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ABSTRACT

This final report summarizes the results obtained on Grant AFOSR-91-025. The
overall objective of this basic research program was the quantitative investigation of the
fundamental phenomena relevant to aero-thermodynamic distortion induced structural
dynamic blade responses in multistage gas turbine engines and the study of the fundamental
unsteady aerodynamics and heat transfer phenomena inherent in turbines. The technical
approach involved unique benchmark experiments and also analyses. In particular, the
flow physics of multistage blade row interactions were investigated, with unique unsteady
aerodynamic data obtained and analyses developed to understand, quantify, and
discriminate the fundamental flow phenomena as well as to direct the modeling of advanced

analyses.
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I. INTRODUCTION

This is the final report on Grant AFOSR-91-025, a research program directed at the
quantitative investigation of the fundamental unsteady aerodynamic phenomena driving
forced response in turbomachine blade rows and the study of the fundamental unsteady
aerodynamics and heat transfer phenomena inherent in turbines. The technical approach
involved unique benchmark experiments and also analyses. In particular, the flow physics
of multistage blade row interactions were investigated, with unique unsteady aerodynamic
data obtained and analyses developed to understand, quantify, and discriminate the
fundamental flow phenomena as well as to direct the modeling of advanced analyses.

The research results obtained are contained in both the publications and the graduate
student theses. The technical publications are summarized in the following, with the

detailed results and publications presented in the appendices.

IIL. PUBLICATIONS

Eley, J.A. and Fleeter, S., "Oscillating Cascade Unsteady Aerodynamics Including
Separated Flow Effects," Computational Mechanics, Vol. 8, No. 6, pp. 383-398, 1991.

Manwaring, S.R., and Fleeter, S., "Rotor Blade Unsteady Aerodynamic Gust Response to
Inlet Guide Vane Wakes," ASME Journal of Turbomachinery, Vol. 115, No. 1, January
1993, pp. 197-206.

Kim, K and Fleeter, S., "Forcing Function Generation Fluid Dynamic Effects on
Compressor Blade Gust Response,” AIAA Journal of Propulsion and Power, Vol. 10,
Number 2, March-April 1994, pp. 204-216.

Manwaring, S. R. and Fleeter, S., "Reduced Frequency Effects on Gust Response
Unsteady Aerodynamics in Turbomachines," JUTAM 6% International Symposium on
Unsteady Aerodynamics and Aeroelasticity of Turbomachines and Propellers, The
University of Notre Dame, September 1991.

Kim, K and Fleeter, S., "Compressor Blade Row Unsteady Aerodynamic Response to
Attached and Separated Flow Forcing Functions,” AJAA Paper 92-0147 January 1992
(also International Journal of Turbo & Jet Engines, in press).




Wolff, J.M. and Fleeter, S., "Single Passage Euler Analysis of Oscillating Cascade
Unsteady Aerodynamics for Arbitrary Interblade Phase Angle," AIAA Paper 93-0389,
January 1993 (also AIAA Journal for Propulsion and Power, in press).

Manwaring, S.R. and Fleeter, S., "Acoustic Resonance Flow Conditions on Wake
Generated Rotor Blade Gust Response,” ASME Paper 93-187 , May 1993..

Kim, K. and Fleeter, S., "Compressor Unsteady Aerodynamic Response to Rotating Stall
and Surge Excitations,” AIAA Paper 93-2087, June 1993 (also AIAA Journal for
Propulsion and Power, in press).
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Oscillating cascade unsteady acrodynamics
including separated flow effects

J. A. Eley and S. Flceter
School of Mechanical Engincering, Purdue University, West Lafayette, Indiana 47907, USA

Abstract. A mathematical model is developed 10 predict the effect of Now separation on the unsteady acrodynamic lifi and
moment acting on a two-dimensional flat plate cascade which is harmonically oscillating in a subsonic flow field. The unstcady
flow is considered to be a small perturbation to the uniform steady flow, with the steady flow assumed 10 separate at a specified
(ixed position on the airfoil suction surface. This formulation docs not require the difference in the upwash velocity across the
airfoil in the separated flow region to be determined before calculating the unsteady pressure difference across the chordline
of the airfoils, thereby eliminating the assumption that the upwash difference is zero at the trailing edge when the steady flow
is separated. Results obtained demonstrate that aithough flow separation decreases bending mode stability, it does not result
in bending mode flutter. However, flow separation can result in torsion mode flutter. with this instability being a function of
the location of both the separation point and the elastic axis.

