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1. Introduction 

The semi-open centrifugal compressor has the ad-

vantages of high efficiency, high pressure ratio and wide 

working range, making it a widely used device in military 

and civil fields, such as APU for aircraft, propulsion system 

for unmanned aerial vehicle or missile, turbocharger for ve-

hicle, fuel cell for automobile, etc [1]. However, the pres-

ence of blade tip clearance in a semi-open centrifugal com-

pressor can cause leakage flow, which not only reduces the 

work capacity at the blade tip, but also induces unstable 

flows such as tip separation vortex and tip leakage vortex 

(TLV). Many studies have shown that these unstable flow 

structures at the blade tip of a centrifugal compressor will 

seriously affect compressor performance and even induce 

stall [2-5]. In particular, the TLV, together with its genera-

tion, propagation, and breakdown, often acts dominantly on 

compressor performance [6-9]. 

In order to solve this problem, people are begin-

ning to pay attention to the use of flow control methods to 

alter the flow field structures at the blade tip, thereby affect-

ing the overall performance of the compressor. These flow 

control techniques can be broadly divided into two catego-

ries, one being the casing treatment method and the other 

being the tip air jet/suction method. 

There are many ways of casing treatment, includ-

ing self-recirculation casing treatment (SRCT) [10], circum-

ferential grooves [11], bleed slots [12], axial groove [13], 

ported shroud [14], etc. Although some success has been 

achieved in the application of casing treatment technology, 

the following problems still exist in its further development. 

1. The diversity of casing treatment technologies 

leads to differences in the results and conclusions obtained. 

How to choose when applying them?  

2. How does a casing treatment technology actu-

ally changes the flow field structures of a compressor? The 

understanding of these mechanisms is not clear enough, 

which can lead to difficulties in determining structural pa-

rameters when a certain technology is applied. For example, 

how to select the number of axial grooves? Because when 

the axial groove acts on the flow field, there will be relative 

motion between it and the blade, which is actually an un-

steady treatment method. Therefore, the selection of quan-

tity will determine the unsteady control frequency. In some 

studies, people do not even consider the unsteady effects.  

3. Some casing treatment technologies have im-

proved the working margin of the compressor, but have a 

significant impact on pressure ratio and efficiency. Can 

other technical indicators be improved without affecting the 

key performance parameters of the compressor? 

Currently the tip air jet/suction technologies are of-

ten developed on cascades or don’t concern to unsteady fac-

tors. Therefore, in practice, it is necessary to further con-

sider the relative motion between the jet/suction location 

and the blade. In addition, many studies have found that un-

steady control can often achieve better results with a small 

amount of energy injection than steady control. Therefore, 

these jet/suction technologies are also beginning to adopt 

unsteady schemes. However, when these jet/suction tech-

nologies are inherently unsteady, their actual effects depend 

on both the inherent frequency and the blade rotation fre-

quency, which may complicate the problem. Moreover, cen-

trifugal compressors often have compact structures, espe-

cially micro centrifugal compressors, where complex 

jet/suction schemes are difficult to apply. 

Therefore, based on the above issues, we propose 

a control method using unsteady vortex injection based on 

our previous research. Its characteristic is to use the relative 

motion of the blades and the casing to produce an unsteady 

control effect, and to use vortex injection to enhance any 

contact between the jet flow and the blade tip flow. In this 

paper, we have compared the effects of several control 

schemes by numerical simulations, and the intrinsic mecha-

nism has also been explained. Finally, a proof experiment 

on a micro centrifugal compressor is conducted. 

2. The unsteady flow control method and numerical 

simulation methods 

This unsteady flow control is achieved by means 

of a bypass attached to the shroud of the flow passage and 

equipped with a vortex generator device, which we refer to 

as a VID (vortex injection device). The number of VIDs de-

pends on the frequency of the TLV, which used in subse-

quent studies in this paper is half of the blade number. A 

discussion of the exact structure and number of VIDs can be 

found in our previous studies [15]. 

The investigated micro centrifugal compressor is 

used in a distribution power generation system of 30 kW. 

