratio (–) 1.5

Tip diameter (m) 0.38

Rotor tip gap (% of span) 1.7

Rotor mean aspect ratio (–) 0.94

tip tangential speed (m/s) 398

Inlet Mach number at tip/hub (–) 1.35/0.7

the element-based finite volume method to discretize
the Reynolds-Average Navier–Stokes equation based on
unstructured grids. It utilizes an implicit coupled solver that
solves all the hydrodynamic equations as a single system.
The linearized equations are solved by the Incomplete Lower
Upper (ILU) factorization technique, accelerated by an alge-
braic multigrid method. A pseudo-time-stepping algorithm
with an automatic time scale technique is used for steady-
state calculations. For the best practice of turbomachinery
simulation, the Menter k − ω Shear Stress Transport (SST-
2003) turbulence model [25], and the second-order accurate
high-resolution advection scheme are recommended.

Figure 2 illustrates the 3D view of the simulation domain.
In order to save computation resources, stators are removed
from the simulation by excluding the downstream influence
[26]. A single passage is calculated with the circumferen-
tial periodic boundary conditions. Inlet and outlet planes
are applied as channel extensions by nine-times axial chords
upstream and downstream of the rotor blade to avoid numer-
ical reflection, respectively. Adiabatic and no-slip solid
boundaries are applied at the hub, casing, and blade surfaces,
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Fig. 2 Simulation domain and
boundary conditions

Fig. 3 Illustration of the grid
topology

while the free-sliding boundaries are adopted on the solid
wall near the inlet and the outlet. A constant total pressure
of 101,325 Pa and a total temperature of 288 K are applied.
Static pressure is imposed at the outlet to vary the operat-
ing points for steady simulations. For unsteady simulations,
forty-eight physical time steps per blade passing period and
five pseudo-time iterations are performed each time to obtain
converged solutions.

Block-structured grids are generated separately for blade
passages and tip clearance by Numeca AutoGrid V5. The
rotor passage is meshed in the O4H topology, with a mesh in
rotor tip clearance in butterfly topology. H blocks are adopted
in the inlet and outlet sections to improve the overall quality
of the grid. Grids are clustered near the blade surface and
walls to meet the resolution requirement of y+ ≤ 1. Three
rotor grid systems using the same topology are carried out
for the grid-dependency test: Mesh 1 (840,000 nodes), Mesh
2 (1,860,000 nodes), andMesh 3 (4,570,000 nodes). Consid-
ering the computational accuracy and the time consumption,

Mesh 2 was finally used as the rotor grid for subsequent
numerical study. A schematic of the main passage and tip
clearance grid is shown in Fig. 3.

Eight passage (half-annulus) simulations were conducted
to determine the circumferential features of flow instability
precisely by taking the last convergence result of the steady
simulations as initial conditions. It is considered as near-stall
state when the inlet and outlet flow of the calculation domain
cannot be kept stable or even perform a significant drop.

2.3 Validation of numerical results

In this section, the numericalmethod is verified by comparing
the experimental results with the numerical results. Figure 4
shows a good match of the circumferentially mass-averaged
radial profiles downstream of the rotor. It should be noted
that the experimental data are obtained in a single stage at
13.9 kg/s [27, 28], and the numerical data are derived from
the simulation of the single rotor at approximately the same
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Fig. 4 The comparison of parameters at the rotor exit between simula-
tion and experiment at the near stall condition [27]. (exp:13.9 kg/s; sim:
14.19 kg/s)

Fig. 5 The pressure distribution of a experimental results and
b unsteady simulation results at the casing wall [28]. (exp:13.9 kg/s;
sim: 14.19 kg/s)

mass flow rate. The experimental wall static pressure and
the time-average unsteady simulation results at the near stall
points are shown in Fig. 5. The trajectory of the tip leakage
vortex is marked by the black dashed line indicating the low-
pressure trough. The simulation well captures the location
and structures of the shock wave.