List of symbels

nondimensional distance D/C

nondimensional distance H/C

reduced frequency, wC/U ,,

perturbation pressure

perturbation velocity in the x direction

perturbation velocity in the y direction

nondimensional chordwise Caretesian coordinate. X/C

nondimensional separation point location measured {rom the leading edge
nondimensional normal Cartesian coordinate, Y/C

bending mode nondimensional displacement

airfoil chord

unsteady lift coeflicient

unsteady moment coeflicient

pressure difference coefficient. Ap/p U2,

distance between leading edges of adjacent airfoils as measured in the x direction
distance between mean positions of adjacent airfoils as measured in the Y direction
Mach numberat x= +

fluid static pressure

fluid static pressure at x = +

spacing between adjacent airfoils

airfoil angular displacement for torsional oscillations

(l - Ml., )IIZ

cavitation number

cascade stagger angle

Fourier transform variable

cascade interblade phase angle

velocity potential

circular frequency

::*eruexﬁka-l.

ppon

]

€S TSYWH L pTION

Subscripts

bending mode oscillation
2 torsional mode oscillation
+ upper surface

- lower surface

o
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Superscripes

ATT ausched flow
COR correction

SEP sepanated flow

. Fourier iranaform
) complex amplitude

1 introduction

The continuing demand for more efficient axial flow compressors for gas turbinc enginces is being
achieved by higher rotational speeds, thinner airfoils, higher pressure ratios per stage, and increased
operating temperatures. As a result, the possibility of un aerodynamic blade row instability is an
important design consideration. Namely, under certain conditions, a blade row operating in a
completely uniform flow field can enter into a self-excited oscillation known as flutter. The motion
is sustained by the extraction of energy from the uniform flow during each vibratory cycle, with
the flutter frequency generally corresponding to one of the lower blade or coupled blade-disk
natural frequencies.

To predict the aerodynamic stability of a rotor, a typical airfoil section approach is utilized.
The three-dimensional flow field through the rotor is approximated by two-dimensional strips
along the blade span. For each strip, the structural dynamic properties and the unsteady aero-
dynamic loading due to harmonic airfoil oscillations must be determined. Finite element techniques
enable the structural and vibrational characteristics to be accurately predicted. However, accurate
predictions of the flutter characteristics of the blade row cannot be made due to inadequacies in
current state-of-the-art oscillating cascade models.

Unsteady aerodynamic models are typically restricted to thin airfoil theory, with the unsteady
disturbances generated by the oscillating airfoils assumed to be small compared to the mean steady
potential flow field. In addition, the airfoils are considered to be flat plates at zero incidence. Thus,
the unsteady aerodynamics become uncoupled from the steady flow, leading to 2 model wherein
the flow is linearized about a uniform and parallel flow. Kernel function methods can then often
be utilized to determine analytical solutions for the unsteady aerodynamic lift and moment acting
on the oscillating airfoils.

When the mean flow does not separate from the airfoil, i.e., unstalled flutter, a number of such
unsteady acrodynamic models have been developed. For example, Whitehead (1960) developed a
model for incompressible flow through an infinite cascade of oscillating flow plate airfoils by
constructing a vorticity distribution on each airfoil which satisfied the boundary conditions.
Fleeter (1973) extended this model to include compressible flow by using Fourier transform theory
and the linearized small perturbation potential flow equation. Smith (1972) developed an analogous
subsonic model by replacing the airfoils by a series of continuous singularity distributions. For
both subsonic and supersonic inlet flow Mach numbers, Ni (1979) developed a corresponding
kernel function analysis.

The particular problem of interest herein is subsonic stall flutter. It is the oldest, most common
type of flutter and is generally attributed to separated flow on the suction surface of the airfoils
caused by operating beyond some critical mean flow incidence angle at subsonic Mach numbers.
Bending, torsion, and coupled vibrational modes have been documented when this type of flutter
is encountered at part speed in a high speed fan and at or near the design speed in a low or high
pressure compressor.