Table 1 shows the main geometric and aerodynamic param-

eters of the compressor. Considering the relative motion be-

tween the VID and the impeller, we adopt unsteady numer-

ical simulation to study a double-blade-passage with Nu-

meca/Fine. The full non-matching (FNM) connection and 



 245 

rotor-stator (R-S) interaction are employed to connect the 

computational domains of the mainstream and bypass 

streams. Since we use the unsteady control frequency of 

50% BPF, the number of VIDs should be half of the number 

of blades. The total number of grids in the compressor cal-

culation domain without flow control is approximately 

1,800,000. The Reynolds number is about 3.1 × 105 and the 

non-dimensional wall distance y+ varies from 1−3. For de-

tails, please see reference [15]. 

Table 1 

Main parameters of the micro centrifugal compressor 

 Parameter Value 

Overall  

performance 

Mass flow rate 0.36, kg/s 

Rotation speed 80 000, RPM 

Total pressure ratio 3.2 

Impeller inlet 

Inlet tip diameter 59.5, mm 

Outlet tip diameter 19.5, mm 

Relative Mach number of  

inlet blade tip 
0.87 

Relative flow angle of inlet 

blade tip 
30.6° 

Relative flow angle of inlet 

blade root 
59.3° 

Impeller outlet 

Outlet diameter 98.5, mm 

Outlet blade width 4.08, mm 

Outlet absolute air flow  

angle 
30.0 

Outlet relative air flow angle 71.7 

3. Compressor performance with and without VIDs 

3.1. Overall performance 

In order to have a comparative analysis, we have 

simulated the cases of the compressor with non-controlled 

(NC), with hole control (HC, holes are set on the shroud 

with the same size and number as VIDs), and with vortex 

injection control (VID, half the width of HC). Fig. 1 shows 

the sizes of HC and VID. The flow field in one blade pas-

sage period after calculation convergence is selected for 

analysis. The performances of the time-average flow field 

of the compressor in this period are shown in Fig. 2 and Fig. 

3. As can be seen from Fig. 2, both HC and VID control 

methods can enable the compressor to operate at a smaller 

flow rate compared to NC. However, with the HC method, 

the total pressure ratio of the compressor has decreased, 

with a decrease range of approximately 2.4% to 3.2%. With 

the VID method, although the pressure ratio decreases at 

large flow rates (with a maximum decrease of about 2%), it 

increases when the compressor approaches the design point 

and stall point (with a maximum increase of about 0.75%). 

The compressor efficiency comparison shown in Fig. 3 also 

exhibits similar characteristics to the pressure properties. 

With the HC method, the efficiency of the compressor has 

decreased by 0.4% to 1.0%. However, using the VID 

method, the maximum efficiency reduction of the compres-

sor at high flow rate is about 0.37%, but the efficiency is 

improved at the design point and near the stall point, with a 

maximum increase of about 0.56%. A relative stall margin 

is defined as: 

ocsocs

ocsocscscs
rel

m/

m/m/
SM







 −
= , (1) 

where cs and csm
 
are the total pressure ratio and mass flow 

rate of the compressor near stall condition with control, 

ocs  and ocsm  are the total pressure ratio and mass flow 

rate of the compressor near stall condition without control. 

The SMrel is 10.5% and 8.5% corresponding to the compres-

sor with HC and VID respectively. 

 

Fig. 1 The sizes of HC and VID (HC – with hole control, 

VID – vortex injection device) 

 

Fig. 2 Compressor total pressure ratio comparison over one 

blade period (NC – no control, HC – with hole con-

trol, VID – vortex injection device) 

 

Fig. 3 Compressor efficiency comparison over one blade 

period (NC – non-control, HC – with hole control, 

VID – vortex injection device) 
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By comparing the overall performance of the com-

pressor, we can see both the HC and VID can expand the 

stable operating range of the compressor. Although the im-

provement of VID method is slightly lower than that of HC 

method, it performs better in maintaining the original com-

pressor pressure ratio and efficiency, and even improves 

slightly at the design point and near the stall point. 

