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ABSTRACT 

The path to instability of a small centrifugal turbo-compressor included in an air 

supply system developed by Liebherr-Aerospace was experimentally investigated thanks to 

high-frequency unsteady static pressure sensors. At the lowest speed line, rotating stall is 

observed both at impeller inlet and vaned diffuser inlet. It is characterized by one stall cell 

rotating at 6.4% of the impeller speed. At higher rotational speeds, the compressor 

experiences deep surge. The surge frequency decreases as the rotational speed increases and 

as the downstream volume increases. The peak-to-peak pressure amplitude increases as the 

rotational speed increases but do not depend on the downstream volume. A detailed analysis 

of the instability onset was performed thanks to Fourier and wavelet transforms showing that 

the instability inception is disclosed by pressure spikes. Nevertheless the spikes cannot be 

considered as precursors but as the embryo of the developing instability, which jeopardizes 

the chances of a control system to damp the perturbation.  
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NOMENCLATURE 

Latin letters Greek letters 

a speed of sound σ uncertainty, standard deviation 

A flow area ∆ variation 

B dimensionless parameter, defined in Eq. 1 Subscripts 

f frequency c compressor 

L length m mean 

ṁ mass flow rate, corrected to standard conditions p plenum 

N rotational speed, corrected to standard conditions s static 

P pressure t total 

t time 1 impeller inlet 

U impeller tip velocity 2 vaned diffuser inlet 

V volume 3 diffuser outlet 

  4 volute outlet 
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INTRODUCTION 

Most of automotive manufacturers aim at preventing the lack of non-renewable energy 

resources by the use of electrical energy for mechanical traction. It also reduces the CO2 emission, 

even if the production of hydrogen has environmental consequences that should be taken into 

account in a more global analysis. The electrical energy may come from fuel cell devices, as 

considered in the present paper. Fuel cells are electrochemical devices converting the chemical 

energy of a hydrogen fuel into electricity through a chemical reaction with oxygen. The pure 

hydrogen is extracted from a hydrogen source such as gas oil or methanol through the reformer. The 

compressed oxygen stems from fresh air supplied by a motorized turbo-compressor (MTC). 

Liebherr-Aerospace designs and develops such air supply sub-systems. The test case studied here is 

part of an electrical turbocharger (ETC) including a MTC and its power electronics. The air mass 

flow rate and pressure ratio provided by the MTC is adjusted to the stack demand by the motor 

rotational speed. On the same shaft, a turbine recovers part of the power available at the stack 

exhaust. An electronic control unit including a motor inverter and a controller is integrated in the 

ETC. In such an application, the centrifugal compressor of the MTC appears as one of the critical 

elements in the efficiency of the whole fuel cell. Indeed, low partial oxygen pressure in the cathode 

decreases the fuel cell voltage, leading to a reduction of the generated power and even to a 

reduction of the stack lifetime. Moreover, when oxygen concentration is too low, the fuel cell 

temperature may rapidly increase. 

In this context, the instabilities (rotating stall and/or surge) limiting the compressor operating 

range at low mass flow rate reveal to be especially critical because they are catastrophic for 

performance and even damaging for the machine. Centrifugal compressors may satisfactorily 

operate with stall in the rotor because the largest part of the pressure rise comes from centrifugal 

effects by change of radii. Consequently, in centrifugal compressors (i) surge is the most likely 

instability which may occur at low mass flow rate even if it is not exclusive (Van den 

Braembussche, 1984, 1996) (Fink et al., 1992) and (ii) the vaned diffuser is the component which 

most likely triggers the instability at high rotational speed. Predicting the surge onset remains a very 

difficult (even impossible (Day, 2015)) task because surge depends on the compressor (geometry 

and operating conditions) and the system in which it is included (Cumpsty, 2004) (Greitzer, 1976a, 

1976b) (Galindo, 2008). However, with an early detection there might be room for flow control in 

order to delay the surge onset and therefore extend the operating range. 

The objective of the present paper is to analyze the path to instability in the MTC at various 

rotational speeds and three downstream volumes. In a first part, the experimental facility is 

described. Then steady and unsteady results during rotating stall/surge are presented. Finally, the 

analysis focuses on the instability inception. 

