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ABSTRACT 
 

Future axial compressor designs tend to be built with 

larger relative tip gaps and increased eccentricity, since the 

core engines are reduced in size. There is considerable 

uncertainty of the influence of tip clearance non-uniformity on 

non-synchronous blade vibration amplitudes. The 1.5 stage 

Darmstadt Transonic Compressor is representative of the 

front stage of a high pressure compressor. Data is obtained for 

varying concentric and eccentric tip gaps at design speed. For 

this study, the concentric tip gap is increased from 1.25% to 

2.5% tip chord length. The investigated non-uniform 

configurations are 60% and 96% eccentric. These variations 

are quite common during engine operation. A modern rotor in 

blade integrated disc design is used for this research, which is 

susceptible to vibration due to low mechanical damping. 

The redistribution of mass flow at the inlet of an eccentric 

casing influences stall inception. Locally, the compressor is 

operating unstable, which results in pre-stall disturbances with 

high count and large amplitude in the sector with a large 

clearance. The other part of the annulus operates stable and is 

less disturbed. This aerodynamic diversity results in decreased 

interaction between fluid and structure. For an eccentric 

casing, rotor blade vibration amplitudes are lower compared 

to an equivalent concentric configuration. These results are a 

novel approach to aerodynamic mistuning. 

 

INTRODUCTION – NON-SYNCHRONOUS 
VIBRATIONS IN COMPRESSOR FRONT STAGES 

 

The present investigation is motivated by recent design 

trends of modern aero engines and addresses the front stages 

of high pressure compressors (HPCs). Due to downsizing of 

the core engine, the rotor running clearances are increasing 

relatively to the blade height. Also, the probability of rub-ins 

rises, which can lead to stationary asymmetry and non-

uniformity of the tip gap. The individual stage loadings are 

constantly increased, which leads to large pressure gradients 

across the blades and thus to large secondary flow. 

Considering, that front stages of a HPC are typically built as 

blade integrated disc designs, mechanical damping of the 

blades is low. 

As a result of these aspects, modern compressor rotors are 

vulnerable to blade vibration, which can lead to high cycle 

fatigue during engine operation. 

The problem has been addressed in compressor research 

in the past. Recent studies of multistage aero engine 

compressors highlighted the problem of unwanted vibration in 

front stages at part speed (Baumgartner, 1995 [1], Dodds & 

Vahdati, 2014 [2]). The problem is severe and can occur over 

a wide operating range. 

The numerical investigation of Kielb et al. identified 

vortices, which propagate from blade to blade. This vortex 

shedding was found to be a source of non-synchronous 
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vibration (NSV) in a front stage rotor (Kielb, 2003 [3]). 

Further insight into vortex breakdown, spill forward and the 

occurrence of radial vortices at the blades’ leading edges was 

provided by the measurements of Brandstetter et al. 

(Brandstetter, 2017 [4]). In their study, the interaction of the 

identified flow phenomena with the rotor blades was analysed. 

Despite the progress, which has been made in 

understanding and modelling stall related vibration, more 

knowledge of the influencing factors on non-synchronous 

vibration and how to control the vibration amplitudes is 

necessary. A key problem, for example, is the correct 

determination of cell count and speed for a given compressor 

design. Just recently, Day pointed out, that it is still 

questioned, what controls stall cell speed (Day, 2016 [5]). This 

is critical, since aerodynamic forcing cannot be predicted and 

can occur over a wide operating range. 

From an aerodynamic point of view, the effect of varying 

tip clearance is known. Stronger secondary flow and 

associated blockage reduce the main flow at the tip and result 

in increased blade tip incidence. Day varied the tip clearance 

of a low-speed compressor (Day, 1993 [6]). He observed that 

the length-scale of pre-stall disturbances was long (several 

passages) for compressors with large clearance (3% chord), 

whereas at 1.2% clearance the length-scale was much shorter 

and restricted to the dimension of a blade passage. At large 

clearance (3% chord), Yamada et al. found rotating 

disturbances, which were a result of fluctuating vortex 

breakdown and blade tip blockage (Yamada et al., 2013 [7]). 

