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Experimental Study on Linear Compressor Cascade
with Three-Dimensional Blade Oscillation
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University of Durham, Durham, England, DH1 3LE, United Kingdom

An experiment is carried out to enhance the understanding of three-dimensional blade aeroelastic mechanisms
and to produce test data for validation of numerical methods. A compressor cascade test rig developed consists of
seven prismatic controlled diffusion blades with the middle blade being oscillated in a three-dimensional bending/
flapping mode. Steady and unsteady pressure measurements are performed at six spanwise sections for three re-
duced frequencies and two tip-clearance gaps. Off-board pressure transducers are utilized with a transfer-function
method correcting tubing errors. The tuned cascade results are constructed by using the influence coefficient
method. The results illustrate fully three-dimensional unsteady behaviour. The blades are aeroelastically desta-
bilized as the tip gap is increased, and the destabilizing effect of the tip-clearance influences most of the span.
The total aerodynamic damping at the least stable interblade phase angle is reduced by 27% when the tip gap is
increased from nearly 0 to 2% span.

Nomenclature
Am� = local bending amplitude, nondimensionalized

with chord
Am tip = bending amplitude at blade tip, nondimensionalized

with chord
Ap1 = amplitude of the first harmonic pressure, Pa
C = blade chord length
Cax = blade axial chord length
Cp = blade surface pressure coefficient,

Cp = (p − p2)/(p01 − p2)
|Cp1| = amplitude of the first harmonic pressure coefficient,

|Cp1| = Ap1/(P01 − P2)/Am tip

|Cp1(n)| = amplitude of the first harmonic pressure coefficient
induced on blade n

D = blade bending displacement (normal to chord,
positive from P.S. to S.S.)

ds = chordwise length of surface element
f = frequency, Hz
h = blade span, m
k = reduced frequency, k = ωC/Vref

P01 = inlet total pressure at midspan
P2 = exit static pressure
Vref = reference isentropic exit velocity, ms−1,

Vref = √
[2(P01 − P2)/ρ]

x = axial chordwise location, m
z = spanwise coordinate, m
β1 = inlet flow angle, deg
ξ = overall aerodynamic damping coefficient,

ξ = 1

h

∫
h

ξc dz

ξc = local aerodynamic damping coefficient,

ξc =
∫

c

−π Am�|Cp1| sin φ1

C Am tip
ds

σ = interblade phase angle (IBPA), deg
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φ1 = phase angle of the first harmonic pressure relative
to blade vibration, deg

Subscripts

0 = stagnation flow parameter
1 = inlet parameter; first harmonic
2 = exit parameter; second harmonic

I. Introduction

A EROELASTIC problems are a major concern in development
of turbomachines. Blade flutter as a common type of such prob-

lems typically affects fans, frontal stages of compressors, and rear
stages of low-pressure turbines with relatively long blades. Physical
understanding and predictive capability of blade flutter remain chal-
lenging and have been a major focus of research because the corre-
sponding aeroelastic mechanisms are complex and many variables
are involved.

One of notable early experimental studies on main flutter param-
eters (reduced frequency, incidence, and interblade phase angle) for
compressor cascades is the work by Carta and St. Hilarie.1,2 In the
past two decades or so, unsteady flows around various compres-
sor and turbine cascades, oscillating in two-dimensional plunging
(bending) and torsion modes, have been tested at subsonic, tran-
sonic, and supersonic speeds, typified in the standard configura-
tions compiled by Bölcs and Fransson.3 The influence of separation
bubble on blade aeroelastic stability is experimentally identified for
turbine blades by He4 and for compressors by Buffum et al.5

All of the published experimental researches with detailed mea-
surement are, however, limited to two-dimensional sections with
data typically taken at midspan of cascades. Although turbomachin-
ery flows are three-dimensional in general, there has also been con-
siderable recent effort in developing fully three-dimensional blading
to increase aerothermal performance. Hence, blade aeroelastic and
aeromechanical design and analysis will need to be based on fully
three-dimensional methodologies, even though they have been con-
ventionally largely two-dimensional or quasi-three-dimensional (as
in the strip theory in which each spanwise section is calculated sepa-
rately). In this context it is particularly worthwhile noting that there
have been no published three-dimensional cascade data, which can
be directly used to validate three-dimensional blade aeromechanical
methods currently under active development.