EXPERIMENTAL FACILITY 

A very versatile test rig (Figure 1) aiming at characterizing the compressor performance and its 

path to instability at various rotational speeds and various downstream volumes was fully designed 

and built at the Laboratory of Fluid Mechanics and Acoustics at Ecole Centrale de Lyon. From inlet 

to outlet, the air flows through a settling chamber, the MTC, a downstream plenum, the heat 

exchanger and the turbine. The compressor composed of a backswept unshrouded splittered 

impeller, a radial vaned diffuser and a volute is driven by the electric motor and also by the turbine 

at the highest regimes. At a given rotational speed measured by a laser tachometer at turbine outlet 

(Brüel & Kjær CCLD Laser Tacho Probe 2981), the compressor operating point is adjusted by a 

motorized sliding gate valve (Schubert & Salzer type 8038). A motorized ball valve (C2AI 

JR12.607.414) is used to adjust the air cooling for the electric motor and the axial thrust balance of 

the compressor. The air mass flow rate is measured thanks a flowmeter which is a calibrated in-

house designed Venturi tube. 

Three arrangements have been tested. In the first one, the compressor blows the air in a duct 

which diameter equals the compressor volute outlet pipe (no downstream plenum). In the second 
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and third arrangements, a downstream volume has been inserted between the compressor and the 

heat exchanger. The dimensions of the plenum were chosen so that the mass flow rate fluctuations 

during instability cover a wide frequency range. The plenum dimensions were derived from the 

non-dimensional Greitzer’s 𝐵 parameter (Fink at al., 1992) defined as Equation (1) below: 

 

 

𝐵 =
𝑈

2𝑎
√

𝑉𝑝

𝐴𝑐 𝐿𝑐
 (1) 

 

with U the exit rotor speed, a the speed of sound in the plenum, Lc the length from the inlet pipe 

(see Figure 1 – left) to the throttle including the length of a particle trajectory within the compressor 

stage, Ac the compressor inlet area and Vp the volume of the plenum. 

 

 

 
 

 

 

 

 

 

 

 

Figure 1. Description of the test rig 

 

During surge, the mass flow rate variation frequency is set by the plenum emptying and filling 

times. One could therefore expect that deep surge is experienced for large values of 𝐵, whereas 

rotating stall - or instability during a stable overall operation - could be experienced with low values 

of  𝐵. However, there is no consensus regarding the critical value of 𝐵, notably in centrifugal 

geometries. We therefore chose two extreme values from the possibilities at the nominal rotation 

speed, leading to 𝐵 = 0.572 (with 𝑉𝑝 = 5.5 𝑙𝑖𝑡𝑒𝑟𝑠) and 𝐵 = 3.565 (with 𝑉𝑝 = 209.0 𝑙𝑖𝑡𝑒𝑟𝑠). 

At the nominal operating point, the values of the Reynolds number and Mach number at the 

compressor inlet are respectively 10
5
 and 0.1. 

Static pressure taps (linked to NetScanner 9116) are located in the settling chamber, at impeller 

inlet (station 1), diffuser inlet (station 2), diffuser outlet (station 3), and volute outlet (station 4), cf. 

Figure 1 and Figure 2-left. Temperature sensors (sheathed type-k thermocouples 12-K-100-125) are 

located in the settling chamber, at impeller inlet, volute outlet, and in the plenum. 
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To investigate the unstable behavior of the test compressor, 6 unsteady pressure transducers 

were mounted at the casing of the compressor: 3 at the impeller inlet in the inducer part, named I1, 

I2, I3 (Kulite XCE-062-1.7BARA, without protective screen, 240kHz natural frequency) and 3 at 

the vaned diffuser inlet named D1, D2, D3 (Kulite XCE-062-3.5BARA, without protective screen, 

300kHz natural frequency). The respective meridional and circumferential locations of these 

transducers are given in Figure 2. Regarding the azimuthal direction, the sensors were positioned to 

cover an entire blade pitch, distributed unevenly on several blade passages to distinguish 𝑛 pressure 

disturbances rotating at   𝑟𝑎𝑑. 𝑠−1 from 1 pressure disturbance rotating at 𝑛 ∙   𝑟𝑎𝑑. 𝑠−1; 𝑛 ∈ ℕ. 