In an eccentric compressor, Morris et al. found spike-type 

disturbances in the region with a large tip gap and observed 

their decay in the annulus as the tip gap decreased (Morris, 

2008 [8]). 

From an aeroelastic viewpoint, the importance of tip 

clearance and tip leakage flow for the mechanism of NSV was 

implied by Vo (Vo , 2006 [9]). The experimental investigation 

of Holzinger et al. confirmed the significance of tip clearance 

with respect to blade vibrations (Holzinger et al., 2015 [10]). 

However, to the authors’ knowledge, there is no public 

study on the effect of casing non-uniformity on NSV. As 

recent design trends will fuel the problem of NSV in HPCs, 

the influence of casing eccentricity on NSV is addressed in 

this paper. 

Aeroelastic Effects in Case of Concentric 
Configurations – Previous Studies 

 

The current investigation is closely related to previous 

studies with an equivalent setup (1.5 stage design, identical 

rotor). A sketch of the Darmstadt Transonic Compressor and 

its capacity is provided in Figure 12 in Appendix A. For the 

conducted measurements at the stability limit, the 1.5 stage 

transonic compressor is driven at design speed and constantly 

throttled from steady near stall to rotating stall. Operating 

points at which the compressor was stabilized to measure area 

traverses at the exit of the stage are presented in Figure 1. 

The vulnerability of the investigated rotor in terms of 

NSV was pointed out by Jüngst et al. and Brandstetter et al. 

(Jüngst et al., 2014 [11], Brandstetter et al., 2017 [4]). 

Brandstetter et al. discussed the stall inception of a 

concentric clearance case (“CON”, t = 1.25% tip chord). 

Figure 1 illustrates the steady operating point of the CON 

setup. During throttling from steady near stall to rotating stall, 

radial vortices were observed, linked to low pressure regions 

in the static wall pressure. Constantly rising first torsion (1T) 

amplitudes led to enforced pre-stall disturbance initiation and 

vice versa. Count and propagation speed of the disturbances 

during stall initiation have been analysed. The fully developed 

stall cell, which limits operation in this case, propagated with 

0.54 times rotor speed in the absolute frame of reference. 

Figure 14 and Figure 15 belong to this setup and serve as a 

reference for the measurements with eccentric casing 

discussed in the current paper. 

Jüngst et al. analysed a configuration with larger 

concentric clearance (“CON-MAX”, t = 2.5% tip chord) 

(Jüngst, 2015 [11]). They found pre-stall disturbances 

interacting with the chord-wise bending mode (CWB). The 

interaction lead to blade vibration, which limited further 

throttling. Propagation speed of the observed disturbances was 

0.43 times rotor speed. These phenomena occurred at higher 

mass flow and lower pressure rise compared to the CON setup, 

due to the larger tip gap (compare Figure 1). The cell count 

was higher for the larger tip gap (CWB mode interacted with 

16 and 17 aerodynamic cells). In case of the smaller gap, cell 

Figure 1 – Compressor map of the investigated 
configurations and illustration of steady near stall 

operation at design speed 

Figure 2 – Pre-Stall 1T Vibration Amplitudes of 
Blade No. 1 at steady operating points at design 

speed 
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count was found to range between 12 and 14 and interacted 

with the 1T mode. The general finding that the aerodynamic 

cell count of the interacting disturbances was higher for the 

configuration with increased concentric clearance fits well to 

the aerodynamic investigations of Day and Yamada et al. 

(Day, 1993 [6], Yamada et al., 2013 [7]). 

Aeroelastic Effects in Case of Eccentric 
Configurations – Current Study 

 

The same compressor setup is used for the current 

investigation, solely the casing liner is designed eccentric 

(“ECC”, ξ = 60% eccentricity, average gap t  = 1.25% tip 

chord). Tip clearance is online-monitored via capacitive 

probes in the casing throughout the measurements. At design 

point, tip clearance and eccentricity matches design intend. 