3.2. Flow field analysis of the centrifugal compressor 

For the analysis we use the same flow field data in 

one blade pass period as above. Figs. 4 to 6 show the pres-

sure distribution at 95% blade height section of the compres-

sor under no control and two other different controls. These 

cases are selected from the calculation point before the stall 

point, as shown in the dotted line in Fig. 2. The mass flow 

and total pressure ratio of these cases are almost the same, 

so we consider this comparison to be credible. Furthermore, 

in order to eliminate the differences of the compressor under 

different working conditions and to have a better compara-

bility, the dimensionless static pressure coefficient is se-

lected here, which has the following form: 

 

   

a b c 

   

d e f 

Fig. 4 Transient static pressure distributions at 95% blade height in the case of NC (no control) operation: a – start point of 

the period, marked as T0; b – 1/5 period, marked as T1; c – 2/5 period, marked as T2; d – 3/5 period, marked as T3; 

e – 4/5 period, marked as T4; f – the end of the period, marked as T5 (T5=T0) 

 

   

a b c 

   

d e f 

Fig. 5 Transient static pressure distributions at 95% blade height in the case of HC (hole control) operation: a – start point 

of the period marked as T0; b – 1/5 period, marked as T1; c – 2/5 period, marked as T2; d – 3/5 period, marked as T3; 

e – 4/5 period, marked as T4; f – the end of the period, marked as T5 (T5=T0) 
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Fig. 6 Transient static pressure distributions at 95% blade height in the case of VID (vortex injection device) operation: a – 

start point of the period, marked as T0; b – 1/5 period, marked as T1; c – 2/5 period, marked as T2; d – 3/5 period, 

marked as T3; e – 4/5 period, marked as T4; f – the end of the period, marked as T5 (T5=T0) 

( )

in

in

p

ptp
CP

−
= , (2) 

where p(t) is the transient static pressure value and pin is the 

average static pressure at inlet. 

From Fig. 4, we can see that when the compressor 

does not use flow control, there is a significant high pressure 

region at the blade tip. From References [16-19], we can 

know that this high pressure region mainly originates from 

the TLV, which may cause flow blockage at the compressor 

blade tip. When using the HC method (Fig. 5), under the 

influence of periodic excitation, periodic changes occur in 

the high-pressure region of the compressor blade tip, which 

are much weaker than in NC operation. High pressure zones 

alternate in the two adjacent blade passages. The maximum 

high pressure region in the left passage appears at time T1, 

and the maximum high pressure zone in the right passage 

appears at time T4. The range and intensity of this high pres-

sure region will gradually change over time. When the VID 

method is used (Fig. 6), we can find that the high pressure 

region at the blade tip is weaker than other operating condi-

tions, indicating that the blockage of the tip flow will be 

greatly weakened at this time. The law of pressure fluctua-

tions is similar to the HC method, but the overall strength is 

much weaker. 

Based on the above results, we can see that the VID 

method can effectively weaken the strength of the high pres-

sure region at the blade tip, thus improving the stable work-

ing range while maintaining the high efficiency and high to-

tal pressure ratio of the compressor. The HC method can 

also obtain good results, which is very helpful to broaden 

the stall margin of the compressor with sacrificing the effi-

ciency and pressure ratio of the compressor. The HC method 

uses the unsteady effect formed by the relative motion of the 

impeller and the hole to realize periodic excitation. How-

ever, it does not take into account the efficiency of each ex-

citation. The VID method not only takes advantage of the 

same unsteady property as HC, but also considers the effi-

ciency of each excitation. Here we use the concept of nega-

tive circulation to force the momentum exchange in the orig-

inal flow field. Therefore, from the perspective of flow con-

trol, we suggest to strengthen the efficiency of each un-

steady incentive, which is very beneficial to improve the 

overall effect of unsteady control. 

4. A proof experiment 

In order to verify the effectiveness of the VID 

method, we conducted experiments on a commercial micro 

centrifugal compressor. The structure of the test piece 

mainly consists of a centrifugal impeller rotor, a radial dif-

fuser, and an axial guide, which is driven by a motor as 

shown in Fig. 7. The impeller contains 7 rotor blades with 

an inlet height of 10.1 mm and tip clearance of 0.3 mm. The 

design rotational speed is 90,000 RPM, and the design mass 

flow rate is 0.013 kg/s. The design total pressure ratio is 

1.08.  

The HC method was also tested for comparison. 

According to the relationship between the controlled object 

and the control frequency, the number of the control holes 

can be 3 or 4. Here, we select 4 holes for testing, and the 

number of VIDs corresponds to this, as shown in Figs. 8 and 

9. For ease of processing, we have used circular holes for 

testing, and the diameter of the hole is 2.0 mm. In addition, 

in order to ensure the uniformity of the air intake, a trumpet-

shaped transition section is provided at the inlet (Fig. 10), 

and the entire test apparatus also includes a throttle struc-

ture. 

