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振荡叶栅气动性能实验研究
EXPERIMENTAL INVESTIGATION OF OSCILLATING

CASCADE AERODYNAMICS
Daniel H . Buffum (NASA Lewis Research Center)

Sanford Fleeter ( Purdue University)
ABSTRACT　A series of exper iments ar e perfo rmed in the NASA Lewis T ransonic Oscillating
Cascade Facilit y to pro vide fundamental data quantify ing the high subsonic and transonic steady
and o scillating aerodyna-
mics of a biconvex airfo il cascade at realistic r educed frequency values for all interblade phase
angles. This is accomplished by developing and ut ilizing an unsteady aerodynamic influence
coefficient technique in which only one cascaded air foil is o scillated at a t ime. The vecto r
summ ation of t he resulting air foil sur face unsteady pressur es measured on a dynamically
instr umented air foil enables the unsteady aer odynamics of an equiv alent cascade w ith all air foils
oscilla ting at any specified int erblade phase ang le to be determined.

【摘要】　为了提供双凸翼型叶栅在所有叶间相位角及实际折合频率下高亚音和跨音定常和振荡气动性能的基
本数据, 在NASA 路易斯研究中心的跨音振荡叶栅试验设备上进行了一系列试验。为了进行该试验, 研制出并
使用了非定常气动影响系数法, 即叶栅中一次只有一个翼型振荡, 测出该振荡翼型与邻近静止翼型上非定常压
力的矢量和, 藉此就能确定在特定叶间相位角下相当于全部叶片振荡的叶栅的非定常气动性能。

INT RODU CT ION
The ability to predict flut ter has not kept pace w ith r ecent advances in the design o f

advanced tur bomachines and propellers. As a r esult , the development of advanced unsteady
aer odynamic cascade models is of curr ent r esearch inter est . How ever , to both direct the
development of these models as w ell as to evaluate these and ex ist ing models, fundamental
oscillat ing cascade data are r equired. U nfortunately, relativ ely few experimental results are
available, part icularly at realistic high values o f the reduced frequency in the high subsonic
and transonic flow regimes. T his is due to the inherent complexity o f the experiments.
Namely, measur ements must be obtained no t only for each steady flow condit ion and reduced
fr equency value, but also over a range of interblade phase ang les �. Because these
exper iments are so t ime consum ing , results are obtained only for a very lim ited number o f
specified �.

Oscillat ing cascade data may be obtained fo r all interblade phase angle v alues through
simpler experiments. In par ticular , w hen the unsteady disturbances are small, as in f lutter
stabil ity problems, an unsteady inf luence coef f icient technique can be ut ilized. In this
technique, only one air foil in the cascade is o scillated, w ith the result ing airfoil sur face
unsteady pr essure distr ibut ions measured on the o scillat ing airfoil and its stat ionary
neighbors. T he unsteady aerodynam ics of an equiv alent cascade w ith all airfoils oscillating at
any specif ied interblade phase angle value is then determined through a vector summation of
these inf luence coeff icient data.

Several invest igat ions have been directed at validat ion of this technique through
co rrelation o f unsteady aer odynamic influence coef ficient results with corresponding
oscillat ing cascade data acquired w ith all airfoils oscillating at specified interblade phase
ang les. Hanamura, T anake and Yamaguchi obtained good results for such experiments in a
w ater channel

[ 1]
. Dav ies and Whitehead

[ 2]
performed experiments in an annular cascade at

high subsonic inlet condit ions and r educed frequencies up to 0. 1, but the measurements w ere
limited to unsteady aerodynam ic moment coeff icients. The ef fect of oscillat ing both an
isolated airfoil and three cascaded airfo il s at low speed w as studied by T anaka, Yamamoto
and Fujimoto

[ 3]
. Although a summation o f the influence coef ficients w as not pr esented, the

technique appear s prom ising in r eg ions o f at tached flow . Fo r a subsonic compressible flow
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field, Buf fum and Fleeter [ 4, 5] found good correlat ion of influence coef ficient airfoil sur face
unsteady pressure dist ribut ions and corresponding data acquired w ith al l air foils oscillat ing at
specific interblade phase angle v alues. In supersonic inlet Mach number experiments at
ONERA