For ECC, the designed eccentricity (60%) is ensured to vary 

not more than ±2% (refer to nomenclature for definition of 

eccentricity: 200% corresponds to a Rub-In). 

The concentric setup “CON” and the eccentric 

configuration “ECC” stall at about the same mass flow and 

loading (compare Figure 1). At near stall operation, the blade 

vibration amplitudes rise, due to increased unsteadiness of the 

flow in the rotor passage, which is illustrated in Figure 2 for 

the 1T mode. The amplitudes are lower for the eccentric 

configuration compared to the concentric one. All blade 

amplitudes are referred to the maximum amplitude of Blade 

No. 1, observed for CON at design speed (see Figure 3). 

Figure 3 summarizes the observed 1T vibration 

amplitudes of 20 transient throttling manoeuvres from steady 

near stall to rotating stall at design speed. Due to the short time 

scales of the phenomena and slight differences of the exit 

throttle opening, variations in amplitude can occur during 

distinct manoeuvres. To account for these slight variations, the 

measurements were repeated several times. Four different 

strain gauges have been analysed to account for blade-to-blade 

variations and the amplitudes have been plotted for every rotor 

blade, respectively. The differences in blade amplitude for 

each configuration are most likely a result of slight mistuning 

of the rotor and inaccuracies that result from of the strain 

gauge application. The vibration amplitudes of the eccentric 

case are lower, compared to the concentric case with the 

equivalent average gap. This amplitude reduction appears 

blade independent, but varies in intensity from blade to blade. 

Considering that the rotor stalls at approximately the same 

mass flow and loading with the concentric and eccentric 

casing (compare Figure 1), the effect is significant. 

This observation motivated an investigation with larger 

eccentricity and increased average gap (“ECC-MAX”,                

ξ = 96% eccentricity, average gap t  = 1.7% tip chord, largest 

gap tmax  = 2.5% tip chord). Its maximum gap is locally as 

large as CON-MAX. The average gap of this setup is in-

between CON and CON-MAX. Accordingly, the pressure rise 

and operating limit is bounded by these cases (compare Figure 

1). With respect to the stable operating range this is 

remarkable, as it is not the largest clearance that limits the 

operation (compare Freeman, 1985 [12], Graf, 1998 [13] and 

Young, 2016 [14]). 

The amplitudes of 1T during one representative throttling 

process of ECC-MAX are illustrated in Figure 4. Blade tip 

deflection is measured using a casing mounted tip timing 

system. The data are analysed in accordance with the principle 

published by Zielinski and Ziller (Zielinski & Ziller, 2000 

[15]). This means that all occurring nodal diameter were 

superimposed and all blades were monitored. The blade 

amplitudes are lower than 10% of the CON reference 

amplitude at steady near stall (Revolution -1500). At 

Revolution -1000, the amplitudes of the 1T blade mode rise. 

This trend increases until the stalling point of the compressor 

is reached (Revolution 0). Since the work input is immediately 

reduced from the stage, the rotor accelerates with a steep 

gradient. Also, the static-to-total pressure drops at the rotor LE 

(not shown for brevity). The initiation of rotating stall leads to 

lower 1T amplitudes, because the cell count drops to a single 

rotating stall cell. As the outlet throttle is opened (Figure 4, 

approximately at Revolution 250), the rotor inlet mass flow 

increases, which lowers the blade amplitudes. The rotor speed 

is afterwards regulated back to design speed by the DC drive 

control. Throughout the measurement, the amplitude remains 

below 30% of the CON reference for all blades, which is even 

less than with small eccentricity (“ECC”, compare Figure 3). 

This proves that casing non-uniformity can reduce non-

synchronous blade vibration amplitudes even at enlarged 

average clearances.  