 

 
 

Figure 2. Meridional and circumferential positions of unsteady pressure sensors 

 

The relative uncertainty ranges associated with the mass flow rate, the different pressure ratios 

involved in Equation (2), and the unsteady static pressure at the casing of the test compressor are 

listed in Table 1. They are computed by propagating the uncertainties associated with the quantities 

upon which the measurand is functionally dependent (ISO, 2008). The values indicated in Table 1 

represent the expanded relative uncertainties (with a coverage factor of 2) on the measurands due to 

systematic errors only (including calibration errors, measurement errors, errors due to offset and 

sensitivity thermal drifts). Uncertainties due to random errors are found negligible, given the data 

acquisition sampling frequency. 
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𝝈 𝑷𝒔𝟒/𝑷𝒕𝟏 

𝑷𝒔𝟒/𝑷𝒕𝟏
 

𝝈 𝑷𝒔𝟐/𝑷𝒕𝟏 

𝑷𝒔𝟐/𝑷𝒕𝟏
 

𝝈 𝑷𝒔𝟑/𝑷𝐬𝟐 

𝑷𝒔𝟑/𝑷𝐬𝟐
 

𝝈 𝑷𝒔𝟒/𝑷𝐬𝟑 

𝑷𝒔𝟒/𝑷𝐬𝟑
 

𝝈 𝑷𝒔 𝒕  

𝑷𝒔 𝒕 
 

min. value ±0.450% ±0.062% ±0.055% ±0.074% ±0.080% ±2.983% 

max. value ±0.568% ±0.150% ±0.104% ±0.180% ±0.210% ±3.714% 

Table 1. Ranges of relative uncertainties associated with experimental quantities. 
 

STEADY RESULTS 

All data are classified, so they have been normalized. The normalizing values correspond to the 

overall static-to-total pressure ratio (𝛱𝑟𝑒𝑓) and the mass flow rate ( ̇𝑟𝑒𝑓  obtained at peak 

efficiency at the nominal rotational speed (𝑁𝑟𝑒𝑓 . The measured overall performance map of static-

to-total pressure ratio (  4   1⁄ ) versus mass flow rate without downstream plenum, including data 

obtained near instability for both the small and large 𝐵 systems, are shown in Figure 3-a. Curves are 

given for constant corrected rotational speed values ranging from 0.29 ∙ 𝑁𝑟𝑒𝑓 to 1.14 ∙ 𝑁𝑟𝑒𝑓. The 
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stability limit was well defined and repeatable within 0.5% of minimum mass flow rate at each 

speed. The stability limit, approximated via a quadratic least-square fitting curve (dashed line in 

Figure 3-a), is very smooth. This feature may bode for the instability to be triggered similarly by the 

same subcomponent, whatever the rotational speed.  

 

 

 
Figure 3. Performance maps of the compressor (a) and the impeller (b). 

  

 

 
Figure 4. Performance maps of the vaned diffuser (a) and the volute (b). 

 

 

The overall pressure ratio can be decomposed into pressure ratios relative to subcomponents as 

in Equation (2). Their evolution with mass flow rate and rotational speed is shown in Figure 3-b and 

Figure 4. 
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The impeller pressure rise characteristic is very flat, almost independent of the mass flow rate. 

It could therefore be expected that the diffuser is the weakest element of the compression system 

governing the dynamic stability limit of the whole machine. Whereas the impeller pressure rise is 

almost independent of the 𝐵 system, the diffuser performance decreases as a downstream plenum is 

added. The volute counterbalances this effect, leading to an overall pressure rise independent of the 

𝐵 system. As a consequence, the surge limit of the compressor does not depend on the 𝐵 system as 

already observed by Galindo et al. (2008). 