[ 6]
, the summat ion of inf luence coeff icients has been compared to data for a linear

cascade with tw o airfoils oscillat ing .
In this paper, the steady and unsteady aerodynam ics of a cascade o f biconvex airfo ils

execut ing torsion mode oscillat ions are investig ated for two incidence ang les at high subsonic
and transonic M ach number s at r ealist ic r educed frequency values. This is accompl ished in
the NASA Lew is T ransonic Oscillat ing Cascade Facility by developing and ut ilizing an
unsteady aerodynamic influence exper imental technique. Detailed steady airfo il sur face
pr essure distr ibutions quantify the mean flow field. U nsteady airfoil surface pressure
inf luence coef ficients are measur ed for one oscillating air foil in the cascade. T hese inf luence
coef ficents are then summed vectorally for co rrelation w ith data obtained w ith all airfo ils
oscillat ing at specif ied interblade phase angle values. T he associated unsteady pressure
dif ference data are also co rrelated w ith the predict ions of a linearized subsonic o scillat ing
cascade analysis.

INFLUENCE COEFFICIENT TECHNIQUE

F igure 1. Cascade geometry

Figure 1 depicts the two-dimensional finite thin air foil
cascade representation o f a rotor blade row . Fo r a given mean
flow field and reduced frequency , the assumption o f small
unsteady distur bances allow s the cascade unsteady aerodynam ics
to be expressed as lineary combined influence coef ficients w hich
can be determined both experimentally and analyt ically .

Consider a f inite airfoil cascade w ith 2N + 1 airfoils
execut ing constant amplitude harmonic oscillat ions w ith a
constant �. T he unsteady airfoil surface pressure, expressed as a
pr essure coef f icient Cp ( x ) acting at a point on the reference
airfo il ( Airfoil 0 in Figure 1) , can be expressed as a Fourier
series, Eq. 1. Thus these inf luence coeff icients def ine the
unsteady pressur e coeff icient developed on the reference air foil
due to the mot ion o f airfoil n w ith all of the o ther airfoils
stat ionary .

Cp ( x , �) = �
N

n= - N

C
n
p ( x ) ein� ( 1)　

where C
n
p ar e the complex unsteady aerodynam ic pressur e inf luence coeff icients.

OSCILLAT ING CASCADE FACILITY

F igur e 2. Cascade fa cilty

The NA SA Lewis T ransonic
Oscil lat ing Cascade Facility,
Figure 2, combines a linear cascade
w ind tunnel capable of test sect ion
inlet M ach numbers approaching
unity w ith a high speed mechanical
dr iv e system which imparts
cont rol led tor sional o scillat ions to
any or all o f the airfoils. Air drawn
fr om the atmosphere passes
thr ough a smoothly contract ing
inlet sect ion, into a constant ar ea 9. 78 by 19. 21cm test sect ion and then through a dif fuser
and exhaust header. T he f low rate is contr olled by tw o valves lo cated in the header . Upst ream
of the test sect ion, a part it io ned bleed sy stem applies suction to the end w all boundary
layers, thus reducing end w all viscous ef fects. Suct ion is also applied through tailboard slots
to r educe effects due to the upper and low er cascade w alls.

To obtain realist ic values of the reduced freuqency , the mechanical drive sy stem must
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pr ovide high f requency controlled oscillat ions of the airfo il s. Nine barrel cams, each w ith a six
cycle sinuso idal g roove machined into it s periphery, are mounted on a common rotat ing shaft
dirv en by a 74. 6kW elect ric motor. Connect ing arms, joined to one end o f each airfoil by
t runnions, have but tons on the opposite end to follow the camshaft . The amplitude of the
airfo il mot ion is 1. 2 degrees, dictated by the cam and follow er geometry . When all of the
airfo ils are oscillated, the various specif ied constant inter blade phase ang le airfoil oscillat ions
are achieved by rotating the cams to new relative po sit ions. In this invest igat ion, the
max imum air foil oscillatory frequency is 350Hz, corresponding to a reduced freuqency o f 0. 39
w ith a 0. 65 cascade inlet Mach number and 0. 323 at Mach 0. 80.

