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ABSTRACT 

In this paper, the three dimensional single-channel numerical simulation has been undertaken to analyze unsteady flow 

characteristic and fluctuation mechanism at near stall condition in a transonic compressor rotor. It has been found that at 

near stall condition, strong unsteady fluctuations appeared at the region which is closed to the pressure surface (PS) at 

leading edge and the downstream of shock wave in rotor tip. Then, detailed analysis of the tip flow field showed that the 

interaction between tip leakage vortex (TLV) and shock waves causes the spiral type breakdown of TLV,and caused reverse 

flow periodic shedding in the recirculation region, both effects gived rise to the large fluctuation of the rotor tip field. 

Periodic shedding of the reverse flow affected the pressure distribution of blade pressure side so that the blade tip was 

unloaded and the tip leakage vortex breakdown was thus suppressed, thereby forming a self-sustaining unsteadiness. The 

TLV breakdown was the decisive factor leading to the flow unsteadiness. 

INTRODUCTION 

It is well know that there are complex unsteady flow phenomena in the tip region of the aero-engine compressor, so it 

has received extensive attention by researchers in the turbomachinery field. Many research results have shown that the 

unsteady flow phenomenon will generate noise (Kameier et al. 1997; Thomassin et al. 2009; Muller et al. 2017) and excite 

blade vibration (Holzinger et al. 2016; Camussi et al. 2010; Khorrami et al. 2002), which is responsible for fatigue failure 

of the blade, ultimately causing the compressor to fail to work. Furthermore, it is also one of the main causes of aerodynamic 

instability of the compressor (Vo, 2002; Yamada et al. 2013; Hewkin et al. 2019). Therefore, it is very important to study 

the flow mechanisms under the unsteady flow phenomena. 

The flow fields in rotor tip region mainly exists tip leakage vortex, shock waves, boundary layers and other flow 

structures. Some recent researches indicated that these flow structures are closely related to the unsteady phenomena in the 

compressor. Mailach et al. 2001 conducted an experimental investigation in a low speed axial compressor and observed the 

phenomenon of unsteady fluctuations in the rotor tip region, which was well known as rotating instability (RI). The results 

also showed that RI mainly appeared in the tip region with large tip clearance, and it was mainly caused by the unsteadiness 

of the tip leakage vortex.  

Since the unsteady flow phenomena often appears in a small fraction near the blade tip, it is difficult to adopt 

experimental methods to figure out this phenomenon. As a result, most of the relevant studies only focus on numerical 

simulation. Furukawa et al. 1999 and Furukawa et al. 2000 performed detailed numerical simulations on a low-speed axial 

compressor. They found that spiral-type breakdown of the tip leakage vortex occurred inside the rotor passage at the near 

stall conditions, and they concluded the tip leakage vortex breakdown was the main reason for the flow unsteadiness. 

Subsequently, unsteady simulations in a transonic compressor carried out by Yamada et al. 2004 got more in-depth findings 

about the tip leakage vortex breakdown. Under the peak efficiency condition, the tip leakage vortex was broken by bubble-

type pattern, accompanied by obvious unsteady fluctuations in the flow fields. As the mass flow rate reduced, the tip 

leakage vortex breakdown pattern changed from the bubble-type to spiral-type. According to this, Yamada deemed that the 

flow unsteadiness was closely related to the breakdown of tip leakage vortex. For deeply revealing the flow unsteadiness 

in tip region, Tong et al. 2007 conducted experiments and numerical simulations in a low-speed axial compressor test rig. 

They found a self-sustainment unsteady flow phenomenon as the compressor was throttled to lower mass flow condition. 