It is recognized that the experimental testing of oscillating blades
in realistic high-speed transonic flow conditions is a very challeng-
ing task. In particular, the problem in high-speed flows is com-
pounded by the coexistence of the self-excited unsteadiness of large
magnitudes, as indicated by Lepicovsky et al.6 On the other hand,
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there is a large body of evidence demonstrating clearly that low-
speed tests can be used to provide high quality data for method
validations and to enhance the understanding of important three-
dimensional and/or unsteady flow physics, although transonic-flow
effects will have to be missed.

Given the need for the three-dimensional experimental data, the
authors took the approach of low-speed testing for its simplicity and
high data quality, as well as the experience gathered previously in
unsteady pressure measurements on two low-speed test rigs.4,7−9

An experimental study on three-dimensional unsteady flow for a
single turbine blade oscillating in three-dimensional bending vi-
bration is documented by Bell.7 Further experimental work on the
same oscillating turbine blade with massive part-span flow sepa-
ration is conducted by Queune and He9 to study the steam turbine
blade aeroelasticity under low flow off-design conditions. These two
pieces of three-dimensional experimental work have formed a sound
foundation for the present work, although both are limited to a single
turbine blade configuration without the important blade-to-blade in-
terference. In the present experiment this issue is addressed by using
the Influence Coefficient Method,10 resulting in unsteady flow data
for a tuned cascade (i.e., all blades are oscillating in the same fre-
quency, the same amplitude, and a constant interblade phase angle).

In the context of three-dimensional flows through blade rows in
axial compressors, there are many reported researches on the ef-
fects of tip clearance on aerothermal performance and flow stabil-
ity, for example, Hoying et al.,11 Kang and Hirsch,12 and Pandya
and Lakshminarayana.13 The tip-leakage flow is now recognized as
an important source of loss and believed to be closely related to
the onset of rotating stall in compressors. An investigation on the
tip-clearance effect on the aerodynamic damping is performed on a
linear cascade of flat plates in a two-dimensional bending oscillation
by Watanabe and Kaji.14 However, the influence of tip clearance on
the aeroelastic behavior of realistic compressor blades in a three-
dimensional oscillation mode is still unknown. To gain insights into
the effect on compressor aeroelastic characteristics and to identify
the corresponding unsteady computational-fluid-dynamics model-
ing requirement, unsteady pressure responses under different tip
gaps are also investigated in this experiment.

II. Experimental Facility And Methods
A. Low-Speed Linear Cascade Rig

A new low-speed test facility is purposely built for the current
experimental work. It is an open flow facility with a rectangular
test cross section of 250 × 800 mm. The flow discharge from a
centrifugal fan (powered by an 11-kW motor) is diffused into a
large settling chamber, then is driven through a shaped contraction
(contraction ratio of 7.5:1) into the test section, and then exhausted
to the ambient. Table 1 shows the operational conditions established
during the design of the test facility.

A linear cascade is located in the exhaust part of the tunnel, which
consists of seven blade airfoils, wooden frames, perspex sidewalls,
profiled upper wall and lower wall, as shown in Fig. 1. The required
inlet flow angle is adjusted by rotating the cascade around a hori-
zontal axis at the top end. The tunnel side-wall boundary layers are
removed by side bleeding one chord length upstream of the blade
leading edge. The bleeding is adjusted to improve the blade–blade
periodicity. The reference oscillating blade (blade 0, as shown in
Fig. 2) is hinged at blade hub on the perspex side wall and is driven
at the blade tip to produce a sinusoidal movement by a crank bar
mechanism. Thus the bending amplitude varies linearly along the

Table 1 Summary of operational conditions

Experimental conditions Value

Inlet flow angle, β1 37.5 deg
Reynolds number Re (based on blade chord 1.95 × 105

and exit velocity)
Typical exit isentropic velocity Vref 19.5 m/s
Reduced frequency range k 0.2, 0.4, 0.6
Nominal frequencies f , Hz 4.14, 8.28, 12.4

at the atmospheric condition

Table 2 Airfoil and linear cascade data

Item Description

Airfoil
Type Controlled diffusion airfoil
Chord length, C 0.15 m
Aspect ratio, h/C 1.27
Solidity, C/S 1.67
Maximum thickness 0.07C
Leading-edge radius 0.00132 m
Trailing-edge radius 0.00186 m