AIRFOIL S AND INSTRUMENT AT ION

The cascade is compr ised o f nine uncambered biconvex air foils w ith a cho rd of 7. 62cm,
a thickness-to-cho rd ratio of 0. 076, a solidity o f 1. 3 and a 53 deg ree stagger ang le. T he
radius of curvature of both airfo il surfaces is 27. 4cm , w ith the leading and trailing edges
rounded w ith a 0. 025cm radius of curv ature. The airfoils ar e supported by tw o m idchor d
t runnions, r esult ing in a midchord elast ic ax is locat ion.

Steady airfoil sur face pressure distr ibutions are measur ed w ith convent ional stat ic
pr essure taps. Ther e are 16 chordw ise measurement locat ions, w ith four additional taps to
assure the spanw ise uniformity o f the pr essure dist ribution. Row s o f sidew all stat ic pressure
taps lo cated upst ream and downst ream of the cascaded airfo ils, Figure 2, are used to
determine the mean inlet and exit static pressures.

The primary dynamic data quantify the complex unsteady surface pressures on the
oscillat ing cascaded air foils . These data are obtained v ia six Kulite dynamic pressure
t ransducers f lush mounted symmetrically about the midchord of one surface o f the airfo il , as
fo llow s: AIRFOIL: T ype- biconvex , no camber ; Surface radius of curv ature- 27. 4cm;
Leading and trailing edge radii of curvature- 0. 025cm ; M aximum airfoil thickness- 0. 58cm;
Cho rd C- 7. 62cm ; Elast ic ax is- midcho rd; Dynamic pressure t ransducer locat ions- 12, 25,
40, 60, 75, 88% chord. CA SCADE: Number of air foils- 9; Solidity C/ S- 1. 3; Spacing
S - 5. 86cm; Stagger ang le �- 53 deg rees; Amplitude of mo tion - 1. 2 deg rees. T hese
t ransducers, having an active sensor diameter of 0. 097cm ( 1. 3% o f the airfoil chord) , are
placed in milled slots and pot ted in RT V for iso lation fr om airfo il st rain. A thin coat ing o f
RT V protects the sensor surface and fairs it into the surface contour of the airfoil.

The t ime-variant position o f the reference oscillat ing airfoil is determined by a
capacitance-type prox imity sensor w hich produces a voltage propor tional to the air g ap
betw een it and an adjacent object . T his sensor is posit io ned to face a six cycle sinusoidally-
shaped cam mounted on the airfo il dr iv e camshaft so as to be in phase w ith the r eference
airfo il mo tion.

DATA ACQU ISITON AND ANALYSIS

Convent ional instr umentat ion is used to quant ify the steady f low field. An average of the
upstream sidew all stat ic pressures along w ith the atmospheric pressure ar e used to calculate
the inlet M a. Steady f low airfoil surface stat ic pr essures are calculated f rom an average o f
about 100 samples.

Unsteady signals are a. c. coupled and r ecorded on magnet ic tape for post-experiment
pr ocessing . During tape playback, the signals are simultaneously digit ized at r ates suff icient
to capture at least three harmonics of the oscillat ion f requency , w ith 32768 samples taken per
channel. Each data channel is divided into blocks, typically w ith 4096 samples, and the
Fourier decomposed and referenced to the airfoil mot ion by subtract ing the mo tion phase
fr om the unsteady pressure phase. With all of the signal blocks decomposed, the results are
averaged and, for the inf luence coef ficient data , the t ransducer acceler at ion calibration
responses subtracted vectorally . To minim ize errors due to spectral leakage, an interpo lation
scheme is appl ied to the decomposed results in conjunction w ith a Hanning w indow

[ 7] .
Final unsteady pressur e data are def ined by the complex dynam ic pressur e and pressure

dif ference coeffcients, Cp and  Cp Equat ion 2. Dynam ic pressur e coef ficients fo r any
interblade phase ang le are determined by summing inf luence coef ficients per Equation 1.
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Cp ( x ) = p 1 ( x ) / ( 1/ 2) !V 2∀1　;　 Cp = Cp 1 - Cp u ( 2)　
where p 1 is the f irst harmonic of the unsteady static pressure, ∀1 is the to rsional oscillation
amplitude and Cp1 and Cpu are the low er and upper airfoil surface unsteady pressure
coef ficients.