They explained the unsteadiness as follows: When the low energy flow carried by tip leakage vortex was close to the 
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pressure surface of adjacent blade, a local low pressure zone appeared in the corresponding location. Owing to this, the tip 

loading redistributed and the leakage vortex temporarily kinked downstream. Meanwhile, the low-pressure zone moved 

downstream with the influence of the incoming flow, the blade tip loading distribution would be restored. Based on the 

understanding of tip flow fields, Wu et al. 2010 implemented detailed experimental and numerical investigations in a high-

speed subsonic axial flow compressor rotor. It was found that a new vortex named as tip secondary vortex emerged in the 

tip region because of the complex interaction of broken vortex structures. The backward movement of this vortex changed 

the tip loading distribution, resulting in the strength of the tip leakage vortex and separation vortex changing. Thus a self-

sustaining unsteady fluctuation in the tip flow field was established.  

From the above literatures, it can be found that the origin of the unsteady flow phenomenon at the tip region of 

compressor is closely related to the tip leakage flow. However, most of the studies on unsteadiness is mainly focused on 

low-speed subsonic axial flow compressors, the unsteadiness of tip leakage flow in transonic compressors are rarely 

discussed. The complex flow structures such as shock/boundary layer interaction and shock/tip leakage vortex interaction 

etc. may exhibit different characteristics. Therefore, further efforts should be made to study the unsteady source and the 

unsteady behavior of the tip leakage flow under transonic conditions. Motivated by these questions, a time-accurate 

unsteady simulation in transonic compressor rotor NASA Rotor 37 is carried out to study the unsteady characteristics and 

fluctuation mechanism in the rotor tip region under near stall conditions. 

TRANSONIC COMPRESSOR ROTOR 

The NASA Rotor 37 is used throughout this paper, it is one of the low aspect ratio transonic compressor inlet rotor, 

designed by NASA Lewis research center in 1978 to verify the influence of aspect ratio and load on compressor 

performance. The compressor consists of 36 rotors, the aspect ratio is 1.19, and tip clearance is 0.0356cm. The design 

rotational speed is up to 17188rpm, with the design total pressure ratio 2.106 at design mass flow 20.19 kg/s. Geometric 

parameters and Aerodynamic design parameters of Rotor37 are labeled in Table 1. More details about blade geometry can 

be found in Reid et al. 1978. The measurement locations of test compressor are shown in Figure 1, Suder et al. 1996 carried 

out detailed experimental tests, and total pressure, total temperature were got in station1 and station 4. Besides, Mach 

number and axial velocity distributions were also obtained at several axial locations.  

Table1 Geometric parameters and Aerodynamic design parameters of Rotor37 

Parameters Value 

Tip clearance 0.0365cm 

Tip chord 5.60cm 

Blade number 36 

Aspect ratio 1.19 

Design speed 17188r/min 

Tip speed 454m/s 

Design total pressure ratio 2.106 

Design mass flow 20.19kg/s 

Choke mass flow 20.92kg/s 

 

 

Figure 1 Measurement locations of test compressor 
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NUMERICAL METHODOLOGY 

Computational grid 

As shown in Figure 2, the grids were generated by IGG/Autogrid5, the computational domain consisted of inner region, 

main flow region outside the blade tip clearance, tip clearance region and outer region. The H topology was adopted in the 

inner region, consisted of 61 cells in the pitchwise, 73 cells in the spanwise direction, and 25 cells in the streamwise 

direction.The outer region also used the H topology, which consisted of 61×73×17 cells, in the pitchwise, spanwise and 

streamwise directions, respectively. The main grids of rotor passage are meshed in O4H topology, which consistd of a main 

O-block surrounding the blade, and 61 cells in the pitchwise direction, 56 cells in the spanwise direction, and 77 cells in 

the streamwise direction. In the tip clearance region, a structured OH type grid was generated, and 17 grid nodes were set 

up in the radial layer. As a result, the whole computational grid system had 0.82 million cells. The grid density was 

increased towards all solid boundaries to keep y+ meet the requirements. 