Linear cascade
Number of airfoils 7
Pitch length, S 0.09 m
Blade span, h 0.19 m
Stagger angle, γ 14.2 deg
Bending direction Normal to the absolute chord

(positive P. S. → S. S. )
Bending amplitude at tip, Amtip 0.06C
Bending amplitude at hub 0.005C

Fig. 1 Low-speed linear compressor cascade.

Fig. 2 Linear cascade configuration.

blade span. To reduce the leakage from the tip end wall caused by
the bar link between the moving blade and the driving mechanism
and from the hub end wall caused by the outside root hinge, foam
tapes, card and dense sponge are used to block the end-wall slot,
while ensuring an unrestricted bending motion of the blade. Table 2
shows the main parameters of the cascade rig. Because the blade-
root hinge is positioned outside the test section, there is a very small
displacement at the hub section.

The blade profile is the same as the controlled-diffusion blading
described by Elazar and Shreeve,15 which has been extensively stud-
ied for its steady flow performance in modern compressor blading
designs. This particular blading profile is chosen in order to easily
compare baseline steady flow results with those in the open literature
(e.g., Sanger and Shreeve16 and Sasaki and Breugelmans17).
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B. Instrumentation and Data Processing
The middle reference blade and one stationary blade are instru-

mented at six spanwise sections (20, 50, 70, 90, 95, and 98% span).
At each spanwise section there are 14 tappings on the suction surface
and 10 tappings on the pressure surface. These tappings are used for
both steady and unsteady pressure measurements. The instrumented
stationary blade can be interchanged with other stationary blades in
order to measure unsteady pressure distributions on all blades in the
cascade.

The low flow velocity means that a reasonably high reduced fre-
quency can be achieved with a low blade vibration frequency, which
makes it convenient to use externally mounted pressure transducers
to measure unsteady pressures. This technique avoids the use of ex-
pensive miniature flush-mounted pressure transducers and enables
detailed measurements over three-dimensional blade surfaces to be
conducted very effectively. In the present experiment five Sensym
142C01D pressure transducers are off-board mounted and used for
unsteady pressure measurements (30 measurements for each blade
with 144 tappings). Unsteady signals from the transducers are dis-
cretized and acquired on a PC by an Amplicon PC30G data-logging
card. The data-logging process is triggered by an optical Schmitt
sensor at a fixed phase of the blade vibration to keep unsteady sig-
nals recorded synchronously over all blades. The data-acquisition
system is similar to the set-up of Bell and He.8

To filter out random noise and disturbances from turbulent fluc-
tuations, pressure signals are ensemble-averaged over 50 periods
using Eq. (1).

p(n, t) = 1

Nenb

Nenb∑
N = 1

p(n, t + N T ), (n = 1, 2, . . . , n p) (1)

To demonstrate that this number of ensemble averages is suffi-
cient, Fig. 3 shows representative samples of ensemble-averaged
unsteady signals recorded at the 14 tappings on the suction sur-
face of the oscillating blade. The traces are vertically shifted for
clarity, so that the vertical scale should be taken only in a relative
sense. The nonsinusoidal variation shown in point 9 (S9) corre-
sponds to the suction surface separation bubble, as discussed later.
The ensemble-averaged unsteady pressure results are decomposed
into Fourier harmonic components:

p(t) = a0 +
∑

n

[an cos(nωt) + bn sin(nωt)]

= a0 +
∑

n

Apn sin(nωt + φn) (n = 1, 2, 3, . . .) (2)

C. Tubing Correction by Transfer Function Method
When using an externally mounted transducer for blade surface

unsteady pressure measurements, we have to address the issue of
signal distortion caused by tubing connection. A simple direct pro-
cedure as used by Bell7 is to directly measure the phase lag and
amplitude attenuation for a certain tube length. A more general cor-
rection method is adopted in the present work, based on the transfer