Only a very few unsteady aerodynamic models appropriate for stall flutter prediction have
been developed. In these, the flow is considered to separate at a specified position on the airfoil
suction surface, with this separation point fixed throughout the airfoil oscillation cycle. Also, the
pressure in the separated flow region and the wake is assumed to be constant. Woods (1957)
developed a model for incompressible potential flow past an isolated airfoil. An incompressible
flow oscillating cascade unsteady acrodynamic model for turbomachine applications was formulated
by-Sisto (1967). Perumal and Sisto (1975) developed a model for incompressible flow through an
infinite cascade of oscillating airfoils using conformal mapping and the acceleration potential.
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More receatly, Chi (1980, 1985) used Fourier transform theory and the lincarized smail perturbation
potential flow equation Lo develop an oscillating airfoil and airfoil cascade modcl for subsonic
compressible flow. This solution consists of an attached flow unstcady aerodynamic solution und
a correction to account for the cffects of the low separation. This correction is determined by
solving two intcgral cquations: one for the difference in the upwash velocity across the airfoil in
the separated flow region, and a second for the correction of the unstcady pressure difference across
the airfoil chordline duc 10 the separated flow. However. Chi assumes that the Kutta condition
applics to the scparated flow region. i.c.. the upwash difference becomes zero at the airfoil trailing
edge even though the flow is separated. _

In this paper, an unstcady acrodynamic cascade analysis which is appropriate for the design
prediction of subsonic stall flutter in turbomachines is developed. In particular, this model will
predict the effect of flow separation on the unsteady lift and moment acting on a two-dimensional
flat plate airfoil cascade which is harmonically oscillating in a subsonic flow ficld. The unsteady
flow ficld is considered to be a small pe-turbation to the uniform steady flow. with the stcady flow
assumed to separate at a specified fixed position on the suction surface of the airfoils. In this
formulation, the difference in the upwash velocity across the airfoil in the separated flow region
is not required to be determined before calculating the correction of the unsteady pressurc
difference across the chordline of the airfoils, thereby elimin:iting the assumption that the upwash
difference is zero at the trailing edge when the steady flow is separated.

2 Unsteady aerodynamic model

This model considers the inviscid {low past an oscillating airfoil cascade. The fluid is assumed to
be a thermally and calorically perfect gas. with the subsonic flow inviscid and irrotational. The
far upstream flow is uniform with velocity U ., and approaches the cascade at zero mean incidence
angle. The steady flow is assumed to separate from a specificd fixed position on the suction surfaces
of the airfoils, with the constant pressure separated flow region confined to a thin slit extending
to downstream infinity, Fig. i. The unsteady aerodynamics of interest are generated by small
amplitude translational or torsional oscillations of the airfoil cascade. with a constant interblade
phase angle. ‘

The linearized partial differential equation for the unstcady velocity potential, ¢, is given in
Eq. (1), with the linearized unsteady Bernouici equation specified in Eq. (2).

3o 3¢ 1(32¢ ¢ aqu) (a¢ a¢)
Z+2_(2,0v + U2 =0, =-p.[2+U,2) 1.2
ax: ov: g\ o “oXat ™ IX? P==P\ & X (

Equations (1) and (2) are first used to derive the unsteady pressure difference ucross the airfoil for
attached flow, and then to derive a correction for the flow separation using the condition that the
pressure is constant in the separated flow region. As this is a linear analysis, the unsteady pressure

/ / Fig. 1. Cascade and flow ficld configuration
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and the resulting unstcady aerodynamic lift and momeat acting on the airfoils arc expressed as a
sum of the fully attached flow solution and a correction due to the flow separation.

For the portion of the airfoil where the flow is attached. the velocity component normal to the
airfoil surface, the upwash velocity, must be cqual to the airfoil surface velocity. This boundary
condition, Eq (3a). is satisficd at the airfoil mean position. However. in the separated flow region.
the velocity componcnt normal to the airfoil surface is not cqual to the surface velocity, and
therefore is unknown. This perturbation velocity must be determined using the condition that the
pressurc is constant in the separated flow region, with the cavitation number defined in Eq. (3b)
and the scparated flow region boundury condition given in Eq. (4).

; 2 - X> X,

P Y,

: (Ja.b)
p=—1p Ulp) at Y=0*, X>X, ' (4)

where X, specifics the separation chordwise position.