 

Fig.2 Computational grids 

Arrangement scheme for numerical probes 

To monitor frequency properties and fluctuation intensity of the unsteady flow in the rotor passage flow field, the 

numerical probes were set at different spans at the 10% tip axial chord of rotor leading edge, as shown in Figure 3. It is 

also used to monitor the magnitude of static pressure with time. Total nine probes were arranged on 20%, 50%, 60%, 70%, 

80%, 85%, 90%, 95% and 97% span, and they are named as h_20, h_50, etc. 
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Fig.3 A schematic view of the arrangement for numerical probes 

Boundary condition 

The present simulations were performed by commercial CFD solver, ANSYS/CFX/Solver 2020. The 3D Reynolds 

averaged Navier-Stokes equations under the relative frame of reference were discretized in space with a cell-centered finite 

volume formulation, and the two equation Shear Stress Transport turbulence model was applied. During the numerical 

simulation, adiabatic and no-slip boundary conditions are applied at all solid walls. Inlet total pressure, total temperature 

and axial flow condition were set at the inlet boundary. Static back pressure was set at the outlet boundary. To capture the 

unsteady flow phenomenon sufficiently, the physical time step was about 63.2 10  s (An G et al. 2020), which represented 

30 physical time steps in one rotor blade pitch, virtual time step for inner iteration was 5. 

When performing unsteady calculations, the last converged steady calculation result is used as the initial field, and the 

convergence criteria used in unsteady calculation was that the pressure signal detected by the numerical probe fluctuated 

periodically. the last convergent result before the numerical stall corresponded to the near-stall condition. 

RESULTS AND DISCUSSION 

Validation of numerical simulation 

In the work of this paper, numerical simulation is used to study the unsteadiness of the transonic compressor rotor at 

near stall condition. In order to verify the reliability of the numerical method, this section discusses some comparisons 

between the experimental results and the results predicted by the numerical simulation method. 

The compressor rotor performance curves of the experimental and the predictions of the simulation are shown in Fig. 

4. Compared with the experimental results, the simulation results are consistent with the experimental results, but the 

isentropic efficiency and near stall flow are lower than experimental results, which is same with the numerical simulation 

results of Rotor 37 in the existing literature [18-20]. 
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（a）Total pressure ratio （b）Isentropic efficiency 

Fig.4 Predicted performance of the compressor rotor 

The time-averaged flow fields at the near stall condition are shown in Fig. 5. These are obtained by averaging transient 

results of a fluctuation period as described later. Experimental result measured by the laser anemometer shows axial 

velocity contours at 20% chord near the casing in Fig. 5(a). The axial velocity,𝑉𝑍 are normalized by the blade tip speed at 

the rotor inlet,𝑈𝑡. Fig. 5(b) shows the corresponding simulation result at near stall condition. The place where the contour 

lines are dense in the figure is a shock wave. Whether it is experimental or numerical simulation, it can be found that the 

shock wave appears near the midpitch. In addition, low energy fluid accumulates near the pressure surface side of the blade 

tip. 

  

（a）Experiment （b）Calcument 

Fig.5 Normalized axial velocity distributions at 20% chord at near stall condition 

In Fig. 6, the Mach number distributions at 95% span are compared between numerical and experimental results at 

near stall condition. It can be seen from Figure 6(a) that the shock wave appears near the leading edge of the rotor blade, 

and a low energy fluid area appears near the pressure side of the blade passage. It is obvious that computational results 

predict(Fig. 6(b)) these flow phenomena exactly at 95% span flow field in the rotor passage. 