Fig. 3 Ensemble-averaged unsteady pressure (Pa) on suction surface
of blade 0 (70% span, k = 0.4, 50 periods).

function method originally proposed by Irwin et al.18 and applied
to vehicle aerodynamics measurements by Sims-Williams.19

To utilize this approach, unsteady pressures are most conveniently
expressed in a complex form. The tubing transfer function is ob-
tained experimentally. The test pressure signals with a range of fre-
quency concerned are recorded by a reference pressure transducer
directly and by another pressure transducer via a tubing length used
for actual unsteady pressure measurements. The complex tubing
system transfer function TF( f ) is expressed as

TF( f ) = B( f )/A( f ) (3)

where A( f ) is the complex Fourier coefficient of the pressure mea-
sured by the reference transducer and B( f ) is the complex Fourier
coefficient of the distorted pressure.

Correction on the measured data for a given tube length and fre-
quency is straightforward once the corresponding transfer function
is known. The distorted signal is logged in the time domain and
transformed into its Fourier coefficients in the frequency domain by
fast Fourier transform (FFT), which is corrected using the already
known transfer function:

A′( f ) = B( f )/TF( f ) (4)

The corrected signal A′( f ) is then transformed back to the time do-
main using the inverse FFT. By using this technique, both the ampli-
tude distortion and the phase shift of the unsteady signal are system-
atically corrected. This tubing correction method is more generally
applicable than the previous treatments by He4 and Bell.7

D. Repeatability of Unsteady Measurement
The use of externally mounted pressure transducers requires a

series of tests to obtain the responses of all blades in the cascade.
Hence, there is an additional need to ensure a good repeatability of
measurements. Forty sets of unsteady pressure measurements are
performed at a midrange reduced frequency (k: 0.3) to experimen-
tally examine the repeatability. The five tapping points are chosen
from the midspan of the reference blade. The unsteady pressure
signals are obtained by the experimental procedure just described.
Figure 4 shows the results in the form of deviations from the mean in
the first harmonic pressure amplitude for the five tapping points. The
range of all deviations in the amplitudes normalized by the mean
value is within ±0.05. The deviations in phase angle fall within the
range of ±3 deg. The corresponding standard deviation is 0.028 in
|Cp1| and 1.16 deg in phase angle. These deviations are negligibly
small. Thus the results indicate a good repeatability.

E. Influence Coefficient Method
The influence coefficient method10 provides an effective method

to obtain the tuned cascade data by oscillating only one blade. The
seven blades in the present cascade are numbered from −3 to +3,
as shown in Fig. 2. The middle blade (blade 0) is oscillated. The in-
duced unsteady pressures on the middle blade itself and its stationary

Fig. 4 Deviations in the first harmonic pressure amplitudes for five
sample points (normalized by the corresponding averaged amplitudes).
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neighbors are measured. Under a linear assumption these measured
unsteady pressures can be superimposed to give the unsteady pres-
sures for a tuned cascade at the same vibration frequency with a
constant interblade phase angle. Effectively what we measure are
the influence coefficients from the blade under consideration and
its neighboring blades. For the equivalent tuned cascade the first
harmonic unsteady pressure coefficient Cp1 can be expressed as a
sum of first harmonic influence coefficients Cp1(n) from all blades
of the cascade (seven blades in this case):

Cp1 =
+3∑

n = −3

Cp1(n)e−inσ (5)

where σ is defined as positive when blade + 1 leads blade 0, corre-
sponding to a forward traveling wave mode.

III. Experimental Results
Steady and unsteady results will be presented for a nominal aero-

dynamic loading (around 0-deg incidence). For steady flow condi-
tions blade–blade periodicity needs to be clarified, and basic three-
dimensional steady end-wall flow patterns need to be examined.
The unsteady results and discussions are then presented to address
several issues: the validity of the influence coefficient method (in-
cluding the linearity), the unsteady three-dimensional behavior, and
finally the effect of tip clearance.