Figure 3 – Maximum 1T blade amplitudes of overall 
20 throttling manoeuvres from steady near stall to 

rotating stall 

Figure 4 – Tip Timing Amplitudes during 
throttling of eccentric setup from steady near 

stall to rotating stall (ECC-MAX) 
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RESULTS AND DISCUSSION 

 

Various aspects are presented that indicate aerodynamic 

sources for the observed reduction of rotor blade vibration 

amplitudes in case of eccentric rotor liners. Firstly, near stall 

operation of ECC-MAX is sketched shortly. The flow 

redistribution at the stage inlet due to the eccentric gap is 

discussed. In addition, measurements of the static wall 

pressure at the rotor tip are shown to give an impression on the 

varying operating conditions of the rotor, which result from 

the flow redistribution. Secondly, circumferentially 

distributed pressure transducer at the blades’ leading edge 

(LE) are analysed during transient throttling from steady near 

stall to full rotating stall. The analysis is split and initially 

concentrates on the aeroelastic phenomena in dependence of 

the gap. Afterwards the aerodynamic effects are thoroughly 

discussed. The conclusion and an outline for future work are 

given in the final part of the paper. 

Steady Near Stall Operation of a Rotor with 
Eccentric Casing 

 

An eccentric rotor redistributes mass at the stage inlet. 

The compressor in parallel theory provides a useful model to 

explain this. Static pressure uniformity at stage exit (valid for 

large exit plenum and axial exit flow) and total pressure 

uniformity at stage inlet (undisturbed inflow) are assumed. A 

compressor with several characteristics in circumferential 

direction, due to a non-uniform tip gap, will redistribute mass 

flow at the stage inlet to fulfil the condition of uniform total-

to-static pressure rise (Graf, 1998 [13]). 

An approximation of the observed mass flow variation at 

the stage inlet in case of ECC-MAX is given in Figure 5. Static 

pressure ports were positioned at the tip at IGV inlet and the 

measured pressure was corrected to the rotor inlet plane, 

applying the method proposed by Morris et al                    

(Morris, 2008 [8]). This estimation indicates a variation of 

±3% mass flow density (corrected with local pressure and 

temperature). It takes only the variation close to the casing into 

account. The data point out, that the largest mass flow enters 

the stage at approximately 247° (67° relative to the minimum 

gap). On the opposite side, about 67 degrees relative to the 

maximum gap, the lowest mass flow enters the stage. 

Varying inlet mass flow and non-uniform rotor tip gaps 

result in varying operating conditions of the rotor during one 

revolution. Figure 6 illustrates the static wall pressure at 

various casing angles, measured with axially distributed 

pressure transducers (26 axially distributed Kulites XCS-062; 

one passage is sampled with approximately 90 values at 

design speed). The given casing angles are referred to the 

same coordinate system, as in Figure 5. Figure 6a illustrates a 

single revolution, whereas in Figure 6b the ensemble average 

of the previous 30 revolutions is subtracted from the 

revolution shown in Figure 6a. This technique was used before 

to analyse passage to passage variations (Young, 2011 [16]; 

Brandstetter, 2017 [4]). 

Figure 6a demonstrates, that the rotor relative flow is 

steady in the sector with a small gap (arrays at 180° and 237°). 

The variation from passage to passage is low. At casing angle 

237°, the shock front is closest to the LE, which is in 

agreement with the observation in Figure 5, since local rotor 

inlet Mach number defines the local shock position (highest 

inlet Mach number at approximately 237°). At 0° and 55° 

casing angle, the variation from passage to passage is high. 

Large pressure drops and related disturbances are observed in 

the passages close to the LE. 

 The observed pressure drops can be illustrated precisely, 

when subtracting the mean flow field from a single revolution. 

The resulting pressure deviation is shown in Figure 6b. At 0° 

and 55°, disturbances occur in every second passage, analysed 

in the stationary frame of reference. Radial vortices have been 

observed for the concentric case (CON), with less intensity in 

the region between the LEs of adjacent blades (Brandstetter, 

2017 [4]). Note that even though the disturbances are larger 

than in case of concentric tip gaps, the whole compressor 

operates stable and rotating stall is not present. 