As illustrated above, the numerical method in this paper
can faithfully reflect the critical flow characteristics of the
rotor tip at the near-stall situation.

Fig. 6 Thediagramof the probes:a circumferential direction and b axial
direction

2.4 Numerical probes

The flow features of the compressor rotor at the near stall
condition have an evident trend of circumferential propaga-
tion. In order to obtain the pressure signals of the transonic
rotor, a set of numerical probes needs to be arranged in the
calculation domain. Figure 6 shows a schematic view of the
numerical static measurement points near the casing in a sta-
tionary frame.

Probes are installed in the stationary frame at 16 circum-
ferential positions to ensure that one probe can capture the
pressure signal in each passage regardless of the rotating
phase. At each circumferential position, four probes are dis-
tributed along the axial direction locating at 25% axial chord
length (Cax) upstream the LE, 20% Cax downstream the LE,
70% Cax downstream the LE, and 20% downstream the TE,
respectively. The probe numbering was combined by axial
position and circumferential position. For example, P_II8
represents the second axial probe at circumferential position
8.

As the computational domain rotates away, the probes out-
side the domain will fail to acquire a valid pressure signal
during a 1/2 T period. At that time, the probe at its symmetri-
cal position will be active and capture the “missing” signals
for the full-annulus information. Since the external time step
of the eight-passage numerical simulation in this paper is set
as 1/48 of a blade-passing-period at 100% rotating speed,
about 768 data can be collected in a rotor revolution when
the sampling frequency is 256 kHz.

2.5 Wavelet selection

The wavelet transform is a priority for indicating flow char-
acteristics and detecting stall inception on account of its
time–frequency ability, which is suitable for analyzing the
complicated unsteady signals of axial compressors. For the
same time series, different wavelet bases can lead to entirely
different spectra. Since the wavelet analysis result is highly
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Fig. 7 The compressor performance map: a total pressure ratio and b isentropic efficiency (EXP: stage exit; SIM: rotor exit)

correlated with the specific value of wavelet basis, in this
section, the crucial parameters of the wavelet function will
be discussed.

2.5.1 Orthogonal or non-orthogonal

An orthogonal wavelet system, whose t-axis might skip
the vital instance of the rotation disturbances, is a discrete
sequence in both the time and scale domain. In contrast, it is
much easier to obtain a smooth and continuous result when
applying non-orthogonal wavelets to analyze the pressure
signals from rotor-tip flows. Therefore, the latter option will
be used to locate the near-stall disturbance and track its devel-
opment trajectory in this paper.However, it is noteworthy that
a spreading phenomenon named energy redundancy would
happen in the wavelet spectrum when using non-orthogonal
wavelets.

2.5.2 Real or complex

Complex-valued wavelet function is more appropriate than
the real-valued for simultaneously capturing the amplitude
and phase characteristics. In contrast, the real-valuedwavelet
function has the highest priority over identifying peaks and
singularities. For oscillatory signals, such as rotating dis-
turbances in rotor tip flows, a complex-valued wavelet is
preferable to a real-valued wavelet.

2.5.3 Shape and resolution

The Morlet wavelet in the complex domain is chosen with
ω0 � 6 to discuss the near stall behavior in this paper. The
expression of the Morlet and its Fourier transform is given
in Eqs. (1) and (2), respectively.

ψ0(η) � π−1/4e jω0ηe−η2/2 (1)

ψ0(t) � (−1)m+1

√
�

(
m + 1

2

)
dm

dtm
(e−t2/2 (2)

where ω0 is the non-dimensional frequency, and m is the
derivate order. When ω0 is larger than 5, the Morlet wavelet
is regarded to satisfy the admissibility condition. Zhang’s
study [18] shows that the rotating stall cell fluctuation can be
decomposed into the first three-order harmonics with ω0 �
6.