  
（a）Experiment （b）Calcument 
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Fig.6 Contour plots of Mach number on the 95% span at near-stall condition 

In summary, the calculated results are in good agreement with the experimental results, and the numerical simulation 

can correctly simulate the flow field of the transonic compressor rotor. Therefore, the flow field of the rotor channel can 

be studied by analyzing the numerical results in detail 

Analyses of unsteadiness trigger position 

 

Fig.7 FFT spectrum of fluctuations in static pressure from the numerical probes for near-stall 
condition 

This section firstiy analyzes a detailed FFT results of sampling data from the numerical probes at different span of -

10% chord for near-stall condition. The results showed that at 60% span, static pressure began to pulsate. With the increase 

of radial span, the amplitude of static pressure pulsation became higher, and the unsteady disturbance was the strongest at 

97% span. The rotor channel mainly presented a characteristic frequency of 10980HZ, which was about 1.065 times of the 

passing frequency of the blade. 

According to the analysis of the monitoring results of the numerical probe, it can be seen that the unsteady fluctuations 

of the rotor passage mainly appeared in the rotor blade tip. However, the specific location and intensity of the unsteady 

fluctuations in the rotor channel are still unclear. In order to further understand the spatial distribution of the flow 

unsteadiness of the rotor blade tip, Figure 8 shows the static pressure standard deviation contour distribution of 99% span 

at the near-stall condition. 

As an effective visualization method, the static pressure standard deviation can not only clearly characterize the 

position information of unsteady fluctuations in the flow field, but also reflect the intensity of unsteady fluctuations. It can 

be found from the figure that there are mainly two areas with strong fluctuations in the flow field: one is the downstream 

of shock wave which is closed to leading edge of pressure surface, the corresponding position is marked by ①;the other 

is located at leading edge to 80% axial chord of blade pressure side, which is marked by ②  
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Fig.8 Contour plots of Standard deviation of static pressure on the 99% span at near-stall condition 

To sum up, the area with relatively strong unsteady fluctuations was located in the interface of the main leakage vortex 

and shock wave. Meanwhile, in tip pressure surface, the area from 5% of the axial chord length to 80% of the axial chord 

length also keep high unsteady fluctuations. It can be inferred that the source of this unsteadiness comes from the tip area. 

The next section will conduct a detailed analysis of the tip flow field to illustrate the mechanism of flow unsteadiness. 

Breakdown of Tip Leakage Vortex 

Figure 9 provides contour plots of normalized absolute vorticity distributions on crossflow planes at near stall 

condition, where the black streamline represents the trajectory of the leakage flow and the red line indicates the approximate 

location of the shock wave The planes are located at four positions almost perpendicular to the leakage vortex. The 

normalized absolute vorticity is defined as: 

2
n





                            (1) 

where   and ω are vectors of the absolute vorticity and angular velocity magnitude of the rotor, respectively. 

On the region of upstream of the shock wave, the leakage flow tightly rolled up around the vortex core, and the absolute 

vorticity gradually attenuates along the direction of the leakage vortex, but it can be clearly observed concentrated vorticity 

corresponding to the vortex core on plane 1, 2, and 3; On the region of downstream of the shock wave, the leakage vortex 

suddenly expands, and the absolute vorticity of plane 4 suddenly becomes very weak and scattered. 

  

Fig.9. Normalized absolute vorticity distribution 
on crossflow planes at near stall condition 

Fig.10. Normalized helicity distribution on vortex 
core at near stall condition 
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In Fig. 10, three-dimensional vortex core structure of the rotor tip are identified by using Lambda2 method,which is 

colored with normalized helicity. The normalized helicity is defined as Equation 2. In addition, the yelllow iso-volume 

represents circumferential velocity less than 10 m/s. 

xyz

n

xyz

V
H

V









                             (2) 

where 
xyzV  are the vectors of velocity in the relative frame. 

It can be seen from the definition of normalized helicity that helicity is actually the cosine value of the angle between 

the absolute vorticity vector and the relative velocity vector. This means that the helicity in the vortex core tends to 1, and 

its sign is the winding direction of vortex relative to the flow direction. For a fully developed flow vortex, the helicity tends 

to 1 in the vortex core region. 

As we can see from this picture,before the shock wave, the helicity of TLV is always 1; but after the shock wave, the 

helicity of tip leakage vortex has undergone a huge change, from 1 to 0. 

