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高、低能扰动力函数对叶轮机阵发
非定常气动力的影响

2- E FORCING FUNCTION EFFECTS ON
TURBOMACHINE GUST UNSTEADY AERODYNAMICS

Steven R. Manwaring and Sanford Fleeter　　 ( Purdue University )

ABSTRACT　To invest iga te the fo r cing function effects on the fundamental 2-E gust unsteady
aer odynamic r esponse of a multist age turbomachine blade r ow , a ser ies of fundamental exper iments
ar e per formed in an ax ial flow resear ch compressor . The 2-E unsteady aer odynamic for cing
function excitations ar e gener ated by bo th a circumfer ential inlet flow dist or tion and the wakes

from air foil-type obstr uct ions w hich are r epr esentativ e of an air fo il, str ut, or probe excita tion.

【摘要】　为了研究扰动力函数对多级叶轮机叶片排中基本的高、低能阵发非定常气动响应的影响, 在研究用
轴流压气机上进行了一系列的基础研究。这种高、低能非定常气动扰动力函数的激发原因有, 周向进口流场畸
变和叶型类障凝物引起的尾迹, 典型的有叶型、支柱或探针激发的尾迹。

INT RODU CT ION

Nonunifo rm inlet f low to a rotor represents the most common aerodynam ic excitation
source for aerodynamically forced v ibrat ions. These nonuniformities can be bro adly categ or-
ized as w ake excitat ions or inlet distort ions. T hese nonunifo rmit ies result in det rimental
aer omechanical effects, w ith the distort ion and w akes both representing unsteady
aer odynamic forcing funct ions to dow nst ream turbomachine blade row s.

F igur e 1. For cing function decomposition

Disto rtions and w akes are both high
energy aer odynamic fo rcing functions
w hich are characterized by low to
moderate values of the reduced
fr equency. On a first principle basis, they
are both analy zed by f irst def ining the
unsteady aerodynamic for cing funct ion in
terms o f harmonics. T he periodic of an
airfo il row to each harmonic is then assu-
med to be comprised of two components.
One is due to the harmonic components of
the unsteady aerodynamic forcing
funct ion being swept past the
nonr esponding airfoil row , termed the st-
reamw ise and transverse gust responses.
The second, the self-induced unsteady
aer odynamics, arises w hen a v ibrat ional
response of the airfoil row is generated.

Curr ent state-of-the-art unsteady aerodynam ic models for the pr edict ion o f forced r e-
sponse do not consider dif ferences in the various aerodynamic forcing functions. Also, the
gust and mo tion-induced unsteady aerodynam ic models involv e many phyical and numerical
assumpt ions.
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Therefo re, experimental modeling o f the fundamental distor tion and wake generated blade
row periodic unsteady aerodynamic response, including bo th the forcing funct ion and the r e-
sult ing blade row unsteady aerodynamics, is needed fo r validat ion and enhancement of theor e-
tical and numerical models.

In this paper, the fundamental 2-E gust unsteady aerodynamic response of a mult istage
turbomachine blade row is exper imentally invest igated for the first t ime. T his is accomplished
by means of a series of experiments performed in an ex tensively inst rumented axial flow r e-
search compressor . The 2-E unsteady aerodynam ic forcing funct ion excitat ions are generated
by bo th a circumferential inlet f low distort ion and the w akes f rom airfo il-type obst ruct ions
w hich are representat iv e of an airfo il, str ut , o r probe excitat ion.

Tw o different two-per-rev aer odynamic for cing funct ions are consider ed ( Figure 1) :
( 1) the velocity def icit fr om tw o 90 degree cir cumferent ial inlet f low distort ions and ( 2) the
w akes f rom two upst ream airfoil-type obst ruct ions. T hese aer odynamic forcing functions to
the first stag e r otor blade row ar e measur ed w ith a r otat ing cross hot w ire pr obe, w ith these
data then analyzed to determine the str eamw ise and transverse unsteady velo city
components, u

+
and v

+
show n in Figure 1. The resulting unsteady aerodynamic gust g e-

nerated ro to r blade surface unsteady pressure cho rdw ise dist ribut ions are measured w ith
embedded ult ram iniature high response dynamic pressure t ransducers.