In this paper, firstly, the non-orthogonal transform is help-
ful for time series analysis of near stall inception, where
smooth, continuous variations in wavelet amplitude are
expected. Furthermore, theMorlet wavelet balances time and
frequency localization better and contains more oscillations
than the DOG wavelet. Besides, the former has been repeat-
edly verified in engineering projects. Through the above
discussion, theMorlet wavelet in the complex domain is cho-
sen with ω0 � 6 for discussing the unsteady phenomenon of
the rotor blade at the NS condition.

3 Results and discussion

3.1 Overall performance

The performance characteristics of total pressure ratio and
isentropic efficiency are presented in Fig. 7. In these plots, the
hollow squares denote the experimental data measured from
a stage environment; the solid curves with triangle-symbols
denote the RANS simulation results; the isolated triangles
denote the time-averaged results from the URANS simu-
lations. The unsteady simulations are initialized from the
last converged point of the single passage steady result. The
unsteady simulated points are consistent with experimental
data in trend and predict the near stall boundary accurately.
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Fig. 8 The history of exit mass flow during throttling towards stall

The prediction of total pressure ratio and isentropic efficiency
exhibits a significant over-prediction, ascribed to the expur-
gation of the downstream stator row. Throttling operation is
realized by increasing the back pressure under the minimum
flow rate (near stall) condition. The typical throttling process
of the eight-passage simulation and correspondingmass flow
parameters are exhibited in Fig. 8.

According to the modal proposed by Camp and Day [4],
when spike-type oscillations precede the stall, the slope of
the overall performance is slightly negative at the near-stall
condition. Consequently, it is suggested that spike-type stall
inception will occur in the DTC rotor near the stall point.

3.2 Pressure signals

Biela [15] et al. measured the wall pressure signal of the
blade tip of the DTC rotor in 2008. They also arranged a
set of fast-response probes at about 20% Cax downstream
of the rotor LE, which is consistent with the position of the
numerical probe rowP_II in this paper. Figure 9 (a) shows the
Fourier spectra of wall pressure measurement during oper-
ation at peak efficiency and near stall, respectively. Besides
the rise of overall noise, the increased amplitudes of non-
BPF frequencies are clearly visible when the stability limit
is approaching, especially the 2–4 kHz band.

The Fast Fourier Transform (FFT) results derived from
the P_II probes, located at the identical axial position with
the measurement, are shown in Fig. 9 (b). The numerical
result accurately exhibits the majority of peak frequencies,
2000 Hz, 3400 Hz and 4600 Hz, for instance. As mentioned
above, the numerical simulations are believed to be pretty
reliable, considering that various interference factors in the

experiment may cause “noise” in the signal collected by the
pressure probes, especially at the near-stall condition.

FFT first processes the original dynamic signal to under-
stand the development of disturbances at different frequen-
cies.Moreover, the spectrumshown inFig. 10 comes from the
high-frequency probes at different axial positions described
above. As shown in the spectra, the blade passing frequency
(BPF) is recorded dominantly by four axially arranged
probes, while themagnitude of this remarkable signal is quite
different. The order of BPF-amplitude is above 104 at the LE,
while a drastic reduction occurred at the TE.

The magnitude of peak amplitude can be regarded as
a reflection of the unsteadiness strength. For probe P_I
upstream of the LE, the peak amplitudes emerged at approx-
imately 670 Hz and its multiples. The peak amplitudes are
distributed in the positions near the domain of 1920 Hz,
3409 Hz, 4668 Hz and 6000 Hz when it comes to P_II.
Besides, it is seen that the overall peak amplitudes of the
probes arranged at P_III and row IV exhibit a lower intensity
comparatively. However, the traditional FFT method does
not possess the ability to characterize the oscillation of aero-
dynamic parameters that arise at the near-stall condition.
Following previous experiences, the time–frequency anal-
ysis method, for example, wavelet transform, reveals unique
advantages when studying the near-stall flow characteristics
of the compressor.