(a) (b) 

(a) (b) 
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CHARACTERIZATION OF THE INSTABILITIES 

Using the circumferential pressure transducers located at the impeller inlet and at the diffuser 

inlet, unsteady pressure measurements were conducted during throttle ramps into surge at a constant 

rotational speed. For each speed and each throttle ramp, several records were done to ensure 

repeatability of the observed phenomena. For consistency, only results at 0.43 ∙ 𝑁𝑟𝑒𝑓 and 1.00 ∙

𝑁𝑟𝑒𝑓 are presented in the present paper. 

At a given rotational speed, the compressor is throttled up to its stability limit. Then a 

supplementary throttle action is imposed leading the compressor to stall or surge. The throttle is 

opened afterwards to bring the compressor out of any damaging state.   

In a first section, results are presented at both impeller and diffuser inlet to specify the element 

in which disturbances are first captured. Then, the results relative to the diffuser only, presenting the 

highest level of fluctuations, are shown to support the analysis focused on the influence of (i) the 

rotational speed (ii) the throttle ramp and (iii) the downstream volume on the compressor dynamics.  

Subcomponent Dynamic Behavior (without plenum) 

Figure 5-a depicts the pressure traces acquired from the pressure transducers at the impeller inlet 

and at the diffuser inlet around the onset of instabilities at 0.43 ∙ 𝑁𝑟𝑒𝑓, during 0.5s (250 rotor 

revolutions). Figure 5-b gives the same results obtained at 1.00 ∙ 𝑁𝑟𝑒𝑓 during 0.5s (583 rotor 

revolutions). The black curves within the raw pressure signals give the pressure values which result 

from a time-average over a blade passage. The vertical spacing of the graphs in Figure 5 is 

proportional to the circumferential location of the pressure sensors. At 1.00 ∙ 𝑁𝑟𝑒𝑓, the perturbations 

(linked with dotted lines) are clearly triggered simultaneously in both subcomponents. As shown 

later, the compressor experiences surge with no pre-stall activity. Conclusions are less obvious at 

0.43 ∙ 𝑁𝑟𝑒𝑓: a first perturbation seems to be captured at the impeller inlet before the trigger of 

distinct and repeatable perturbations at the diffuser inlet. But sporadic perturbations, which are 

dissected in the last section of the paper, are also recorded at the diffuser inlet before the first 

unstable activity at the impeller inlet. These sporadic perturbations are shown later in the paper to 

be the embryo of the distinct later perturbations. It could then be concluded that the instability is 

rather triggered in the diffuser shortly before than in the impeller. This assumption is consistent with 

the observations regarding the characteristic slopes (Figure 3 and Figure 4). 

Influence of the Rotational Speed (without plenum) 

The amplitude of the perturbations being higher in the diffuser than in the impeller, the 

following relates only to the signals acquired in the vaned diffuser. 

Fourier Power Spectra of the entire pressure signals without any filtering at sensor D2 (such raw 

signals could be seen in Figures 7-b and 8-b) at 0.43 ∙ 𝑁𝑟𝑒𝑓  and  1.00 ∙ 𝑁𝑟𝑒𝑓 are given in Figure 6. 

At 0.43 ∙ 𝑁𝑟𝑒𝑓 the spectrum highlights a frequency at 35Hz and its harmonics far below the blade 

passing frequency (BPF) (9kHz). At 1.00 ∙ 𝑁𝑟𝑒𝑓 the low characteristic frequency is 11Hz, BPF 

being 21kHz. In order to characterize the type of instability, the rotating speed of the perturbations 

is determined from Figure 5 which zooms in on the first perturbations of the pressure signals at 

sensors D1, D2 and D3. At 0.43 ∙ 𝑁𝑟𝑒𝑓, the pressure spikes are time lagged from one sensor to the 

other leading to a frequency of 32Hz. Moreover, the frequency between two spikes of the signal at 

sensor D2 is very similar (35Hz – Figure 5-a and Figure 6-a). It may be then concluded that at 

0.43 ∙ 𝑁𝑟𝑒𝑓, the compressor experiences rotating stall with one cell rotating at around 6.4% the rotor 

speed. At 1.00 ∙ 𝑁𝑟𝑒𝑓, all the spikes are triggered at the same time which is characteristic of a surge 

which frequency is 11Hz (Figure 5-b and Figure 6-b). 
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Figure 5. Instability onset at 𝟎. 𝟒𝟑 ∙ 𝑵𝒓𝒆𝒇 (a) and at 𝟏. 𝟎𝟎 ∙ 𝑵𝒓𝒆𝒇 (b). 