Figure 2. Resear ch com presso r comfigur ation

RESEARCH COMPRESSOR

The Pur due Axial Flow Research Com-
pr essor experimentally models the
fundamental turbomachinery unsteady
aer odynamic multistag e interact ion
phenomena including the incidence angle,
the velocity and pressure var iat ions, the
aer odynamic for cing funct ion, the reduced
fr equency, and the unsteady blade r ow in-
teractions. T he compresso r is dr iv en by a 15
HP ( 11. 19kW ) DC elect ric motor and is
oper ated at a speed o f 2, 250 rpm. Each
ident ical stag e of the baseline compressor
contains 43 rotor blades and 31 stator v anes
hav ing a Br it ish C4 prof ile, w ith the f irst st-
age rotor inlet flow field established by a
row o f 36 variable set t ing inlet guide vanes.
The overall airfoil and compr essor ch-
aracter ist ics are: design f low rate—2. 03kg/
s; design ax ial v elo city—24. 4m / s; rotat ional
speed—2250rpm ; number o f stages—2; stag e pressure rat io—1. 003; inlet t ip diamter—
420mm ; hub/ tip radius rat io—0. 714; stag e effciency—85% ; aspect r at io, thickness/ chor d
and chord C of all thr ee are 2, 10 and 30mm respect ively; others such as number o f airfoil N,
so lidity C/ S, camber �and stagger ang le �are presented in Table 1.

Table 1. Overall airfoil and compressor characteristics

N C/ S � �

ROT OR 43 1. 14 27. 95 36

STATOR 31 1. 09 27. 70 - 36. 1

IGV 36 0. 96 36. 9 18. 5

　　 For these exper iments, the
first stage rotor blade row w as
extensively inst rumented. Due to
the larg e gap betw een the IGV
row and the first stag e ro to r row ,
approx imately 75% vane chord,
the potent ial flow effects are
neg ligible compar ed to the viscous
w akes. T o eliminate any potential

flow ef fects f rom the downstream stator r ow on the inst rumented f irst stag e ro to r blades, the
first stage stators and second stag e rotors w er e r emoved, as schematically depicted in Figure
2.
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INSTRUMENTAT ION

Bo th steady and unsteady f irst stag e ro to r blade r ow data are required. T he former
quant ify the ro to r mean inlet f low f ield and m idspan steady loading dist ribut ion. T he latter
def ine the periodic aerodynamic forcing function and the result ing midspan blalde sur face
periodic pressur e dist ributions.

The inlet f low f ields, bo th steady and unsteady , are measured w ith a rotating cross hot-
w ire pr obe mounted 30% o f blade chord upst ream of the ro to r row . The probe is calibrated
and linearized for v elo cit ies fr om 18. 3m / sec to 53. 4m / sec and + / - 35°angular v ariat ion,
w ith the accuracy of the velocity magnitude and f low ang le determined to be 4% and + / -
1. 0 deg ree, respectively . Centrifugal lo ading effects on the ro tat ing hot-w ir e sensor r e-
sistances and, thus, responses w ere found to be neg ligible.

The detailed steady aerodynamic loading on the r otor blade surfaces is measured w ith a
chor dw ise distribution o f 20 m idspan stat ic pressur e taps, 10 on each surface. The stat ic
pr essure at the rotor exit plane, measur ed w ith a rotor drum static tap, is used as the blade
surface stat ic pressure reference. T hese stat ic pressure measurements are made using a r otor
based 48 port constant speed drive Scanivalve system located in the r otor drum.

The measurement of the midspan rotor blade surface unsteady pressures is accomplished
w ith 20 ult ra-miniature, high response t ransducer s embedded in the rotor blades at the same
chor dw ise lo cat ions as the static pr essure taps. T o m inimize the possibility o f f low
disturbances associated w ith the inability of the t ransducer diaphragm to exact ly maintain the
surface curv ature of the blade, a reverse mount ing technique is ut ilized. T he pressur e sur face
of one blade and the suct ion surface of the adjacent blade ar e inst rumented, w ith t ransducer s
embedded in the nonmeasurement surface and connected to the measurement surface by a st-
atic tap. The embedded dynam ic t ransducers were both stat ically and dynamically cal ibrated.
The stat ic calibrat ions show ed good linearity and no discernible hysteresis. T he dynam ic
calibrat ions demonst rated that the f requency response, in terms of gain at tenuation and phase
shift , w ere not af fected by the reverse mount ing technique. T he accuracy of the unsteady
pr essure measurements, determined from the calibrat ions, is + / - 4%