RESULT S

The oscil lating cascade aerodynamics are experimentally invest igated at f low condit ions
def ined by incidence angles of 0 and 7 degr ees w ith an inlet M ach number Ma o f 0. 65 and 7
degr ees incidence w ith Ma= 0. 80. With the inst rumented reference air foil in Po sit ion 0 as
def ined in Figure 1, inf luence coef ficient data are acquired on this airfoil w ith the airfo il s in
Po sit io ns - 2, - 1, 0, + 1 and + 2 individually oscillat ing at reduced fr equencies of 0. 390 for
Ma= 0. 65 and 0. 323 fo r Ma= 0. 8.

Figur e 3. Per iodicity o f pressure distr ibut ion

The steady airfoil sur face pressure dist ribut ions
are presented first , then the unsteady pressure
inf luence coeff icients on the individual sur faces of the
reference inst rumented airfoil are considered. These
inf luence coef ficient data are then summed to predict
the unsteady aerodynamics o f an equivalent cascade
w ith al l airfoils oscillat ing at a f ix ed inter blade phase
ang le v alue. For sever al dif ferent inter blade phase
ang les �, the resulting unsteady pressure
distr ibutions are co rrelated w ith: ( 1) baseline data
obtained in experiments in w hich all of the airfo ils
w er e simultaneously oscillat ing at �= - 90°, 0°and
+ 90°; ( 2) predict ions f rom the classical unsteady ,
small perturbat ion, subsonic, zero mean incidence flat
plate analyses of references 8 and 9. Additional
interblade phase ang le results ar e obtained ut ilizing the inf luence coef ficient technique and
co rrelated w ith the f lat cascade predict ions. In these exper iments, the airfoil mot ion is def ined
by the change in the incidence ang le ∀w ith t ime:

∀( t) = ∀0 + ∀1Re{ e( i#t) } ( 3)　
where ∀0 is the mean steady ∀1 is the oscillatory ampl itude of 1. 2 deg rees and # is the
fr equency.

Steady State Aerodynamics　T o demonst rate periodicity at the steady state condit ions,
airfo il surface pr essure distr ibutions w ere obtained for multiple passages in the cascade. For
example, F igure 3 presents data at Ma= 0. 8 for the four cascade passages surrounding the
center airfoil. T he Passage 1 data are the pressure dist ribut ions on the upper surface o f
Airfoil 0 ( the center airfoil) and the low er surface o f Airfoil 1; Passage - 1 data ar e for the
low er surface o f Airfoil 0 and the upper surface of Airfo il - 1, etc. T he good cascade
periodicity is readily apparent . Analog ous results w ere obtained at Ma= 0. 65.

Figure 4. Steady flow air foil surface pressure distr ibution

Figure 4 presents the steady flow air foil surface pressure coef ficient distributions on the
center air foil w ith the cascade mean flow incidence angle set at 0 and 7 deg rees. The zero
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pr essure dif ference condit ions at the t railing edge is satisfied. Also, the pressure coeff icient
distr ibutions are near y identical for the two Mach numbers, w ith loading only on the fo rw ar d
hal f. At Ma= 0. 8, there is a small r eg ion of supersonic flow on the upper surface near the
leading edge w hich is term inated by a shock, as determined from schlier en images.

UNSTEADY PRESSURE INFLU ENCE COEFFICIENT S

Figures 5 presents the cho rdw ise dist ribut ion of the unsteady pressure inf luence
coef ficients on the indiv idual surfaces of the Position 0 reference airfoil, w ith the o scillat ing
airfo il in the three relat ive posit ions defined by - 1 through + 1 at incidence and an inlet
M ach number of 0. 80.

The self-induced o scillat ing airfoil unsteady pressur e response is show n in Figur e 5a.
Namely, this f igur e pr esents the unsteady pressures on the surfaces o f the reference airfoil,
w ith the reference air foil it self oscillat ing . T he magnitude of the unsteady pressure on each
surface at tains a maximum at the leading edge, tending tow ards zero at the t railing edge, w ith
the magnitude generally larg er on the upper sur face. Also, the upper surface phase data are
out-of-phase w ith the airfoil mot ion.