As just mentioned above, after the leakage vortex passes through the shock wave, no matter the sudden expansion of 

the leakage vortex, the weakening and dispersion of the absolute vorticity at plane 4, or the change of the normalized 

helicity from 1 to 0. These changes correspond to the typical characteristics of vortex breakdown[21-22]. This shows that the 

tip leakage vortex is breakdown after it passed through the shock wave, and a recirculation region is formed near the leading 

edge of pressure surface, as shown in yellow iso-volume of Fig.10,and it corresponds to the zone of low-energy fluid in 

Figure 6. 

According to the research of Delery et al. 1994, Lucca-Negro et al. 2001 and Kalkhoran et al. 2000 and others, it has 

been found that there are two types in the vortex breakdown: bubble and spiral types. According to Figure 10, it could be 

found that Lambda 2 method is invalid in the vortex breakdown region, so the type of vortex breakdown can't be judged 

from this method. 

In order to show the details of the flow field in the vortex breakdown region more clearly, fig. 11 showed instantaneous 

limit streamline distribution of the midplaneⅠ (shown in Fig.12) cross section of the recirculation region. which are 

coloured with the absolute value of relative velocity. 

 

 

Fig. 11 instantaneous limit streamline 

distribution of the midplaneⅠ cross section 
Fig. 12 A schematic view of recirculation region 

As is shown in this figure, two counter-rotating vortical structures appear in the midplaneⅠ of the recirculation region, 

at the same time, the two vortical structures are asymmetric about the centreline. Therefore it is apparent that the TLV 

experiences a spiral-type breakdown(An G et al. 2020). 

Unsteady Flow Phenomena Due to Tip Leakage Vortex Breakdown 

As mentioned above, at the near stall condition, the interaction of the shock wave and the TLV causes the spiral type 

breakdown. As we all know, the spiral breakdown has a unsteady properties. Unsteady flow phenomena due to TLV 

breakdown will be analyzed in this section. 

According to Figure 8 we know, zone ① corresponds to the recirculation zone, the field of the recirculation zone needs 

to be analyzed in detail. Fig. 13 shows limit streamline distribution of the midplaneⅠ cross section for one period (T) of 
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the unsteady cycle. As is shown, the spatial distribution of the counter-rotating vortical structures shows periodical 

behavior. 

At t=0/28T,Fig. 13 can be observed that there is a counterclockwise rotating vortex B below the centerline.On the 

other side of the centerline, there is a clockwise rotating vortex A, and the size of A is smaller than that of B. 

At t=4/28T,the size of rotating vortex A is getting smaller and slowly moves further downstream ,eventually disappears 

in the flow field, thesize of vortex B is getting bigger and covers the entire recirculation region. 

At t=12/28T, a new clockwise rotating vortex C structure appeared in the recirculation zone and is getting bigger. As 

the same time, rotating vortex B is getting smaller and disappears in the flow field at t=20/28T. 

At t=20/28T, the size of rotating vortex C has reached the largest.Besides, a new counterclockwise rotating vortex D 

structure appeared in the recirculation zone. 

 

Fig. 13 Limit streamline distribution of the midplane cross section in the recirculation region 

By observing the size of a pair of asymmetric counter-rotating vortical structures, it can be found that if the 

counterclockwise rotating vortex is observed from t=20/28T, the intensity of the vortex structure undergoes a process of 

strengthening and then weakening during one period, and finally disappears in the entire flow field;and if the clockwise 

rotating vortex is observed from t=4/28T, the intensity of the vortex structure undergoes a same process. 

Based on the above analysis, it can be inferred that the change of the intensity of the two counter-rotating vortical 

structures is the reason for the strong unsteady fluctuations in zone ①. 
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Fig. 14 the streamwise velocity distribution on the 97% span at near-stall condition 

Figure 14 shows the streamwise velocity (𝑉𝑠) distribution contours on the 97% span at near-stall condition during one 

period. The figure only shows the area where the streamwise velocity is negative. the most prominent feature is that there 

is a reverse flow region marked by contours, it convects downstream in the streamwise direction along the pressure side. 