 

a) Single Revolution 

 

b) Pressure Deviation 

 

Figure 5 – Flow redistribution at stage inlet (at tip) 
and steady near stall due to eccentric tip gap (ECC-

MAX) 

Figure 6 – Pre-Stall Disturbances at various 
circumferential positions and steady near stall 

(ECC-MAX) 
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At casing angles 180° and 237° only slight variations of 

the shock position occur. These comparably small fluctuations 

at both angles might result from random disturbances in 

several passages. If the local blockage rises slightly, the local 

inlet Mach number changes, which consequently alters the 

shock position in the respective passage. 

The local operation of the rotor varies in circumferential 

direction. Even though large disturbances exist in some part of 

the annulus, the operation remains stable. More detail on the 

development of rotating stall and fluid-structure interaction 

during further throttling is given in subsequent sections. 

Unsteady Throttling from Steady Near Stall to 
Rotating Stall – Aeromechanic Analysis 

 

The pressure variation is highest at the LE of the blades 

(see Figure 6b). Spectra of the throttling process from steady 

near stall to rotating stall are shown for this axial position and 

at various circumferential positions in Figure 7. The data at 

eight casing angles are suitable to image the operation during 

throttling in the entire annulus. For every transducer, the 

spectrogram and the maximum amplitudes during the 

manoeuvre are plotted. Engine orders were resolved by        

ΔEO = 0.025 and revolutions by ΔRevolution = 21 for 

sufficient resolution in both, the time and frequency domain. 

The first revolution with a fully developed stall cell is 

indicated by revolution zero. This state has been identified by 

analysing the rotor speed, which rises when the compressor 

stalls (compare Figure 4). 

 At casing angle 0°, pre-stall unsteadiness is increased 

between EOstat = 6 and EOstat = 15 in the spectrogram (see 

Figure 7). This unsteadiness is present in the sector with 

decreasing clearance only (from casing angle 0° to 122°). In 

this part of the annulus, disturbances occur approximately 

within every second passage (compare Figure 6). 

Two peaks occur resulting from an interaction between an 

aerodynamic disturbance that propagates with 19 cells and the 

CWB mode (structural vibration with ND +2). The amplitude 

of the aerodynamic wave is larger than the structural one. Cell 

count and structural wave have been identified in accordance 

with a recently published analysis by Dodds and Vahdati 

(Dodds & Vahdati, 2014 [2]). Inter-blade variations of the 

CWB mode range from EOrot = 10.01 to EOrot = 10.07, 

measured with blade mounted strain gauges in the rotating 

frame of reference (not shown for brevity). This is most likely 

the source for the spectrum to spectrum variation of the 

indicated EOstat (12.03 to 12.06) in addition to the discrete EO 

resolution of the spectra (ΔEO = 0.025). The amplitudes of the 

observed interaction are small. 

Peaks, associated with the CWB mode are present until 

casing angle 122°. In addition to these, two peaks with small 

amplitude occur at 122°. These are a result of the interaction 

between the 1T mode (structural vibration with ND +8) with 

13 aerodynamic cells. This interaction corresponds to the 

rising amplitudes of the 1T mode, given in Figure 4 

(Revolution > -1000). 

The aerodynamic disturbances vanish between the casing 

angles 180° and 237°. The structural vibration occurs at 270° 

(EOstat = 13.97), even though the aerodynamic disturbances 

cannot be classified. At annulus angle 315° there occur no pre-

stall disturbances and no fluid-structure interaction in the 

compressor. Only the full rotating stall cell is visible in the 

spectrum for revolutions larger than zero. 

The measured frequencies indicate a single rotating stall cell, 

propagating with a speed of 0.53 times rotor speed in the 

stationary frame of reference. Eccentricity seems to have a 

minor effect on the stall cell speed, since this speed is 

equivalent to the previously studied concentric case 

(Brandstetter, 2017 [4]). Spectra of the transient throttling 

process with concentric casing are illustrated in Figure 15 in 

Appendix B for comparison. 

The findings indicate the following aspects: 

 In the sector with large clearance, the cell count of the 

disturbances is high (19 cells) and preferentially the CWB 

mode is interacting with the fluid. 