Figure 5. Unst eady pressur e influence coefficient C�op ( Ma= 0. 8, k= 0. 323, ○—low er□—upper surface)

F igur e 6. Summation of unsteady
pressure influence coefficients

Fig . 5a and 5b show the unsteady pressure ef fect on
the sur faces of the stationary inst rumented reference
airfo il due to individually oscillat ing its nearest neighbors,
i. e. , indiv idual ly o scil lating the airfoils in Posit io ns + 1
and - 1, respect ively. As seen, oscillating the neighboring
airfo il has a relat ively larg e ef fect on the magnitude of the
unsteady pressure on the r efer ence airfoil surface nearest
to the oscillating airfoil. In par ticular , F igur e 5b shows
that oscillating the airfoil located immediately above the
reference airfoil resul ts in relat ively larg e unsteady
pr essure f luctuat ions over the af t half of the reference
airfo il upper surface, w ith the low er surface pressure
coef fcient magnitude nearly constant and a nearly linear
variat ion in the low er surface phase angle. With the
oscillat ing airfoil po sit io ned immediately below the
reference airfoil, Fig . 5c shows that there are relat ively
large pressure fluctuat ions over the leading quarter o f the
reference airfoil lower surface, w hile the upper surface has
only a small response in the leading and trailing edge
regions, w ith low er surface o scillat ions out-o f-phase w ith the mot ion.

The ef fect of o scil lat ing the airfoils w hich are in the + 2 and - 2 posit ions, i. e. , the
oscillat ing airfoils are fur ther distanced fr om the reference airfoil, is to further reduce the
magnitude of the unsteady pressures on the reference airfoil as compar ed to the previous
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results w here the nearest neighbo rs w er e oscillated.
Unsteady Pressure Differences 　 Summation of the unsteady pressure inf luence

coef ficients to determ ine the unsteady pressure dif ference coeff icient is demonst rated in
Figure 6. The 0. 65 inlet M ach number, 7°incidence, 0. 39 reduced frequency data are
pr esented as a dynam ic pressure dif ference coef fcient for �= 0°with N specifying the limits
of the sum per Equat ion 1. Thus N = 0 co rresponds to the self-induced unsteady aerodynam ic
response. T he influence coeff icient series is rapidly converg ent , w ith only the reference airfoil
and its tw o immediate neighbors having a singnif icant ef fect on the r esult ing dynam ic
pr essure dif ferences.

The influence coef f icient determined unsteady airfoil surface pressur e difference data are
co rrelated w ith: ( 1) cor responding data obtained in experiments in w hich all of the cascaded
airfo ils are oscillat ing sumultaneously w ith �= - 90°, 0°and + 90°, and ( 2) the classical thin
airfo il cascade predict ions. The results for an Ma= 0. 65 and a reduced frequency of 0. 39 are
pr esented in Fig. 7 for 0 deg rees incidence and in Fig . 8 for 7 deg rees of incidence. For Ma
= 0. 80 and a reduced frequency of 0. 323, the unsteady pr essure dif ference resul ts are
pr esented in Fig. 9.

F igur e 7. Dynamic pressure differ ence coefficients ( Ma= 0. 65, ∀o= 0°, k= 0. 390)

F igur e 8. U nsteady pressure differ ence coefficient distr ibut ion ( Ma= 0. 65, ∀o= 7°, k= 0. 39)

With regar d to the unsteady dif ference magnitude data, at ∀o= 0, Ma= 0. 65, the complex
unsteady aerodynamic influence coef ficient magitude data g enerally exhibit good co rrelation
w ith both the oscillat ing cascade data and the linearized theory . In contrast , at ∀o= 7°w ith
both Ma= 0. 65 and 0. 80, the linearzed theory tends to overpredict the magnitued data.
How ever, fo r these tw o cases, there is gnerally v ery good ag reement between the two sets o f