A PSI pressure scanning system is used to measure 

the static pressure at the inlet and the total pressure after the 

axial guide to obtain the overall performance parameters of 

the centrifugal compressor. By adjusting the opening of the 

exhaust throttle and changing the back pressure at the outlet 
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of the test compressor to achieve the purpose of changing 

the test state. We recorded the parameters of the compressor 

at different operating points at full rotational speed to obtain 

the compressor characteristic diagram. The surge is assessed 

on the basis of the large amplitude pulsation of the compres-

sor inlet and outlet pressures measured dynamically, as well 

as abnormal compressor noise and pulsation of the data. The 

results are shown in Figs. 11 and 12. 

The results show that both VID and HC can operate 

the compressor operate at a lower flow rate compared to NC. 

The SMrel is 13.3% with HC and 6.6% with VID. Although 

the VID method is slightly inferior to the HC method in ex-

panding stable working capacity, the VID method is far su-

perior to the HC method in maintaining total pressure and 

efficiency. With the VID method, the pressure characteris-

tics curve and efficiency characteristic curve of the com-

pressor are relatively close to those of the prototype com-

pressor. From the pressure characteristic diagram (Fig. 11),  

 

Fig. 7 Three-dimensional model of the tested centrifugal 

compressor 

 

Fig. 8 The tested centrifugal compressor with HC 

 

Fig. 9 The tested centrifugal compressor with VID (vortex 

injection device) 

we can see that at low flow rates the pressure can be in-

creased using the VID method, which is very similar to our 

previous calculation (Fig. 2). The maximum relative pres-

sure increases by 2.6%. The law of the efficiency character-

istic diagram is also relatively close to that of the calculation  

 

Fig. 10 The assembly of the tested centrifugal compressor 

with trumpet-shape inlet 

 

Fig. 11 Total pressure ratio comparison of the micro centrif-

ugal compressor with NC, HC, and VID (NC – no 

control, HC – with hole control, VID – vortex injec-

tion device) 

 

Fig. 12 Efficiency comparison of the micro centrifugal 

compressor with NC, HC, and VID (NC – no con-

trol, HC – with hole control, VID – vortex injection 

device) 
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(see Fig. 3 and Fig. 12). Compared to the calculated results, 

the efficiency improvement of VID at low flow rates is not 

as good as the calculated results. This may be due to the 

smaller VID used by the micro centrifugal compressor, 

which increases the viscosity loss as the air flows through 

the VID tube, offsetting the effect of VID in improving ef-

ficiency. Overall, the test results show that VID can effec-

tively stabilize the operating range, while improving or not 

reducing the pressure ratio and efficiency of the compressor 

over a wide flow range. 

5. Conclusions 

In this study, a passive unsteady flow control 

method using vortex injection devices (VIDs) is proposed. 

A VID method realised by equal-circumference tubes with 

vortex generators connected to the shroud through holes is 

investigated by numerical studies. A proof experiment is 

also carried out on a micro centrifugal compressor. The fol-

lowing conclusions are drawn: 

1. The numerical calculations show that the VID 

method can increase the stall margin of the compressor by 

8.5%, which is very close to HC (10.5%). However, as the 

stall point is approached from the design point, VID has sig-

nificant pressure and efficiency advantages over HC and 

NC. The maximum efficiency increase and the maximum 

pressure ratio increase are 0.56% and 0.75% respectively. 

At high flow rates, the impact on the pressure ratio and effi-

ciency of the compressor is very small. The maximum pres-

sure drop is only 2.0% and the maximum efficiency drop is 

only 0.37%.  

2. Both VID and HC can effectively weaken the 

strength of the high pressure region at the blade tip and force 

the blade tip pressure to fluctuate periodically. However, 

compared to HC, VID weakens the high pressure region 

more significantly, thus improving the stable working range 

while maintaining the high efficiency and high total pres-

sure ratio of the compressor. 

3. The proof of the VID method on a micro centrif-

ugal compressor shows that the VID can increase the stall 

margin by 6.6% and the maximum relative pressure by 

2.6%. Meanwhile, the efficiency of the compressor is almost 

unaffected. 

4. The overall effect of VID is better than HC. The 

former uses both the unsteady excitation and the injection of 

negative circulation to improve the momentum exchange. 