 As the tip gap decreases, the 1T mode interacts with fewer 

aerodynamic cells (13 cells).  

 The 1T blade vibration occurs in a larger angle of the 

annulus than the linked aerodynamic disturbances, which 

is most likely a result of the low mechanical damping of 

the blades. 

 In some parts of the annulus, low pre-stall disturbances 

and no fluid-structure interaction are present. 

 Eccentricity and larger average clearance has almost no 

effect on the stall cell speed 
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Figure 7 – Spectra of the throttling process from steady near stall to rotating stall at various casing angles of 
static wall pressure transducers at rotor LEs (ECC-MAX) 
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Unsteady Throttling From Steady Near Stall to 
Rotating Stall – Non-Uniform Development of Pre-
Stall Disturbances 

 

The local operation varies in circumferential direction 

during stall inception. Similar to the signal analysed in      

Figure 6b, the maximum and minimum pressure deviation of 

every revolution are plotted until stall in Figure 8. Equivalent 

to the time period given in Figure 7, Revolution 0 refers to the 

first revolution with fully developed stall cell and 1000 

revolutions before stall are shown. 

Large disturbances occur at the circumferential positions 

0° and 55° at NS (compare axial flow field illustrated in   

Figure 6a). Figure 8 shows that the disturbances do not grow 

further at these casing angles, when the compressor is 

continuously throttled from near stall to stall. This pre-stall 

unsteadiness leads to the increased amplitudes between     

EOstat = 6 and EOstat = 15 for casing angles 0° to 122° in     

Figure 7.  

At 122°, the disturbances grow in amplitude from the 

beginning of the throttling process and the intensity of the 

associated pressure drops remains constant between 

Revolution -500 and 0. This growth of disturbances appears 

some revolutions later at casing angle 180° (approximately at 

Revolution -500). The probability of large disturbances that 

form in a random manner, rises. Similarly, very large pressure 

drops in the magnitude of the full rotating stall cell develop at 

237° and 270°, sometimes several hundred revolutions prior 

to stall. 

This confirms the strong dependency of the local flow 

field on the history of the rotor during one revolution and its 

link to growth and decay of disturbances as well as the 

upstream flow redistribution due to blockage in the rotor. Even 

though the local gap at 122° and 237° is the same (also 

compare 90° and 270°), the local operation varies 

fundamentally. The flow within the passages recovers on the 

way through the small clearance sector and disturbances 

decrease in count, amplitude and length-scale. The spectra, 

presented in Figure 7 indicate that the fluid-structure 

interaction varies likewise dependent on casing angle. 

During the entire manoeuvre, blade amplitudes are low, 

although the intensity of these disturbances led to strong fluid-

structure interaction prior to stall in equivalent configurations 

with concentric clearances (Jüngst, 1015 [11]; Brandstetter, 

2017 [4]). 

Random Occurrence of Disturbances and Damping 
of Propagating Disturbances during Stall Inception 

 

During the stall inception process, large disturbances 

occur in a random manner in the sector with a small clearance. 

The signals of eight LE sensors are presented in Figure 9 

(same transducers as in Figure 7 and Figure 8). Equivalent to 

the pressure deviation plotted two-dimensionally in Figure 6b, 

the deviation from ensemble average is displayed for 20 

particular pre-stall revolutions. As estimation of local 

unsteadiness, the standard deviation of the selected segment 

of the signal is given. 

Figure 10 – Unsteady wall pressure signal from 
revolution -100 to +10 (ECC-MAX), low pass filtered 

at 30% blade passing 

Figure 9 – Unsteady wall pressure signal from 
revolution -100 to -80 prior to rotating stall (ECC-

MAX), low pass filtered at 90% blade passing 

Figure 8 – Transient throttling from near stall to 
rotating stall; Disturbance growth at rotor LE for 

several casing angles 
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From 0° to 122°, standard deviation is high due to the 

local unsteadiness of the flow field (also refer to Figure 7 and 

Figure 8). As the rotor is entering the sector with a small 

clearance, the tip incidence is lowered (increasing inlet mass 

flow) and the unsteady flow in the passages is recovering. At 

angle 180°, minor disturbances occur during Revolutions -100 

to -93. For these revolutions there are almost no deviations at 

angles 237° and 270°. 