280 Journ al of Aerospace Pow er Vol. 5



F igur e 9. Unsteady pressure differ ence coefficient distribution ( Ma= 0. 80, ∀o= 7°, k= 0. 323)

exper imental magnitude data, w ith the except ion of the leading edge reg ion w here the
magnitudes o f the inf luence coef f icient data ar e signif icantly larger than the o thers. At the
low er subsonic M ach number, this is due to a small o scillat ing separation bubble near the
leading edge of the upper surface during the inf luence coeff icient experiments. This
separ at ion w as first indicated by significant higher harmonic content in the leading upper
surface pressure t ransducer signal , w ith subsequent steady state flow visualizat ion w ith
Airfoil 0 set at 8. 2 degrees of incidence indicat ing a smal l separated f low reg ion near the
leading edge. At M a= 0. 80, the oscillat ing leading edge shock is the cause of the leading edge
data v ar iat ions.

With regard to the unsteady pressure differ ence phase data, at ∀o= 0°w ith Ma= 0. 65,
the phase data are in good agreement w ith the predict ion at �= - 90°. How ever, for in-phase
mot ions, the phase data ar e decreased relat iv e to the prediction, w ith the influence coeff icient
data centered betw een the prediction and the oscillat ing cascade data at 40% and 60% o f
chor d. At �= + 90, the inf luence coeff icient phase data are in good ag reement w ith the
pr edict ion, w ith the o scillat ing cascade data incr eased in value.

At ∀o= 7°and Ma= 0. 65 and 0. 80, the - 90 degr ee interblade phase ang le inf luence
coef ficient data are in good ag reement with the all airfoil o scil lat ing data and also the
pr edict ions. For in-phase mot ions, the co rrelation of these 7 deg ree incidence phase ang le data
is good at Ma= 0. 65, w ith Ma= 0. 80 data exhibit ing scat ter. Fo r �= + 90°of Ma= 0. 65, the
phase data fall w ithin a fairly narrow band, w ith the inf luence coef ficient data typically
betw een the predict ion and the all airfoil oscillat ing data. T his t rend is also evident at Ma=
0. 80, although ther e is now mor e of fset among the various results.

SUM MARY AND CONCLU SIONS

Fundamental experiments have been performed in the NASA lew is T ransonic Oscillat ing
Cascade Facility to invest ig ate the steady and to rsion mode o scillat ing aerodynam ics o f a
biconvex air foil cascade. For subsonic and transonic mean flow conditions and realist ic high
values of r educed frequency , an unsteady aerodynam ic inf luence coeff icient technique w as
developed and utilized in w hich only one airfoil in the cascade is oscillated at a t ime and the
result ing unsteady pressures measured on the o scillat ing airfoil and its stat ionary neighbors.
The unsteady aerodynamics o f an equivalent cascade w ith all air foils o scil lat ing fo r arbit rary
interblade phase ang les is then determ ined by means of a vecto r summat ion of these data.

These unsteady aerodynamic inf luence coef fcient exper iments w ere performed at an inlet
M ach number of 0. 65 w ith a r educed frequency o f 0. 39 at both 0 and 7 deg rees of incidence
as w ell as at an inlet M ach number of 0. 80 w ith a reduced fr equency o f 0. 323 at 7 degrees o f
incidence. T he analy sis of these unique data and co rrelation w ith bo th the pr edict ions fr om
the unsteady , smal l pertur bat ion, subsonic f lat plate cascade analyses and baseline data
obtained in experiments w here all of the airfoils are oscillat ing simultaneously revealed the
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fo llow ing :
1. T he unsteady aerodynamic inf luence coeff icient series is rapidly converg ent . Only the

reference airfoil and its tw o neighbor s have a signif icant effect on the resulting unsteady
pr essure dif ference.

2. The unsteady pressure dif ference magnitude data determined fr om the inf luence
coef ficient exper iments generally exhibit g ood correlat ion with both the oscillat ing cascade
data and the linearized theory . The pr imary except ion is in the v icinity of the leading edge at
∀o= 7°at both Ma= 0. 65 � 0. 8.

3. T he cor relat ion of the unsteady pressur e differ ence phase data determined from the
inf luence coeff icient experiments with the o scillat ing cascade data and the predictions w ere
generally g ood, but were a funct ion of the inter blade phase angle as w ell as the mean f low
condit ions.
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