A. Steady Flow
1. Inlet Flow Condition

The inlet flow condition is measured by a three-hole probe at the
inlet measurement plane, located at half-chord length upstream of
the cascade leading edge. The passage-averaged inlet total pressure
loss distribution from blade midspan to tip is shown in Fig. 5. Ap-
parently, higher total pressure losses near the end wall are caused by
the inlet end-wall boundary layer, starting to grow about one chord
upstream of the blade leading edge. Neglecting the tip-clearance ef-
fect on the upstream flow, the cascade can be assumed symmetrical
to the midspan and so is the total pressure loss distribution. The
definition of the local total pressure loss coefficient is

Y = P01 − P0

P01 − P2
(6)

Here, P0 is the total pressure recorded at half-chord length up-
stream of the cascade, P01 is the inlet total pressure measured at a
midspan position one chord length upstream of the cascade by using
pitot-static tube, and P2 is the ambient pressure to which the cascade
exit is subjected.

2. Blade–Blade Periodicity
Prior to unsteady measurements, an effort is made to verify and

improve the blade–blade periodicity. In particular, the blade–blade
periodicity for the middle three blades is important for the unsteady

Fig. 5 Inlet total pressure loss at a nominal aerodynamic loading
without blade tip gap.

flow experiment by using the influence coefficient method because
the main unsteady responses, as we will see in the unsteady result
section, come from the middle three blades. After a certain trial-and-
error adjustment of the upstream side bleeding, a good blade–blade
periodicity is achieved with the deviations of surface pressures on
the middle three blades within a 5% range at all span locations.
Figures 6 and 7 show the static pressure distributions at 50% span
and 90% span, respectively. The main differences show up on the
suction surface near the leading edge as well as in the near end-
wall region, as expected. Overall, this reasonably good blade–blade
periodicity forms a sound basis for unsteady flow measurements.

3. Main Steady Flow Characteristics
To demonstrate the spanwise steady loading of the cascade at the

nominal flow condition, static surface pressure distributions at six
span sections on blade 0 are presented in Fig. 8. It is noticeable
that there is an abrupt pressure variation at 55% chord between the

Fig. 6 Steady pressure distributions at 50% span.

Fig. 7 Steady pressure distribution at 90% span.

Fig. 8 Steady pressure distributions at different spanwise sections on
blade 0.
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Fig. 9 Steady pressure distributions with three settings of tip clearance
at 95% span.

midspan and 70% span on the suction surface. This is identified
as a bubble-type laminar flow separation and is consistent with the
unsteady pressure results (as indicated by the pressure time trace S9
in Fig. 3). Although there are no tappings located at 30% span, the
two-dimensional separation bubble is clearly identifiable at 70%
span and hence can be assumed to exist at least between 30 and
70% span because the steady flowfield is largely symmetrical to the
midspan. The Reynolds number in the present case is relatively low
(Re = 1.95 × 105). At higher and more realistic Reynolds numbers
in compressors, there is the same type of laminar separation bubble,
though the chordwise location is more upstream16 for the same blade
geometry.

The flow unloading in the end-wall region (from 90% span) is
apparent (Fig. 8), which results from the blade passage vortex as
reported in Sasaki’s work.17 Another unloading effect is identified
because of the tip clearance. Blade-surface steady pressure distribu-
tions at the three settings of tip clearance at 95% span (near blade tip)
are presented in Fig. 9 to provide the aerodynamic background for
the unsteady pressure measurements. The blade loading is evidently
changed as the tip clearance is increased. Measurable variations in
blade loading are observed with the maximum tip clearance (2%
span). The unloading can be observed between the leading edge
and 34% chord at 95% span location on the suction surface. Then
a small reloading takes place at 40% chord with the 2% span tip
clearance. A similar trend is reported by Kang and Hirsch.12 They
give an explanation of the reloading resulting from the low-pressure
core of the tip leakage vortex. Compared with that on the suction
surface, the loading on the pressure surface is only slightly affected
by the tip clearance. Overall, significant changes in blade loading
caused by increasing tip clearance are located in the blade near tip
region (90% span outwards).

B. Unsteady Flow
1. Validity of Influence Coefficient Method

For validity of the influence coefficient method, two aspects are
essentially required. One is a sufficient convergence (decay) of
unsteady pressure responses on those blades far from the reference
blade to ensure that only a small number of blades need to be mea-
sured. Another is the linearity of unsteady aerodynamics responses.