3.3 Wavelet analysis results and unsteady
disturbance flow characteristics

After the throttling process shown in Fig. 8, we obtained
the dynamic pressure at different circumferential positions
of the casing. Figure 11 shows the transient pressure signals
measured by the numerical probes at each circumferential
position of the P_I row during 63–105 ms. It is noted that the
amplitude of the signal still exhibits a stable periodic oscil-
lation before 95 ms. However, the third probe caught a slight
disturbance at the circumferential position at 98 ms, which
does not display a feature of further propagation in the cir-
cumferential direction. Then a much remarkable large-scale
disturbance appeared at the position of downstream probe
P_I4, corresponding to the velocity of development at 60%
rotation speed. Afterward, the amplitude of the disturbance
further expanded and developed into stall inception.

In Fig. 12, the wavelet transform is applied to the data of
pressure probe P_I1. It can be seen that there are two evident
energy discontinuities in the amplitude band of BPF (area
near 5333 Hz), with a distinct spreading phenomenon corre-
sponding to the location of the horizontal axis at 100.8ms and
103.4 ms. The energy discontinuity mentioned above caused
a visible amplitude increase in the frequency domain during
1000–4000 Hz, which is consistent with the wavelet analysis

123



516 Aerospace Systems (2024) 7:509–523

Fig. 9 The Fourier spectra of a experiment [15] and b simulation at the near stall condition

Fig. 10 The Fourier spectra of
casing pressure signal at different
axial positions

Fig. 11 Pressure signal at
different circumferential
positions during 65–105 ms
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Fig. 12 The wavelet spectrum of
pressure signal at P_I1 during
0–110 ms

results of the wall pressure signals from another low-speed
compressor [17].

In addition, amaximum amplitude region in the frequency
domain is generated starting from 96 ms in the spectrum,
located at a frequency band of 300–500 Hz. It is noted that
the time interval between the energy discontinuity of BPF
is approximately 2.6 ms, during which the disturbance is
required to pass through the eight passages completely, with
a converting frequency of 384 Hz. From the findings above,
it is reasonable to propose that the spike-type inception with
the feature of circumferential propagation was captured by
probe P_I1 at certain moments.

In Fig. 13, the bands of BPF in the wavelet spectra for all
eight probes of P_I are placed in line for the same period. The
result of P_I1 is repeated at the bottom to illustrate the cyclic
placement of numerical probes. By comparing the trajectory
of the spike-typedistribution,we can clearly see that the rotat-
ing asymmetry is even conspicuous in the flow field at the
rotor tip region, as indicated by the black dashed arrow. The
spikes travel circumferentially at about 60% rotating speed.
The frequency and modal analyses reveal the temporal and
spatial features of the rotating instability. Then, the associ-
ated unsteady flow characteristics in the rotor tip region are
displayed.

As shown in Fig. 14, the static pressure distribution at 98%
span is presented every 1/4 T from 101.25 ms (denoted as
t1). Since these disturbances are constantly generated, prop-
agated, and disappeared periodically, only the results within
one period are displayed. At t � t1 and t � t1 + 1/4 T, the
structure of leakage flow in the passage between B4 and B5
has been destroyed. Meanwhile, the rotational asymmetry
of each passage of the tip region is further aggravated. The
shock wave structure and static pressure rise are significantly
affected as well.

At t � t1 + 2/4 T, a new structure consistent with all the
flow characteristics of the upstream option is generated in
the passage between B5 and B6. Besides, the two distinct

low-pressure spots, marked as M and N, have been located
upstream of the LE of the B6. Similarly, the low-pressure
regions with a broader range and higher intensity also exist
in other circumferential passages. This means a new low-
pressure region has been formed in the SS of the blade with
the extinction of the former low-pressure area,while the spots
in the middle repeat their previous behavior.

Therefore, it is believed that an apparent circumferen-
tial propagation phenomenon against the rotating direction
appears in the tip flow region after t1 + 1/4 T, which takes
approximately 1/4 T to pass through the single rotor passage
in the relative frame. According to the Nyquist Sampling
Theorem, the time scale of a full-annulus propagation of the
distribution collected by stationary probes is 2/3 T, with a
converting frequency of 500 Hz. It is close to the frequency
of the spike-type stall inception in the wavelet analysis. It
can be concluded that the disturbance captured by numeri-
cal probe P_I1 is identified evidently as a physical vision of
spike inception.