 

 

 

 

 

(a) 

 

0.43 ∙ 𝑁𝑟𝑒𝑓  

 

 

 

 

(b) 

 

1.00 ∙ 𝑁𝑟𝑒𝑓  

Figure 6. Fourier power spectra at 𝟎. 𝟒𝟑 ∙ 𝑵𝒓𝒆𝒇 (a) and at 𝟏. 𝟎𝟎 ∙ 𝑵𝒓𝒆𝒇 (b), sensor D2. 
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Influence of the Throttling Valve Dynamics (without plenum) 

Up to now, a unique throttling ramp was used. It is referred as ‘rapid’. But Figure 7 and Figure 8 

clearly show that the frequency content of the unsteady static pressure signals evolves with time and 

depends on the throttling ramp. The problem of determining a characteristic frequency associated 

with the aerodynamic instability occurring in the compressor is then posed. In order to address this 

issue, two kinds of valve dynamical behaviors were investigated. Starting from the last stable 

operating point at a given rotational speed, the throttling valve is operated slowly (Figure 7-a and 

Figure 8-a) or rapidly (Figure 7-b and Figure 8-b). Actually, the valve position is driven by a 

potentiometer which is manually moved. Thus from a given condition, a power is imposed to the 

valve which position changes. The values of the power increments and the speed of action 

determine both the amplitude and the slope of the throttling valve closure. The green curves in 

Figures 7 and 8 give the valve closure rate versus the time. Once the surge is registered at a stable 

frequency the valve is opened with the same dynamics as during its closure to bring the compressor 

out of any damaging state. 

In the case where the throttling valve is slowly closed then slowly opened, the frequency content 

of the unsteady static pressure signals depends on the nature of the aerodynamic instability 

encountered (rotating stall or surge) in the compressor. 

At 0.43 ∙ 𝑁𝑟𝑒𝑓, the slow valve dynamics leads to an abrupt entrance in the unstable regime 

which is proved to be a rotating stall regime with a characteristic frequency of 35Hz as clearly 

shown in the Fourier power spectrum of the entire pressure signal without any filtering (Figure 9-a). 

 

 
Figure 7. Unstable behavior for a slow (a) and a rapid (b) valve dynamics at 𝟎. 𝟒𝟑 ∙ 𝑵𝒓𝒆𝒇 

sensor D2. 
  

 
 

 
Figure 8. Unstable behavior for a slow (a) and a rapid (b) valve dynamics at 𝟏. 𝟎𝟎 ∙ 𝑵𝒓𝒆𝒇 

sensor D2. 

 

(a) (b) 
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(a) (b) 
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(a) 

 

0.43 ∙ 𝑁𝑟𝑒𝑓  

 

 

 

 

(b) 

 

1.00 ∙ 𝑁𝑟𝑒𝑓  

 

Figure 9. Fourier power spectra for a slow valve dynamics at 𝟎. 𝟒𝟑 ∙ 𝑵𝒓𝒆𝒇 (a)  

and at 𝟏. 𝟎𝟎 ∙ 𝑵𝒓𝒆𝒇 (b), sensor D2. 

 

On the contrary, at 1.00 ∙ 𝑁𝑟𝑒𝑓, before surging, the compressor experiences a phenomenon 

defined in this paper as “surge warning shots” (labelled “sws” in Figure 8-a). These “surge warning 

shots” are followed by stable operation recovery periods which last around one to two seconds 

(500-1000 rotor revolutions). The compressor has reached its stability limit but the throttling ramp 

is slow enough to allow the compressor to tolerate the associated small load increase. Nevertheless, 

after some “surge warning shots” the compressor cannot accept any additional load and then surges. 