The roto r based stat ic pr essure Scanivalv e t ransducer , ro tat ing hot-w ir e probe and 20
blade surface dynam ic pr essure tr ansducers are interfaced to the stat ionary frame-o f-
reference thr ough a 40 channel slip ring assembly . On-board signal conditioning of the
t ransducer output signals is performed to maintain a good signal-to-noise r at io through the
slip ring . The remaining 17 channels o f the slip-ring assembly are used to provide excitation
to the t ransducers and on/ of f sw itching excitat ions to the Scanivalve DC M otor.

DATA ACQU IST ION AND ANALYSIS
STEADY DATA　T he roto r blade surface static pressure data, measured w ith the rotor-

based Scanivalve system, ar e def ined by a ro ot-mean-squar e error analysis of 20 samples w ith
a 95% conf idence interval. The reference for these midspan blade pressure measurements is
the stat ic pressure at the exit o f the ro to r measured on the rotor dr um . T hus, the blade
surface and the reference stat ic pressures are measured at dif ferent radii. Hence, a corr ection
fo r the resulting differ ence in the radial accelerat ion is applied in calculat ing the balde sur face
stat ic pressur e coef fcient def ined in Equat ion 1.

C
-

p = ( P- s - P
-

exit) / ( 1/ 2 U 2
t ) ( 1)　

where U t is the rotor blade t ip speed, P
-

s and P
-

ex it are rotor blade surf ace and d rum steady
p r essures.

PERIODIC DATA　T he periodic data of interest ar e the harmonic components of the
aer odynamic fo rcing function to the first stag e r otor blade row together with the r esult ing
rotor blade surface unsteady pressure and unsteady pressure dif ferences. These are
determined by defining a dig itized ensemble averaged unsteady aer odynamic data set
consist ing of the rotat ing cross hot-w ire probe and blade sur face dynam ic pressure t ransducer
signals at each steady operat ing point . In part icular, these t ime-var iant signals are digit ized
w ith a high speed A-D system at a r ate of 20 kHz and then ensemble averaged. T he key to th-
is averag ing technique is the ability to sample data at a preset time, accomplished by an
optical encoder mounted on the ro to r shaf t . T he micro second range step voltage signal fr om

4 Journ al of Aerospace Pow er　　　　　　　　　　　　　　　　　Vol. 5



the encoder is the data init iat ion t ime reference and triggers the high speed A-D mult iplexer
sy stem. To significant ly reduce the random fluctuat ions superimposed on the periodic signals
of interest , 200 averages are used. A Fast Fourier T ransfo rm ( FFT) algorithm is then applied
to these ensemble averaged signals to determ ine the harmom ic components of the unsteady
aer odynamic forcing function and the result ing ro to r blade surface harmonic unsteady
pr essures and pressure differ ences.

The unsteady inlet f low f ield to the rotor row , measured w ith the rotating cross hot-wire
pr obe, is quant ified by the inlet relat iv e velocity and flow ang le. T he velo city tr iangle
relations depicted in Figure 1 are then used to determine the detailed unsteady velo ciity into
the rotor row , in part icular, the st reamwise and transverse velocity components, u

+
and v

+

respect iv ely . T hese are then Fourier decomposed to determine their harmonic components, u�+i
and v
�+
i .
The various unsteady aerodynam ic gust mathematical models reference the gust g e-

nerated airfo il aerodynamic response to a t ransverse gust at the leading edge of the airfoil.
How ever, in the experiments the t ime-variant data are referenced to the init iat ion of the data
acquisit ion shaf t t rigg er pulse. T hus, for consistency w ith the models, the periodic data are
further analyzed and referenced to a t ransverse gust at the leading edge o f the first stage
rotor blade. T his is accomplished by assuming that : ( 1) the aerodynamic forcing function
remains f ixed in the stat ionary reference frame; and ( 2) the forcing funct ion does not change
fr om the probe ax ial location to the rotor row leading edge plane.