The latter uses only the unsteady effect. Therefore, improv-

ing the efficiency of each unsteady jet/suction and separa-

tion flow interaction is highly recommended. 

Acknowledgements 

A project supported by Scientific Research Fund of 

Zhejiang Provincial Education Department (Y201941445). 

This research was also funded by the Zhejiang Provincial 

Natural Science Foundation of China under grant number 

LQ20E060004. 

References 

1. Krain, H. 2005. Review of centrifugal compressor’s ap-

plication and development, Journal of Turbomachinery 

- Transactions of the ASME 127(1): 25-34. 

https://doi.org/10.1115/1.1791280. 

2. Ishida, M.; Senoo, Y. 1980. On the pressure losses due 

to the tip clearance of centrifugal blowers, Journal of En-

gineering for Gas Turbines and Power - Transactions of 

the ASME 103(2): 271-278. 

https://doi.org/10.1115/1.3230717. 

3. Senoo, Y.; Ishida, M. 1986. Pressure loss due to the tip 

clearance of impeller blades in centrifugal and axial 

blowers, Journal of Engineering for Gas Turbines and 

Power - Transactions of the ASME 108(1): 32-37. 

https://doi.org/10.1115/1.3239882. 

4. Chen, H.X.; Zhuge, W.L.; Zhang, Y.J.; Ma, X.L.; 

Tao, L. 2021. Performance improvement of a centrifu-

gal compressor for the fuel cell vehicle by tip leakage 

vortex control, Journal of Thermal Science 30(6): 2099-

2111. 

https://doi.org/10.1007/s11630-021-1430-7. 

5. Cao, T.; Kanzaka, T.; Xu, L.; Brandvik, T. 2021. Tip 

leakage flow instability in a centrifugal compressor, 

Journal of Engineering for Gas Turbines and Power - 

Transactions of the ASME 143(4): 041012. 

https://doi.org/10.1115/1.4049821. 

6. Tomita, I.; Ibaraki, S.; Furukawa, M.; Yamada, K. 

2013. The Effect of Tip Leakage Vortex for Operating 

Range Enhancement of Centrifugal Compressor, Journal 

of Turbomachinery - Transactions of the ASME 135(5): 

051020. 

https://doi.org/10.1115/1.4007894. 

7. Furukawa, M.; Inoue, M.; Saiki, K.; Yamada, K. 

1999. The Role of Tip Leakage Vortex Breakdown in 

Compressor Rotor Aerodynamics, Journal of Tur-

bomachinery - Transactions of the ASME 121(3): 469-

480. 

https://doi.org/10.1115/1.2841339. 

8. Tomita, I.; Furukawa, M. 2020. Operating Range En-

hancement by Tip Leakage Vortex Breakdown Control 

of a Centrifugal Compressor, International Journal of 

Gas Turbine, Propulsion and Power Systems 11(2): 38-

43. 

https://doi.org/10.38036/jgpp.11.2_38. 

9. Cumpsty, N.A.; Greitzer, E.M. 1993. Discussion: “Ex-

perimental study on the three-dimensional flow within a 

compressor cascade with tip clearance: Part II—The tip 

leakage vortex”, Journal of Turbomachinery - Transac-

tions of the ASME 115(3): 450-451. 

https://doi.org/10.1115/1.2929272. 

10. Yang, M.Y.; Martines-botas, R.; Deng, K.Y.; Zhang, 

Y.J.; Zheng, X.Q. 2016. Unsteady influence of Self Re-

circulation Casing Treatment (SRCT) on high pressure 

ratio centrifugal compressor, International Journal of 

Heat and Fluid Flow, 58: 19-29. 

https://doi.org/10.1016/j.ijheatfluidflow.2015.12.004. 

11. Mao, X.; Liu, B.; Zhao, H. 2018. Numerical analysis of 

the circumferential grooves casing treatment in a coun-

ter-rotating axial flow compressor, Applied Thermal En-

gineering 130: 29-39. 

https://doi.org/10.1016/j.applthermaleng.2017.11.044. 

12. Gancedo, M.; Guillou, E.; Gutmark, E. 2018. Effect 

of bleed slots on turbocharger centrifugal compressor 

stability, International Journal of Heat and Fluid Flow 

70: 206-215. 

https://doi.org/10.1016/j.ijheatfluidflow.2017.12.007. 