In addition, during unstable operation (between leftmost and rightmost dashed lines in Figure 8-a), 

time intervals between surge cycles are not constant, especially at the start and at the end of the 

unstable operation. The combination of these phenomena induces the appearance of parasitic 

frequencies in the Fourier power spectrum. Referring to Figure 9-b, this deleterious side effect 

confuses the determination of any characteristic surge frequency due to multiple frequency 

components with approximately the same power and forming a bump in the spectrum (dashed 

bracket in Figure 9-b). In the case of rapid throttling ramp, an increase then a decrease of the 

frequency of the instabilities are observed in the unsteady static pressure signals (Figure 7-b and 

Figure 8-b). These variations are directly linked to the transient motion of the throttling valve, 

whatever the rotational speed. As a consequence, more than one (mainly two) low-frequency 

components are significant in the Fourier power spectra of the signals: 35Hz and 70Hz at 0.43 ∙
𝑁𝑟𝑒𝑓; 11Hz and 22Hz at 1.00 ∙ 𝑁𝑟𝑒𝑓 (Figure 6). This situation may make the determination of the 

characteristic frequency of the instability difficult. At 1.00 ∙ 𝑁𝑟𝑒𝑓, since the 11-Hz component is the 

first significant to appear and is one order of magnitude higher than the 22Hz-component, it is 

associated with the compressor surge. At 0.43 ∙ 𝑁𝑟𝑒𝑓, the 35Hz-component is the first to appear but 

has a lower power than the 70Hz-component. However, referring to Figure 9-a and Figure 7-a, 
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obtained with a slow throttling valve dynamics, it may be concluded that the rotating stall frequency 

is 35Hz. 

Therefore, comparing these two throttling valve dynamics, a rapid throttling ramp was adopted 

during all the tests presented in this paper (unless otherwise mentioned) and the characteristic 

frequency of the aerodynamic instability was defined as the lowest frequency which power emerges 

first from the background noise on the Fourier power spectra. 

Influence of the Downstream Plenum Volume 

Figure 10-a gives the frequency of the captured perturbations versus the reduced rotational 

speed for the three geometric arrangements (no downstream plenum / small plenum / large plenum). 

As discussed before, at 0.43 ∙ 𝑁𝑟𝑒𝑓 without plenum, the compressor enters a rotating stall regime 

with a frequency of 35Hz. If a downstream volume is added, the compressor then surges. It 

illustrates the remarks of Day (2015) concerning the fact that “both disturbances, stall and surge, 

occur at the same instability point on the performance map, but it is the lengths and volumes of the 

compression system which determine which form of instability will be dominant”. At 0.29 ∙ 𝑁𝑟𝑒𝑓, 

rotating stall is also captured when the compressor is connected to the exit pipe (no downstream 

plenum) or with the small plenum. All the other configurations lead the compressor to surge without 

any foregoing manifestations of rotating stall. 

It is observed that the surge frequency (1) ranges between 0.17Hz and 11Hz, (2) decreases as 

the rotational speed increases and (3) decreases as the downstream volume increases. The frequency 

value is very characteristic of the values found in literature (Fink et al., 1992) (Galindo et al. 2006). 

Point (2) confirms that surge frequency is not the Helmholtz frequency  𝐻 = 𝑎 ∙ √𝐴𝑐  𝑉𝑝 ∙ 𝐿𝑐 ⁄  

which on the contrary increases as the rotational speed increases. The surge frequency is set by the 

plenum emptying and filling time which obviously increases as the pressure at the compressor exit 

increases (justifying point (2)) and as the downstream volume increases (justifying point (3)). These 

points are in agreement with previous works (Fink et al., 1992) (Galindo et al. 2006). 

Figure 10-b gives the mean peak-to-peak pressure variation computed with pressure values outside 

three times the standard deviation interval during unstable behaviour, relative to the mean static 

pressure value prior to instability. This mean relative peak-to-peak pressure variation increases as 

the rotational speed increases. As the pressure ratio also increases with speed, it means that 

instantaneous mechanical excitation of the blades may reach very high level at the highest rotational 

speed. Unlike Galindo (2008), the pressure variations are quasi-independent of the geometric 

arrangement. Therefore knowing the amplitude of the pressure variation at a given 𝐵 parameter 

(thank to tests in a laboratory situation) is sufficient to anticipate the solicitations on the blades 

whatever the 𝐵 parameter value (as in ‘real life’ situation). 