The rotor blade surface unsteady pr essure data, measured w ith the embedded high r e-
sponse pressure tr ansducers, are analy zed to determine the harmonics of the cho rdw ise
distr ibution of the unsteady pressure coeff icient , C!pi , and the unsteady pressure dif ference co-
ef f icient , C!pi . These are def ined in Equation 2 and are specified f rom the Fourier coef fcients
of the dig it ized unsteady pressure tr ansducer signals. T hus, the final form of the gust g e-
nerated r otor blade r ow unsteady aerodynamcis is the chordw ise dist ribut ion o f the harmonic
complex unsteady pressure and pressure difference coef fcients C!p i.

Cpi = p
�
i/〔 V- 2

x ( v�+i / V- x ) ∀-〕　,　C!p i = Cp i, pr essur e - Cpi, suction ( 2)　
where p

�
i is the harmonic unsteady pr essure, V- x is the mean axial velocity , and ∀- is the relative

mean flow angle, Cp i is ro to r blade harmonic unsteady pressur e coef ficient .

RESULT S

A ser ies of experiments are per formed to invest igate and quant ify the ef fects of dif ferent
aer odynamic forcing funct ions on periodic 2-E gust unsteady aerodynam ics of a first stage
rotor blade row . 2-E unsteady aerodynam ic fo rcing function excitat ions are generated by a ci-
rcumferent ial inlet flow distort ion and the w akes f rom airfoil-type obst ruct ions. In these
exper iments, the tw o tw o-per-rev forcing funct ions are equivalent in terms o f
aer odynamically forced response as each has appr oximately the same nom inal value fo r the
first harmonic st reamw ise-to-transverse gust amplitude rat io.

1. PERIODIC AERODYNAMIC FORCING FUNCTIONS　T he Fourier decomposition
of the inlet distor tion and w ake aer odynamic for cing funct ions to the f ir st stage rotor in terms
of the gust components are presented in Figures 3 and 4. T he inlet distort ion results in a
dominant tw o-per-rev excitation w ith smaller higher harmonics. With the w ake fo rcing
funct ion, a st rong tw o-per -r ev signal is again present . How ever, the higher harmonic
amplitudes are approx imately the same magnitude as the gener at ing w ake two-per-rev
fundamental fo r the st reamw ise gust components and are larg er for the t ransverse gust
component .

2. BLADE SURFACE STATIC PRESSURES　T he ef fect of steady aerodynamic lo ading ,
characterized by the mean incidence angle, on the rotor blade surface stat ic pressure coeffci-
ent fo r both the inlet distort ion and the obst ruction w ake forcing funct ion are show n in
Figure 5. The lev el of steady loading only af fects the static pressur e dist ribut ion on the
perssure sur face over the f ront 40% of the chord. On the suct ion surface, the steady loading
variat ion has a lar ge effect on the stat ic pressure dist ribut ion over the ent ire suct ion surface.
Also, these data exhibit no indicat ion o f flow separat ion. Of part icular interest to the
unsteady experiments, these data clearly show that these dif ferent aerodynam ic fo rcing
funct ions have no effect on the steady aerodynam ic performance o f the r otor, i. e. , the airfoil
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steady sur face stat ic pressures are independent of the unsteady aerodynam ic fo rcing funct ion.

F igur e 3. Four ier decomposition o f inlet Figur e 4. Fourier decomposit ion o f wake fo rcing function
disto rtion for cing function

3. ROTOR ROW PERIODIC AERODYNAMIC RESPONSE　The periodic aerodynamic f ir st

F igur e 5. Fo rcing funct ion and steady loading effects on C- p　Figur e 6. Pr essur e surface steady lo ading
effect on Cp1

harmonic response of the f irst stage ro tor blade row to the inlet distor tion and w ake fo rcing
funct ions, including the effect of steady aerodynamic loading, ar e presented in Figures 6, 7
and 8. In part icular, these figures present the cho rdw ise dist ribut ions of the complex unsteady
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pr essure coeff icient on the indiv idual ro to r blade surfaces as w ell as the corresponding
complex unsteady pressure difference coef f icients g enerated by the inlet disto rtion f irst
harmonic tw o-per-rev aerodynamic fo rcing funct ion.