13. Harley, P.; Starke, A.; Bamba, T.; Filsinger, D. 2018. 

Axial groove casing treatment in an automotive turbo-

https://doi.org/10.1115/1.1791280
https://doi.org/10.1115/1.3230717
https://doi.org/10.1115/1.3230717
https://doi.org/10.1115/1.3230717
https://doi.org/10.1115/1.4049821.
https://doi.org/10.1115/1.2841339.
https://doi.org/10.1115/1.3230717
https://doi.org/10.1115/1.2929272.
https://doi.org/10.1016/j.ijheatfluidflow.2015.12.004.


 250 

charger centrifugal compressor, Proceedings of the In-

stitution of Mechanical Engineers, Part C: Journal of 

Mechanical Engineering Science 232(24): 4472-4484. 

https://doi:10.1177/0954406216688495. 

14. Christou, G.A.; Tan, C.S.; Sirakov, B.T.; Lei, V.; 

Alescio, G. 2017. Characterizing Flow Effects of Ported 

Shroud Casing Treatment on Centrifugal Compressor 

Performance, Journal of Turbomachinery - Transactions 

of the ASME 139(8): 081005.  

https://doi.org/10.1115/1.4035664. 

15. Hong, S.; Yang, Y.; Lu, W.; Xiang, X. 2023. A New 

Unsteady Flow Control Technology of Centrifugal 

Compressor Based on Negative Circulation Concept, In-

ternational Journal of Aerospace Engineering 2023: 

6906266. 

https://doi.org/10.1155/2023/6906266. 

16. Huang, G.; Yang, Y.; Hong, S.; Liu, Z.; Du, S. 2020. 

A new unsteady casing treatment for micro centrifugal 

compressors to enlarge stall margin, Aerospace Science 

and Technology 106: 106176. 

https://doi.org/10.1016/j.ast.2020.106176. 

17. Hah, C.; Voges, M.; Mueller, M.; Schiffer, H. 2010. 

Characteristics of Tip Clearance Flow Instability in a 

Transonic Compressor, in Proceedings of the ASME 

Turbo Expo 2010: Power for Land, Sea, and Air, Glas-

gow, UK. 7: 63-74. 

https://doi.org/10.1115/GT2010-22101. 

18. Du, J.; Lin, F.; Zhang, H.; Chen, J. 2010. Numerical 

Investigation on the Self-Induced Unsteadiness in Tip 

Leakage Flow for a Transonic Fan Rotor, Journal of Tur-

bomachinery - Transactions of the ASME 132(2): 

021017. 

https://doi.org/10.1115/1.3145103. 

19. Lu, W.; Huang, G.; Wang, J.; Yang, Y. 2019. Inter-

pretation of four unique phenomena and the mechanism 

in unsteady flow separation controls, Energies 12(4): 

587. 

https://doi.org/10.3390/en12040587. 

S. Hong, Y. Yang, W. Lu 

AN UNSTEADY FLOW CONTROL TECHNOLOGY 

BASED ON VORTEX INJECTION FOR 

CENTRIFUGAL COMPRESSOR 

S u m m a r y 

The flow structures at the blade tip in a centrifugal 

compressor usually have an important impact on compres-

sor performance, especially the TLV, which often plays a 

dominant role in its performance. In order to weaken TLV 

and improve compressor performance, an unsteady flow 

control method based on the concept of vortex injection is 

proposed. The numerical simulation shows that VID method 

can enlarge the stall margin of the compressor by 8.5%. 

Meanwhile, the total pressure ratio and efficiency of the 

compressor can be slightly improved from the design point 

to the stall point. The maximum efficiency increment and 

the maximum pressure ratio increment are 0.56% and 

0.75%, respectively. A proof experiment on a micro centrif-

ugal compressor shows that the VID can enlarge stall mar-

gin of 6.6% and the maximum relative pressure can increase 

by 2.6%. Therefore, both the simulation and experiment 

prove that the VID method is effective which utilizes both 

unsteady excitation and injection of negative circulation to 

weaken TLV. Finally, enhancing the efficiency of each un-

steady jet/suction and separation flow interaction is highly 

recommended. 

Keywords: centrifugal compressor, unsteady flow control, 

tip leakage vortex, compressor stall, vortex injection. 
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