The convergence of the influence coefficients is demonstrated in
Fig. 10, which shows the first harmonic pressure coefficients on the
suction surfaces of blade −2 to blade +2 when blade 0 is oscil-
lated. The unsteady aerodynamic responses on the suction surfaces
converge quite quickly with increasing distance from the reference
(oscillating) blade. The results on the pressure surfaces (not shown)
converge even faster. The overall aerodynamic damping components
contributed from the middle five blades to a tuned cascade at 0-deg
IBPA also confirm the same trend (Fig. 11).

The linear assumption is not only fundamental for the validity
of the influence coefficient method, but also of general interest to
unsteady aerodynamic modeling. For the present test rig there is a
separation bubble on the suction surface and a large area of three-

Fig. 10 Unsteady pressure amplitudes caused by oscillation of blade 0
(midspan at k = 0.4).

Fig. 11 Aerodamping components contributed from middle five
blades (IBPA 0 deg and k = 0.4).

Fig. 12 Amplitudes of the first harmonic pressure coefficients (at 50
and 95% spans) at two bending oscillation amplitudes (3.3 and 6% C).

dimensional vortical flow near the end wall. Therefore, the linearity
issue needs to be experimentally checked. This is conducted by
comparing unsteady aerodynamic responses obtained at two blade
vibration (bending) amplitudes. Figure 12 shows the amplitudes
of the first harmonic pressure coefficient at 50 and 95% spans of
the reference blade and Fig. 13 for the phase angles. The pressure
amplitudes (normalized by the corresponding blade vibration am-
plitude, respectively) are almost identical for both cases. The phase
angles also show good agreement for the whole pressure surface
and the majority of the suction surface apart from the region subject
to the separation bubble around 50% chord with a localized ef-
fect, as indicated by He.4 Regarding the second harmonic pressures
(Fig. 14), a large peak in the second harmonic amplitude is seen in
the suction surface separation bubble region, as expected. A smaller
peak is observed around 30% chord on the pressure surface at the
midspan section, where there is a change of the steady flow gradient
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Fig. 13 Phase angles of the first harmonic pressure coefficients (at 50
and 95% spans) at two bending oscillation amplitudes (3.3 and 6%C).

Fig. 14 Relative amplitudes of the second harmonic pressure coeffi-
cient at 50 and 90% spans.

Fig. 15 The first harmonic pressure amplitude distributions at IBPA = 90 deg (top) and IBPA = 180 deg (bottom).

(as indicated in Fig. 8) and the first harmonic pressure is also rel-
atively low. Overall, the unsteady flow behavior is shown to be
predominantly linear.

2. Main Unsteady Flow Characteristics
The amplitude and phase of the first harmonic pressure for

90-deg IBPA and 180-deg IBPA at k = 0.4 are presented in Figs. 15
and 16 to demonstrate the main unsteady flow characteristics and
the effect of interblade phase angle on cascade aeroelastic stability.
The existence of the flow separation bubble on the suction surface
can be identified from Figs. 15 and 16, which is consistent with
the steady pressure distributions shown in Fig. 8. There are abrupt
changes in phase and amplitude at 54% chord between 50 and 70%
spans on the suction surface for two IBPAs, which is a typical fea-
ture of the separation bubble as documented by He4 and Buffum
et al.5 The largely two-dimensional separation bubble disappears in
the end-wall regions as a result of the strong influence of the local
three-dimensional secondary flow vortex structure.

The largely constant amplitudes of unsteady pressures at differ-
ent spanwise locations illustrate a strong three-dimensional behavior
of unsteady aerodynamics. As shown in Fig. 15, the largest span-
wise variation in the amplitude occurs in the leading-edge region
for 90-deg IBPA. But even in this case, the amplitude at 95% span
is just two and one-half times greater than that obtained at 20%
span, whereas the local blade vibration amplitudes differ by five
times. This nonproportional distribution of the unsteady amplitude
at different span locations indicates that the unsteady pressure wave
has instantaneous radial interaction. This fully three-dimensional
feature certainly challenges the validity of the traditional quasi-
three-dimensional strip theory. A similar feature has been identified
computationally by Hall and Lorence20 for oscillating cascades us-
ing a three-dimensional linearized Euler solver and experimentally
by Bell and He8 for a single oscillating turbine blade.