During Revolution -93, the pressure fluctuates largely at 

casing angle 180° (compare Figure 9, Indicator A) and with a 

slight delay at measurement position 237°. The results of the 

full axial arrays at angles 180° and 237° are additionally given 

in Figure 16 in Appendix C for Revolution -93 to -89. The use 

of the indicators is consistent for Figure 9 and Figure 16. This 

illustration provides insight into the axial extent and intensity 

of the pressure deviation. 

The disturbances that occur at 237° casing angle are 

generally smaller compared to the pressure deviation at casing 

angle 180° in both, amplitude and spatial extension. In 

addition to A and A*, disturbances B and B* are given, which 

occur during Revolution -89. In a comparison of the signal at 

237° to the signal at 180°, the disturbances occur later within 

one revolution and the operation at 237° is only disturbed, if 

prominent disturbances are seen before at 180°. This indicates 

that the disturbances are propagating in the duct and are 

damped, when they enter sectors with increased inlet mass 

flow and lower incidence. As a result, the distribution of the 

disturbances prior to rotating stall is never uniform in the 

entire duct. No symmetric aerodynamic wave can emerge in 

the duct. 

Arrows in Figure 9 indicate the approximate propagation of A 

and B. These disturbances are illustrated due to their striking 

nature. During the entire throttling process, similar 

disturbances occur randomly, but do not lead to full rotating 

stall. For the given case, the rotor operates stable for another 

80 revolutions (see Figure 10). Full rotating stall is initiated 

by a spike, which is not damped, but constantly growing in 

size over several revolutions. The initial spike occurs during 

Revolution -1 with approximately 70% rotor speed and slows 

down to a rotating stall cell speed of 53% (over about 5 

revolutions). 

The unsteady wall pressure signals of the transient throttling 

process with concentric casing are illustrated in Figure 14 in 

Appendix B for comparison. The low pass filter is applied at 

60% blade passing in these figures for a fair comparison of the 

high frequent pre-stall unsteadiness in both cases. 

 
CONCLUSION AND RECOMMENDATION FOR 
FUTURE WORK 

 

A difference of the aeroelastic phenomena during 

throttling at constant speed has been observed between setups 

with concentric and eccentric rotor tip gap in a 1.5 stage 

transonic compressor. In concentric casings, the blade 

amplitudes and aerodynamic disturbances are constantly 

reinforced (e.g. Jüngst, 2014 [11]; Brandstetter, 2017 [4]). 

This appears, since aerodynamic disturbances propagate in a 

symmetric pattern for configurations with concentric tip gap. 

The possibility rises, that the symmetric rotor vibration 

reinforces these more or less equally distributed disturbances 

over numerous revolutions. Figure 11 illustrates this for the 

concentric case. The aerodynamic pattern propagates and 

interacts with a suitable structural vibration. 

This probability is lower for eccentric tip clearances. 

Aerodynamic disturbances are present in the large clearance 

sector. They form with high amplitude and at high count. Their 

amplitude is even larger compared to equivalent concentric 

configurations. In the small clearance sector of the eccentric 

casing, disturbances occur in a random manner. The 

circumferential distribution of the aerodynamic disturbances 

is never uniform prior to stall. This reduces the likelihood of 

consistent fluid-structure interaction during the stall inception 

process. The structure cannot vibrate in a specific mode and 

adjust the nodal diameter to synchronize with and interact with 

the aerodynamic disturbances over the whole circumference 

(compare Figure 11). 

Consequently, in a real aero-engine, the blades’ 

amplitudes can be reduced not only by the (sometimes 

intended) structural mistuning of the rotor blades. Eccentric 

tip gaps lead to damping of disturbances and can also lower 

blade amplitudes. Non-uniformity of the casing could thus be 

a novel approach to aerodynamic mistuning. Considering that 

peak pressure rise and efficiency of the stage are determined 

by its average gap, eccentricity should be seen as a tool rather 

than a problem. 