( 1) Pressure Surface Unsteady Pressures　The ef fect of steady aerodynam ic loading level
on the f irst harmonic o f the complex unsteady pressure dist ribut ion on the ro to r blade
pr essure surface for the inlet disto rt ion is show n in Figur e 6. T he unsteady pressure
magnitude data decr ease monotonically w ith increasing chord for all steady loading lev els.
Also, this form of the dimensionless unsteady pressure coeff icient , ( Eq. 2) results in the
compr ession of these magnitude data for all mean f low incidence ang le values. Thus, the
magnitude o f the unsteady pr essure response on the blade pressure surface, i. e. , the low
camber airfoil surface, is primarily due to the level of steady loading as characterized by the
mean flow incidence ang le. With regar d to the unsteady pressur e phase data on this airfoil
surface, they incr ease over the front half of the chord and are independent of the level of st-
eady loading.

F igur e 7. Suction sur face st eady lo ading effect on Cp1 Figur e 8. Steady loading effect on C!p1

( 2) Suction Surface Unsteady Pressures　T he ef fect o f steady aerodynamic loading on
the first harmonic complex unsteady pr essure on the r otor blade suct ion surface is show n in
Figure 7 for the inlet distort ion. In contrast to the pr essure surface, the form o f the
dimensionless unsteady pr essure coef ficient , Equat ion 2a, does no t compress the suction
surface magnitude data w ith mean flow incidence angle, the except ion being betw een 13%
and 20% of the chor d for the inlet distort ion. The unsteady pressur e magnitude data decrease
to a minimum and then increase as the cho rd is t raversed. A lso , these magnitude data are
dependent on the steady loading, increasing w ith incr eased steady loading. T he corresponding
phase data decrease over the chord, in the leading edge and mid-chord reg ions, are dependent
on the steady loading . Near the leading edge, increased loading results in an increase in the
phase whereas in the mid-chord region the phase decrease in value.

( 3) Unsteady Pressure Differences　The ef fect of steady loading on the f irst harmonic
complex unsteady pressure dif ference acr oss the rotor blade is show n fo r the inlet distor tion
fo rcing funct ion in Figure 8. Also presented as a reference are the f lat plate cascade
pr edict ions. T he magnitude data g enerally decrease w ith increasing chord, in tr endw ise
agreement w ith the predict ions. Also, these magnitude data incr ease w ith increasing steady
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loading . The corresponding unsteady pressure dif ference phase data ar e nearly constant and
independent o f the lev el of steady loading in the front chor d region. T here is a sharp increase
in the phase data in the mid to aft chord reg ions o f the air foil, w ith the onset location o f this
sharp increase moving towards the leading edge with increasing mean flow incidence ang le.

SUMM ARY AND CONCLU SION

The fundamental 2-E gust unsteady aerodynamic response of a mult istage turbomachine
blade r ow has been experimentally invest igated for the f irst t ime. General experimental r e-
sults are no ted:
　　1. The inlet disto rt ion forcing funct ion show s a dominant tw o-per-rev , with much
smaller higher harmonic content . In contrast , the w ake forcing funct ion show s a st rong tw o-
per-rev w ith higher harmonics of larg er amplitudes
　　2. The rotor steady aerodynam ic perfo rmance is independent o f the forcing funct ion.
　　3. On the pr essure surface, the inlet distor tion generated unsteady pressure magnitude
data decrease mono tonically w ith cho rd and are compr essed w ith respect to the mean f low in-
cidence angle. The phase data increase over the f ront half of the chord and are independent o f
the steady loading lev el .
　　4. On the suct ion surface, the inlet disto rt ion gener ated unsteady pr essure magnitude
data decrease to a minimum and then increase w ith chor d. Also, they depend on the steady
loading , incr easing with increased steady loading. T he phase data decr ease over the chor d and
depend on the steady loading.
　　5. With regard to the inlet distort ion generated unsteady pressure dif ference data, the
magnitude data decrease w ith increasing chord and increase w ith incr eased incidence angle.
The phase data are near ly constant and indepentent of the lo ading in the front chord region.
A sharp increase in phase in the midchord region, w ith the onset locat ion moving fo rw ar d
w ith incr easing incidence angle.
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