In this process, a part of the reverse flow shed from the recirculation zone. 

Taking into account that the reverse flow is caused by TLV breakdown, their periodic shedding can be explained by 

motion and disappearance of two counter-rotating vortical structures. Fig.13 indicates that two counter-rotating vortical 

structures alternating moving downstream,which is shown by vortex A，B and C, and then disappeared in the recirculation 

zone as shown in Fig. 13(a)~13(b) and 13(e) ~ (h), which causes reverse flow shedding from the recirculation zone. At the 

same time, with the appearance of the vortex structure D, a new reverse flow appear in the flow field labeled by D at 

t=20/28T. 
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Fig. 15 static pressure coefficient distribution on the 99% span at near-stall condition 

The periodic shedding of the reverse flow will inevitably affect the pressure fluctuations on the blade pressure surface. 

Figure 15 represented the instantaneous static pressure coefficient distributions on the 97% span which corresponds to the 

flow field shown in Fig.14. The static pressure coefficient is defined by a ratio of the static pressure and dynamic pressure. 

In combination with Fig.14, it can be seen that the motion of the reverse flow makes the pressure side of blade passage 

exhibited unsteady fluctuations. 

At instant 0/28T, a reverse flow appears in the leading edge of the pressure side, the flow blockage formed by it makes 

the incoming flow unable to pass smoothly, as a result, a low pressure spot located in the corresponding position marked 

by an red ellipse. At instant 16/28T, with the gradually decreases of vortical structures B and even disappears in the flow 

field, a new reverse flow begins to shed from the recirculation zone, Hence, a new low pressure spot appears in the blade 

pressure side which is marked by an black ellipse. 

With the reverse flow further moves downstream and dissipates, the low pressure spot also convects downstream along 

the pressure side. This explains why the strong unsteady fluctuations appears in zone ② in Fig.8. 

 

Fig. 16 the leakage flow distribution at rotor tip 
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Since the low pressure spot convects downstream along the pressure side, the pressure of the blade pressure side will 

be changed, so the pressure difference of the pressure side and suction side of blade tip will also change accordingly. While 

the pressure difference at balde tip is the driving force of the TLV, the swirl intensity of TLV will change with the pressure 

difference variation. In order to clarify this modify, Figure 16 shows variation of the tip leakage massflow within the fore 

35% axial chord over time.  

Before t=12/28T, because the reverse flow moves downstream along the blade pressure side and gets away the fore 

35% axial chord, so the pressure difference between the pressure side and suction side of blade tip gradually increases, tip 

leakage massflow gradually increases accordingly. After instant 12/28T, a new reverse flow shed from the recirculation 

zone, so that tip leakage massflow gradually decreases correspondingly. 

A previous research conducted by Sarpkaya et al. 1971 showed that when the swirl intensity of upstream flow was 

increased, the size of recirculation region would be expanded,and vice versa. It indicates that the cyclic variation of the 

TLV swirl intensity gives rise to the periodic variation of the recirculation region. This will lead to cyclic shedding of 

reverse flow, so the pressure difference of the pressure side and suction side of blade tip will also change accordingly.Then 

it repeats the process again, which establishes a self-sustaining unsteadiness., and the cycle of the variation is about 28 

physical time steps. It should be realized that the cyclic variations in the flowfield is caused by the breakdown of TLV. 

CONCLUSIONS 

In the current work, a single-channel numerical simulation of transonic compressor rotor 37 was carried out to study 

the unsteady characteristics of the rotor passage and its fluctuation mechanism at near stall, The following concusions were 

draw from the current numerical investigation: 

1. FFT analyses of monitoring results of numerical probes of rotor passage showed that there was mainly a 

characteristic frequency in the flow field at near stall conditions,10980HZ, and the unsteady fluctuation of the rotor tip was 

stronger than the region of rotor hub and middle span. 