Small eccentricity (60%) lowers pre-stall vibration 

amplitudes of all blades compared to the case with equivalent 

concentric clearance (both cases have an average clearance of 

1.25%). In blade average, the amplitudes are reduced 

approximately by -20% (compare Figure 3). If the casing is 

60% eccentric, the mass flow varies ±2% at the inlet of the 

stage at near stall (not shown for brevity). This value can be 

used as a guideline to account for the above mentioned 

reduction of blade amplitudes (relative to the equivalent 

concentric case). If the casing is 96% eccentric and has a 1.7% 

average clearance the mass flow varies by ±3%. For a more 

precise quantification, further measurements with constant 

average tip gap and varying eccentricity would be needed to 

correlate the flow redistribution and incidence variation at 

rotor inlet with the reduction of blades’ amplitudes. 

The results point to the probability that stationary non-

uniformity (e.g. eccentricity, ovality, inlet distortions), which 

Figure 11 – Schematic illustration of fluid-structure 
interaction in a concentric and eccentric casing 
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are unwanted in case of synchronous vibrations, can possibly 

be in favour of the amplitude reduction of non-synchronous 

vibrations. Aerodynamically, the most severe impact due to 

non-uniform gaps was observed for eccentric tip gaps, 

compared to higher harmonic tip gap variations such as ovality 

(Graf, 1998 [13]). Considering our current work, the authors 

suggest to elaborate higher harmonic variations also from an 

aeromechanical viewpoint. This could prove that harmonic 

variations with large circumferential wavelength (such as 

eccentricity) are most effective to reduce NSV amplitudes, 

because of the highest aerodynamic diversity. 

NOMENCLATURE 

1T – First Torsional Blade Eigenmode 

CON – Concentric Tip Gap (t = 1.25% Tip Chord) 

CON-MAX - Large Concentric Tip Gap (t = 2.5%) 

CWB – Chord Wise Bending Eigenmode 

ECC – Eccentric Tip Gap (ξ = 60%, average gap t  = 1.25%) 

ECC-MAX – Large Eccentric Gap (ξ = 96%, t  = 1.7%) 

EO – Engine Order 

LE – Leading Edge 

ND – Nodal Diameter  

NS – Near Stall 

SG – Strain Gauge (Rotor Mounted) 

ṁcorr,ref – Corrected Inlet Mass Flow (Referred to Design 

Point) 

ps – Static Pressure 

pt – Total Pressure 

t – Tip Gap 

utip – Velocity of Blade Tip  

ξ = (tmax – tmin)/tmean•100% – Eccentricity 

(ρu)ax,var – Variation of Axial Mass Flow Density 

ρin – Density at Stage Inlet 

πt,ref – Stage Total Pressure Ratio (Referred to Design Point) 
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APPENDIX A – DARMSTADT COMPRESSOR 
FACILITY 

 

APPENDIX B – REFERENCE MEASUREMENTS WITH 
CONCENTRIC CLEARANCE 

 

 

 

 

 

 

 

 

  

Figure 12 – SKETCH OF THE DARMSTADT 
TRANSONIC COMPRESSOR AND THE 

INVESTIGATED STAGE DESIGN 

Figure 15 – Uniform Fluid-Structure Interaction 
during transient throttling of CON Reference; 
Spectra measured at 180° apart casing angles  

Figure 13 – Unsteady wall pressure signal from 
revolution -100 to +10 (ECC-MAX configuration), 

low pass filtered at 60% blade passing 

Figure 14 – Unsteady wall pressure signal from 
revolution -100 to +10 (CON Reference), low pass 

filtered at 60% blade passing 
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APPENDIX C – AXIAL WALL PRESSURE DEVIATION 
DUE TO PRE-STALL DISTURBANCES 

Figure 16 – Axial extent of disturbances in the 
small clearance sector from Revolution -93 to    

-89 prior to rotating stall (ECC-MAX) 
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