The pronounced effect of the IBPA on the amplitude and phase
can also be seen in Figs. 15 and 16. The trend of the amplitudes on
both surfaces is the same for two IBPAs, but the slopes are steeper
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Fig. 16 The first harmonic pressure phase angle distributions at IBPA = 90 deg (top) and IBPA = 180 deg (bottom).

for 180-deg IBPA (Fig. 15), that is, the unsteady pressure amplitude
increases largely over the frontal half of the chord on both surfaces.
From Fig. 16 it is seen that the interblade phase angle has a sig-
nificant influence on the cascade stability by changing the pressure
phase angle. The phase leading the blade motion over the suction
surface and lagging the motion over the pressure surface indicates an
aeroelastically stable condition. At 90-deg IBPA the phase shows a
stable condition on the suction surface except for the position at 55%
chord at 70% span caused by the presence of the separation bubble.
This is also the case for 180-deg IBPA. On the pressure surface,
however, the phase indicates a destabilizing contribution after 15%
chord at 90-deg IBPA. In contrast to this, at 180-deg IBPA the phase
distribution indicates a stabilizing contribution to the aerodynamic
damping over the entire pressure surface.

3. Aerodynamic Damping for Tuned Cascade
The unsteady pressures over blade surfaces are integrated to pro-

duce the overall aerodynamic damping, which is a direct measure
of the energy transferred from the flowfield to the oscillating blade
and hence indicates the cascade aeroelastic stability. To compare
the variation in the unsteady pressure response with IBPA and re-
duced frequency, Fig. 17 plots the overall aerodynamic damping as a
function of the interblade phase angle at three reduced frequencies.
The pressures around the leading and the trailing edges are taken
from the nearest tappings. The cascade is indicated as being aeroe-
lastically stable by the positive values of the overall aerodynamic
damping over the entire range of interblade phase angles at three re-
duced frequencies. The aerodamping curves on the damping–IBPA
diagram seem to follow a trend that as the frequency decreases the
sinusoidal damping curve moves downward as well as rightward.
The least stable IBPA is 30 deg at k = 0.4 and 40 deg at k = 0.2,
corresponding to a forward-traveling wave mode with one or two
nodal diameters (depending on the total number of blades in a real
blade row). The trend suggests that at a lower frequency the least

Fig. 17 Overall aerodynamic damping at three reduced frequencies:
– – –, trend of the least stable points with different frequencies.

stable forward-traveling wave mode should have a larger number of
nodal diameters. On the other hand, the number of nodal diameters
at the minimum damping point will decrease at a higher frequency.
Following this trend, it might be possible that for a given high fre-
quency the minimum aerodamping, which might well be positive,
even occurs at a negative interblade phase angle, corresponding to
a backward-traveling wave mode.

4. Tip-Clearance Effect
The tip-clearance effect is examined by comparing unsteady re-

sponses at two settings of tip clearance (1% span and 2% span) to
that with no tip clearance. At the setting of zero tip clearance, the
gap between the oscillating blade and the end wall is covered by a
piece of dense sponge, and there is effectively no gap between the
stationary blades and the side wall. It is recognized that the relative
motion of end wall caused by rotation in a real rotor row is not
included in the present work.
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Figure 18 shows the aerodynamic damping against interblade
phase angles for each tip-gap setting. The extreme damping condi-
tions affected by the different tip leakage flows would also change
slightly the corresponding interblade phase angles. It can be seen that
the maximum destabilizing influence of the tip gap is at 30-deg IBPA
with a tip clearance of 2% span, at which the minimum damping has
been reduced by around 27% compared to that at the nominal zero
tip-gap condition at the same frequency. This tip-gap destabilizing
effect can be compared with how much the minimum aerodamping
is reduced when the reduced frequency is halved from 0.4 to 0.2
(Fig. 17).

To inspect in detail the influence of tip gap on the unsteady pres-
sure responses, the amplitudes and phase angles of the first harmonic
pressure at 95% span at 30-deg IBPA are presented in Figs. 19 and
20 with the three settings of the tip gap. The amplitudes consis-
tently decrease in the leading-edge region on the suction surface,
and the influenced region extends with increase of the tip gap. The

Fig. 18 Overall aerodynamic damping for three tip-gap settings:
k = 0.4.