2.There are mainly two zones with strong unsteady fluctuations in rotor tip: One is the downstream of shock wave 

which was closed to leading edge of pressure surface(zone ①), the other is located at leading edge to 80% axial chord of 

blade pressure side (zone ②). 

3. At near stall condition, the interaction between TLV and shock waves caused the spiral type breakdown,and and a 

recirculation region was formed close to the pressure surface at leading edge. The spatial distribution of the counter-rotating 

vortical structures on midplaneⅠ of recirculation region shows periodical behaviour,it was caused by spiral of the TLV. 

This were the reason for the strong unsteady fluctuations in the zone ①. 

4. Periodic shedding occured in the recirculation region, and the reverse flow moved to the downstream of rotor 

passage, causing the pressure of adjacent pressure surface fluctuated periodically. This were the reason for the strong 

unsteady fluctuation in zone ②. 

5. The spiral breakdown of TLV, the shedding of the reverse flow region, the periodic fluctuations of pressure on the 

pressure surface, and the periodic change of leakage flow massflow formed a self-sustaining unsteadiness. TLV breakdown 

was the decisive factor for the unsteadiness of the flow field. 

ACKNOWLEDGEMENTS 

This research was funded by the projects of National Natural Science Foundation of China (Nos. 51790512, 

52176045) and National Major Science and technology Project of China(No.J2017-II-0010-0024). The authors gratefully 

acknowledge these supports. 

REFERENCES 
[1] Kameier F, Neise W. Experimental study of tip clearance losses and noise in axial turbomachines and their reduction[J]. 

1997. 

[2] Thomassin J, Vo H D, Mureithi N W. Blade tip clearance flow and compressor nonsynchronous vibrations: The jet core 

feedback theory as the coupling mechanism[J]. Journal of Turbomachinery, 2009, 131(1). 

[3] Möller D, Jüngst M, Holzinger F, et al. Mechanism of nonsynchronous blade vibration in a transonic compressor rig[J]. 

Journal of Turbomachinery, 2017, 139(1). 

[4] Holzinger F, Wartzek F, Jüngst M, et al. Self-excited blade vibration experimentally investigated in transonic 

compressors: rotating instabilities and flutter[J]. Journal of Turbomachinery, 2016, 138(4). 

[5] Camussi R, Grilliat J, Caputi-Gennaro G, et al. Experimental study of a tip leakage flow: wavelet analysis of pressure 

fluctuations[J]. Journal of Fluid Mechanics, 2010, 660: 87-113. 

[6] Khorrami M R, Li F, Choudhari M. Novel approach for reducing rotor tip-clearance-induced noise in turbofan 

engines[J]. AIAA journal, 2002, 40(8): 1518-1528. 

[7] Vo H D. Role of Tip Clearance Flow on Axial Compressor[J]. Massachusetts Institute of Technology: Cambridge, MA, 

USA, 2002. 

[8] Yamada K, Kikuta H, Iwakiri K, et al. An explanation for flow features of spike-type stall inception in an axial 

compressor rotor[J]. Journal of turbomachinery, 2013, 135(2). 



13 

[9] Hewkin-Smith M, Pullan G, Grimshaw S D, et al. The role of tip leakage flow in spike-type rotating stall inception[J]. 

Journal of Turbomachinery, 2019, 141(6). 

[10] Mailach R , Lehmann I , Vogeler K . Rotating Instabilities in an Axial Compressor Originating From the Fluctuating 

Blade Tip Vortex[J]. Journal of Turbomachinery, 2001, 123(3). 

[11] Furukawa M , Inoue M , Saiki K , et al. The Role of Tip Leakage Vortex Breakdown in Compressor Rotor 

Aerodynamics[J]. Transactions of Asme, 1999, 121(3):469-480. 