 
  

 
Figure 10. Evolution of the characteristic frequency (a) and the mean relative pressure 

variation (b) of instabilities with rotational speed and downstream plenum volume. 

(a) (b) 
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ONSET OF INSTABILITIES 

Two preferential paths to instability are often recognized in the literature, involving either a 

modal type disturbance or a spike type one (Camp and Day, 1998). The emergence of one or the 

other could be linked to the slope of the pressure rise characteristic. Camp and Day (1998) claim 

that if the critical incidence (leading to stall) is reached before the slope of the characteristic 

changes its sign, then a spike type onset of the instabilities is presumed. On the contrary, if the 

characteristic reaches a null slope before the critical incidence is attained, a modal type onset is 

more likely to appear. These behaviours, stated for axial flow compressors, are confirmed by 

Spakovszky and Roduner (2009) for centrifugal compressor vaned diffusers. In the present case, as 

the vaned diffuser is thought to trigger the instability and due to its negative characteristic slope, a 

spike type instability inception is a priori awaited for the test compressor. The following analysis 

aims at confirming - or disconfirming - that point. 

Wavelet Analysis 

In order to disclose possible precursors of instabilities, a discrete-time continuous wavelet 

transform (DT-CWT) is performed on the unsteady static pressure signals at 0.43 ∙ 𝑁𝑟𝑒𝑓 and 

1.00 ∙ 𝑁𝑟𝑒𝑓. A continuous nonorthogonal complex-valued Morlet mother wavelet is chosen. In spite 

of its dissimilar shape compared to the unsteady pressure disturbances, the combined properties of 

this wavelet and this transformation enable, via the power spectrum, the accurate capture and the 

graphical representation of (even abrupt) frequency variations occurring in a time series 

independently of its phase. To this aim, a higher temporal resolution than frequency resolution is 

necessary for the mother wavelet. Thus, a wavenumber (Torrence and Compo, 1998a)  0 equal to 6 

(corresponding to a central frequency of 0.9549Hz) was selected for the Morlet mother wavelet to 

achieve a suitable balance in time-frequency resolution. Since only low-frequency phenomena, such 

as rotating stall (~20-30𝐻𝑧), surge (~0.1-10𝐻𝑧), and even static pressure disturbances (~100-

1000𝐻𝑧) are considered in the wavelet analysis, the frequencies investigated range from 0.1Hz to 

1kHz. They span over 11 octaves, themselves divided into 8 voices. The 1D DT-CWT results 

presented in this paper are obtained on non-filtered unsteady static pressure signals with a modified 

version of the code developed by Torrence and Compo (Torrence and Compo, 1998b). In the 

following figures, the cone of influence of the wavelet power spectrum (Torrence and Compo, 

1998a) is indicated by translucent dark grey areas. 

 

 
Figure11. Wavelet power spectrum at 𝟎. 𝟒𝟑 ∙ 𝑵𝒓𝒆𝒇, without plenum. 

 

Results at 0.43∙Nref 

Observing the local maxima of the DT-CWT power spectrum in Figure 11, during the rotating 

stall a frequency of 35Hz is first dominant in the signal (from 1.48s), then dominance is shared 

between this frequency and its harmonic at 70Hz (from 1.85s to 4.42s), at last, the 35Hz frequency 

dominates again (at 4.42s). This result confirms that the rotating stall frequency is 35Hz, like in a 
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slow throttling ramp situation (Figure 9-a) despite a higher power in the Fourier spectrum of its 

70Hz harmonic. 

Let us now determine if the succession of pressure disturbances preceding the rotating stall 

phase (pink frame in Figure 11) can be interpreted as rotating stall precursors. The term “precursor” 

is understood here in the sense of an event which triggers the rotating stall, i.e. a pre-stall activity. 

 

 

 
Figure12. Wavelet power spectrum at 𝟎. 𝟒𝟑 ∙ 𝑵𝒓𝒆𝒇 prior to instability, without plenum (a). 

Wavelet power spectrum of a Gaussian pulse (𝝈 = 𝟎. 𝟎𝟐𝟖𝟐𝟖) (b). 
 