3.4 Stall mechanism of the rotor tip

3.4.1 Blade loading

The development of the low-pressure spots has a distinct
effect on the tip loading, closely related to the stall behavior.
Figure 15 shows the blade loading perturbation caused by
SS separation in the tip region at four instants from 86.39 ms
(denoted as t2). The pressure coefficient Cp is defined as:

Cp � ps − ps, in
1
2ρU

2
m

(3)

where ps is the local static pressure, and ps,in is the average
static pressure at the inlet plane,Um is the tangential velocity
at mid-span.
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Fig. 13 Wavelet spectrum of
pressure signal at different
circumferential positions

Fig. 14 Pressure distribution at
98% span at different moments

As seen in Fig. 15 (a), a low-pressure spot generated by
the shedding of a leaking vortex causes a significant drop
when it moves to the LE of the PS. Then, a secondary leak-
age occurs, sliding through the tip clearance, and leads to
a specific increase of static pressure at the corresponding
position. At t � t2 + 10/128 T, the low-pressure spot has
moved downstream with a conspicuous intensity reduction.
Notably, a new low-pressure region has been formed in the
SS of the blade with the extinction of the former spot, while
the low-pressure region in themiddle just repeats its previous
behavior. In addition, the pressure contours on the blade to the
blade surface at two corresponding moments are proposed in

Fig. 16 to dedicate the specific flow mechanism behind the
blade loading changes.

Some characteristics of the shock wave in the passage can
also be observed from the loading distribution map. In gen-
eral, the shock wave is located near the 40% Cax of the SS,
and there are inevitable fluctuations in this vicinity. At the
moment of Fig. 15 (a), the shock wave is roughly located at
the position of 25–40%Cax, and in Fig. 15 (b), the static pres-
sure increases due to the shock wave occurring at 30–50%
Cax position.
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Fig. 15 Blade loading
distribution at 98% span in
different instants: a t2 + 4/128 T,
b t2 + 7/128 T, c t2 + 10/128 T
and d t2 + 13/128 T

Fig. 16 Pressure distribution at
98% span at different moments
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Fig. 17 The axial velocity distributions at the LE plane at different times

3.4.2 Spillage and backflow

The two necessary conditions for forming spike inception
proposed by Vo [6], leading edge spillage and trailing back-
flow, have been verified by researchers in experimental and
numerical methods. These flow behaviors are also observed
in the flow field of our simulation results. Figure 17 shows
the axial velocity distribution from the upstream perspective
of the rotor LE, in which the positive axial velocity area is
marked in red. In contrast, the negative region is marked in
blue. It is apparent that the spillage region at the LE gradually
increases with the development of the tip clearance flow. The
blockage caused by the flow behaviors occupies more than
10% of the passages at 105 ms, with the pressure signals of
stall inception captured in the meantime.

It is credible from the previous study that the leading edge
spillage is mainly affected by the tip leakage flow. In order
to depict the flow details and capture the instability sources
at the tip region of the blade, a series of contour plots about
instantaneous vorticity at 98% span is shown in Fig. 18. The
leakage flow in each passage has developed to a particular
position and almost flushes with the LE plane of the rotor tip
from 19.53 to 78.13 ms. Moreover, the structure of the tip
leakage vortex was intact as the blockage further increased.
Then, a perturbation in the local flowcoefficient causes the tip
leakage flow tomove upstream, spilling forwards of the LE at
98.25ms. This spillage interacts with the adjacent tip leakage
flow and develops into a circumferentially propagating vorti-
cal structure, which triggers a leading edge separation on B1
to B3 at 105ms. Simultaneously, spike-type stall inception is
generated in the corresponding passage, as shown in Fig. 18
(d).