[12] Furukawa M , Saiki K , Yamada K , et al. Unsteady Flow Behavior due to Breakdown of Tip Leakage Vortex in an 

Axial Compressor Rotor at Near-Stall Condition[C]// ASME Turbo Expo 2000: Power for Land, Sea, and Air. 2000. 

[13] Yamada K , Furukawa M , Nakano T , et al. Unsteady Three-Dimensional Flow Phenomena Due to Breakdown of Tip 

Leakage Vortex in a Transonic Axial Compressor Rotor[C]// Asme Turbo Expo: Power for Land, Sea, & Air. 2004. 

[14] Tong Z , Lin F , Chen J , et al. The Self-Induced Unsteadiness of Tip Leakage Vortex and Its Effect on Compressor 

Stall Inception[C]// Asme Turbo Expo: Power for Land, Sea, & Air. 2007. 

[15] Wu Y , Li Q , Chu W , et al. Numerical investigation of the unsteady behaviour of tip clearance flow and its possible 

link to stall inception[J]. Proceedings of the Institution of Mechanical Engineers Part A Journal of Power & Energy, 2010, 

224(1):85-96. 

[16] Suder, K. L. and Celestina, M. L., 1996, “Experiment and Computational Investigation of the Tip Clearance Flow in 

a Transonic Axial Compressor Rotor,” ASME Journal of Turbomachinery, Vol. 118, pp. 218-229 

[17] An G , Wu Y , Spence S , et al. Numerical investigation into the mechanism regarding the inception and evolution 

of flow unsteadiness induced by the tip leakage flow in a transonic compressor[J]. Proceedings of the Institution of 

Mechanical Engineers Part A Journal of Power and Energy, 2020, 235(1):095765092091059. 
[18] Reid, L., and Moore, R. D., 1978, “Design and Overall Performance of Four Highly-Loaded, High-Speed Inlet Stages 

for an Advanced, High-Pressure-Ratio Core Compressor,”NASA TP-1337 

[19] Chima, R. V., 1998, “Calculation of Tip Clearance Effect in a Transonic Compressor Rotor,” ASME Journal of 

Turbomachinery, Vol. 120, pp. 131-140 

[20] Hah, C., Schulze, R., Wagner, S., and Hennecke, D. K.,1999, “Numerical and Experimental Study for Short 

Wavelength Stall Inception in a Low-Speed Axial Compressor,”ISABE Paper, No. 99-7033 

[21] Suder, K. L., 1998, “Blockage Development in a Transonic, Axial Compressor Rotor,” ASME Journal of 

Turbomachinery, Vol. 120, No. 3, pp. 465-476. 

[22] Leibovich, S., 1978, “The Structure of Vortex Breakdown,”Annual Review of Fluid Mechanics, Vol. 10, pp. 221-246 

[23] J.M. Delery, Aspects of vortex breakdown, Prog. Aerosp. Sci. 30 (1994) 1–59, https://doi .org /10 .1016 /0376 -

0421(94 )90002 -7. 

[24] O. Lucca-Negro, T. O’Doherty, Vortex breakdown: a review, Prog. Energy Com-bust. Sci. 27 (2001) 431–481, 

https://doi .org /10 .1016 /S0360 -1285(00 )00022 -8. 

[25] I.M. Kalkhoran, M.K. Smart, Aspects of shock wave-induced vortex breakdown, Prog. Aerosp. Sci. 36 (2000) 63–95, 

https://doi .org /10 .1016 /S0376 -0421(99 )00011 -1. 

[26] Brücker C. Study of vortex breakdown by particle tracking velocimetry (PTV)[J]. Experiments in fluids, 1993, 

14(1): 133-139. 

[27] Sarpkaya T. On stationary and travelling vortex breakdowns[J]. Journal of Fluid Mechanics, 1971, 45(3): 545-

559. 

 