Fig. 19 Amplitudes of unsteady pressure at 95% span for three tip-gap settings: IBPA = 30 deg and k = 0.4.

Fig. 20 Phase angles of unsteady pressure at 95% span for three tip-gap settings: IBPA = 30 deg and k = 0.4.

frontal region with decreased pressure amplitude (up to 25%C) is
followed by a region with increased amplitude (20–45%C) com-
pared to that with no tip gap. The region of increased amplitude
corresponds to the development of the tip leakage flow, although
the reloading only can be identified at 40% chord with 2% span tip
clearance (Fig. 9). A smaller change in amplitude is observed on
the first part of the pressure surface (Fig. 19). Regarding the phase
angles (Fig. 20), two points should also be noted. Firstly the phase
angle in the region 40–70% chord on the suction surface decreases
noticeably, and hence the local aerodamping becomes less stable
as the tip gap increases. Secondly the phase in the rear part on the
pressure surface (40–100%C) increases, and thus the area becomes
more destabilized with the increase in the tip gap. Generally the
decreased amplitude of the first harmonic pressure with increasing
tip gap corresponds to the frontal unloading area in the steady flow
results shown in Fig. 9, similar to that reported by Bell7 for an iso-
lated oscillating turbine blade. The variations in the aerodynamic
damping for three settings of tip gap at 30-deg IBPA (Fig. 18) mainly
result from the changes in the unsteady pressure amplitudes on the
suction surface and the first part of the pressure surface. It is also
observed that the tip-clearance destabilizing effect on the cascade
stability is qualitatively independent of interblade phase angles.

Figure 21 presents the spanwise distributions of the local aerody-
namic damping at the largest tip gap compared to that at the nominal
zero tip gap for the two IBPAs corresponding to the damping ex-
trema. Note that the influence of tip gap is not localized in the tip
region because of the unsteady three-dimensional effect (radial in-
stantaneous interaction), although it is more pronounced near the
tip. At the least stable IBPA 30 deg, the local aerodynamic damping
in the region of 90 ∼ 95% span is decreased by around 45% when
the tip gap is increased to that of 2% span.

Finally, in the present rigid-body configuration the oscillation am-
plitude varies linearly along span, whereas practical flexible blades
in first flap/bending mode will have relatively larger deflection near
the tip (and hence larger local modal damping work). Hence, we
might expect a larger influence of the tip-clearance gap on the overall
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Fig. 21 Spanwise local aerodamping coefficients with and without
tip clearance: IBPA = 30 deg and −150 deg at k = 0.4.

aerodynamic damping for real flexible blades than that observed in
the present experiment. In relation to computational modeling, the
tip-clearance destabilizing effect would imply that a computational
method without tip-clearance modeling might lead to an overstable
prediction of flutter onset condition.

IV. Conclusions
An experiment on unsteady flow of a linear three-dimensional os-

cillating compressor cascade is carried out. To the authors’ knowl-
edge, this is the first-of-its-kind three-dimensional unsteady pres-
sure data in oscillating cascades, which can be directly used for
validation of three-dimensional computational methods for turbo-
machinery aeromechanics applications.

The unsteady pressure data for an oscillating cascade are ob-
tained by use of off-board transducers with tubing transfer function
correction and the influence coefficient method. The unsteady aero-
dynamic response is shown to be largely linear. The aerodynamic
damping indicates a trend that as the reduced frequency decreases
the interblade phase angle of the least stable condition increases.
The results also provide clear experimental evidence on the three-
dimensional unsteady behavior caused by the spanwise instanta-
neous interaction. Hence, a quasi-three-dimensional approach will
be deemed to be erroneous.

The tip-clearance gap is shown to have a destabilizing effect
for all interblade phase angles. Detailed unsteady pressure results
show that the region with reduced aerodynamic damping coincides
with that of unloading in steady flow. The tip-clearance destabi-
lizing effect is shown to influence most of blade span. The total
aerodynamic damping at the least stable interblade phase angle is
reduced by 27%, when the tip gap is increased from nearly zero
to 2% span.
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