Figure 19 shows relative velocity vectors at 98% spanwith
streamlines at the near stall condition, with the regions of
interest marked with circles. There is no conspicuous trail-
ing backflow in all rotor passages in the initial time (t3 �
98.25 ms). As shown in Fig. 19(b–d), various degrees of
trailing backflow occurred in some passages successively.
Since the axial velocity value of the corresponding position
is not high enough, it is unable to make many contributions
to the blockage, mainly located at the mid-upstream area in
passages. As seen in Fig. 19 (e), an intense trailing backflow
emerged in the passage between B2 and B3, which prop-
agates upstream after passing through blade B2, and finally
reaches the SS of the adjacent rotor. At this moment, the axial
velocity has reached approximately − 120 m/s. The intense

Fig. 18 Radial vorticity at 98%
span
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Fig. 19 The velocity distribution
and axial velocity distribution at
98% span during 99–105 ms

Fig. 20 Tip separation phenomena at 102 ms: a Q-criterion and b Pres-
sure distribution

backflow caused a further blockage in the passage, with obvi-
ous stall inception already indicated in the flow field.

3.4.3 Tip separation

Figure 20 shows the vortex structure in the blade tip region
with the Q criterion at 102 ms instant to visualize the three-
dimensional evolution and the different influences of the
leakage vortex after overflowing theLE. The blockage causes
a large enough incidence increase onto the tip region of the
blade to trigger the LE separation, creating a radial vortex,
the spike, which propagates in the passages and grows in size,
and provides positive feedback for further separation.

At 105 ms instant, a more obvious vortex structure
appeared in the passage, as indicated by the blue dashed
line in Fig. 21 (a), which starts from the midstream of the

Fig. 21 Tip separation phenomena at 105 ms: a Q-criterion and
b Streamline

SS of the blade and terminates at the casing with a vertical
state. It is notable from the streamlines that this transverse
vortex hasmoved circumferentially more than a half-passage
length. Besides, the conclusion will be drawn adequately that
the distinct increase of vorticity between blade B4 and B5 as
seen in Fig. 18 (d) was caused by the radial “tornado-type”
vortex as seen in Fig. 21 (b).

4 Conclusion

Unsteady simulations are conducted for the DTC transonic
rotor to investigate the specific characteristic and propagat-
ing mechanisms of spike-type stall inception. The wavelet
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analysis method based on the static pressure signals is com-
bined with specific flow fields to reveal the generation and
development of the stall inception. Several conclusions are
drawn below:

(1) The unsteady CFD method in this paper favorably
depicts the overall performance characteristics. It shows
a good match of the radial profiles between experimen-
tal data and numerical results at the near-stall condition.
The unsteady flow behaviors at the rotor tip region are
well depicted. The numerical methodology adopted in
this paper can accurately simulate the operating process
from near-stall throttling to rotating instability. The set-
ting layout of the probes is quite reasonable, which can
effectively capture the dynamic pressure at the rotor tip
over the circumferential range.

(2) Wavelet transformwith a suitable function base is a nat-
ural choice for investigating pre-stall disturbances and
detecting stall inceptions. By comparing the spectra of
the FFT and time–frequency analysis results, the distur-
bance captured by the numerical probe located at 25%
axial chord length upstream of the LE during the period
from 100.8 to 103.4 ms is confirmed as a typical spike-
type stall inception. The spikes travel circumferentially
at about 60% rotating speed. The characteristic fre-
quencies also correspond to other temporal and spatial
features of the rotating instability, such as the fluctua-
tion of the shock wave, self-oscillation, and propagation
of tip leakage vortex.

(3) Spike-type disturbances correspond to the moving areas
of low pressure essentially, which are caused by flow
separation and radial vortex formation. The unsteadi-
ness reflected on the wavelet spectrum and flow field at
the tip region of the blade is dominated by the evolu-
tion of radial vortex structure inside the rotor passage,
which triggers a tip clearance spillage flow and a trailing
backflow.
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