 

 
Figure13. Wavelet power spectrum at 𝟏. 𝟎𝟎 ∙ 𝑵𝒓𝒆𝒇, without plenum. 

 

Thus, a DT-CWT is performed on the portion of the signal between 0.8s and 1.48s. Focusing 

first on the static pressure peak occurring at 1.27s, it is seen in Figure 12-a a significant wavelet 

power level at 25Hz, showing that the DT-CWT can associate a frequency to an aperiodic 

phenomenon. This is confirmed by Figure 12-b which shows the DT-CWT power spectrum of a 

Gaussian pulse, base of which spreads over 0.02s. It exhibits a distinct power peak at 50Hz, 

corresponding to the reciprocal of the time interval of the pulse. As the static pressure peak visible 

at 1.27s also lasts approximately 0.02s, then the wavelet power level associated with it does not 

match its expected value. It means the disturbance at 1.27s is not an isolated peak but is part of a 

group together with the immediately preceding peaks, the DT-CWT disclosing its correlation with 

the perturbations at 1.23s et 1.21s preceding it with a an approximate time lag of 0.04s. In a similar 

way, the disturbance at 1.42s (black frame in Figure 12-a) should not be considered like an isolated 

phenomenon, but like forming a group together with the immediately preceding disturbances (blue 

frame in Figure 12-a) and being an amplified replica of the previous group. However, the associated 

high-intensity power peaks of the wavelet power spectrum are almost all located within the cone of 

  

(a) (b) 
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influence. Therefore, they have to be excluded from the analysis and it stresses the high importance 

of the portion of signal processed with DT-CWT. It is indeed much more relevant to focus back on 

Figure 11 which highlights a higher correlation of the disturbance at 1.42s with the following 

disturbances than with the preceding ones. Hence the appearance of secondary significant wavelet 

power peaks in the spectrum at 2Hz, 7Hz, and 16Hz i.e. approximate respective sub-harmonics of 

35Hz. Therefore, between 1.21s and 1.48s (magenta frame in Figure 11), this wavelet analysis 

reveals the presence of the embryo of the rotating stall itself, which keeps developing as the 

throttling valve is closed. As a consequence, the pressure disturbances recorded in the unsteady 

static pressure signal cannot be considered as rotating stall “precursors” as defined above. 

 

Results at 1.00∙Nref 

In the wavelet power spectrum obtained on the unsteady static pressure signal at 1.00 ∙ 𝑁𝑟𝑒𝑓 

(Figure 13), the main power peak is located at 11Hz, in accordance with the Fourier power 

spectrum in Figure  6-b. It is slightly curved downwards and is preceded (at 0.90s) then followed (at 

3.35s) by secondary high-level energy peaks at approximately 7Hz. This represents the smooth and 

slight variation of frequency observed in the time series due to the evolution of the throttling valve 

position. However, no region with a significant energy level is detected prior to 0.90s. 

Consequently, the compressor surge is initiated abruptly without the appearance of any pressure 

disturbances corresponding to “spikes” or rotating stall.  

 

CONCLUSIONS 

An experimental work performed in a small centrifugal compressor has been presented in this 

paper in order to describe the path to instability at two rotational speeds, three downstream volumes 

and two throttling ramps. The main findings are: 

- At the low rotational speed, rotating stall is evidenced both at impeller inlet and vaned diffuser 

inlet. It is characterized by one stall cell rotating at 6.4% of the rotor speed. It occurs in the vaned 

diffuser shortly before than in the impeller. 

- At the high rotational speed, the compressor surges abruptly with no pre-stall activity, 

simultaneously in both subcomponents. 

- A change in the throttling ramp modifies the frequency contents of the static pressure signal during 

surge or rotating stall but not the characteristic frequency of the instability. 

- The stability limit does not depend on the downstream volume.  

- The characteristic frequency of the instability decreases as the rotational speed increases and 

decreases as the downstream volume increases. But, the peak-to-peak amplitude of the instability is 

independent of the downstream volume. 

- In no situations, precursors have been detected. The perturbations recorded prior to the 

instability revealed to be ‘only’ the embryo of it and not a pre-stall signal. This behavior challenges 

the definition of any flow control strategy in the present case. 
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