Nondimensionalizing the spatial dimensions with respect to the airfoil chord, C, assuming
harmonic time dependence for the airfoil motion and the flow variables at a frequency w and
substituting these quantitics into Egs. (1,2) and (3), results in the following for the perturbation
velocity potential, the perturbation pressurc. and the attached and separated flow unsteady
boundary conditions.

u=‘%‘:-"+u,,(x—x,,)%+u.,,a at Y=0% 0sXsgX. M"M)y= -

) ¢ p.U 3\~

2 ZICMz +kzMz 0, p= —— "('k+—) 5.6

Foitsp © ox ¢=0. 7 c \¥+5 )¢ ©-9)

O=U,{d+a(l +ik(x—x,))} at y=0% O0Sxsx, p=-3p, U7 at y=0". x>y,
(7.8)

where

M,ns-q.ﬁ; ﬁ2=l-—Mi, =2§_ and j= ,ky_

a, U,

Once Eq. (5) is solved, Eq. (6) is used to compute the unsteady pressure difference across the
airfoil. This is then integrated to obtain the unsteady aerodynamic lift and moment acting on the
airfoil.

3 Fourier transforms

Equation (5) for the perturbation velocity potential is reduced to an ordinary differential equation
by use of Fourier transforms, with the Fourier transform pair defined in Eq. (9).

+®

FTy(x)] =g*(v)= [ g(x)exp{—ivx)dx and g(x)=il; j g*(v)explivx)dy. 9)

-~

Applying the Fourier transform technique and assuming that all flow perturbations remain
bounded in the far field leads to the following ordinary differential equations for the transformed
perturbation velocity potential and pressure.

d? $a
d 2
where u? = — g2v? + 2kM2v + k’M2
The general solution to Eq (10) for the perturbation velocity potential is given in Eq. (12).

@* = A, sin(uy) + A, cos(py) (12)

+uip* =0, p*v.y)=- p" 22k +v}P*(v,y) (10,11
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The constants 4, and A4, are evaluated from the normal velocity boundary conditions on two
adjacent airfoils. The time dependent perturbations at (x +d, y+#h) arc taken to lead the same
perturbations at (x, y) by the constant interblade phase angle .

The transformed boundary conditions on the upper surface of the zeroth airfoil and the lower
surface of the first airfoil of Fig. 1 are given in Egs. (13).

b* dd*
g T T .
f)_v y =) l)y TR

= Cexpli(a —vd))i*(v)), ., = Cexplilo —vd))i*.

(13a.b)

Equations (13) arc used 1o solve for the constants 4, and A, in Eq. (12) in terms of 7% and 0*.
Recall that for attached flow, both 6% and 0% arc known. However. in the separated flow region,
5% is unknown. The resulting solution for ¢‘ is given m Eq. (14).

Cos, sm(,uy) C(5% cos(ph) — o* exp(—i(vd — a))(.os(pv
usindph)

This expression for ¢* is used in the unsteady pressure equation. Eg. (11). with the following
definitions useful

ﬁ‘o 55";-0 . p-t=ﬁ" =Q- $. EJ.‘ySO ’ $' =$‘[y=0" (l5a.b)

Evaluating Eq. (11) at y =0* and 0~ and then using Eq. (14), the unsteady pressure on the upper
and lower surfaces of the zeroth airfoil is determined

P*v.y) =

(14)

I *

- 0* + v — p . v
p:ui' TR pin,aC'v;“A‘U,, (16a.b)
where
A% = (k+ v)cos(uh) - (k + v)cot(uh)
ip sin(yuh) iw
B* = (k+v)exp.(—i(vd-a)) and C* =(k+v)ex.p(i(vd-a))l
ipsin(uh) ipsin(uh)

Equation (16) is used to obtain independent equations (or the upwash difference coeflicient and
the unsteady pressure difference correction coefficient. First Eq. (20) is rewritten as follows:

ﬁmﬂ’t 1 Ap grAVE 1 Ai*
=(A* - B* +-(A* + B*)—,
PU% meU’ ( T Uso ( )U.»
=sAVE -:AVE -
1A eI+ l(A*+<:*)-A-"—. (17a,b)
Subtracting Eq. (17b) from Eq. (17a) and manipulating the results leads to Eq. (18)
gravE Ap* Av*
where
1 (C* - B*)

K*s ————— and [*= .

2A* —~B*-C* 2(2A*—-B*-C*)

Equation (17a) is then multiplied by (4* —~ C*) and Eq. (17b) by (;4‘ — B*), with the resulting
equations added. This gives the following

SeAVE 5% 22 _AeC

4 =0 4" + M‘-A-L, where M*= AT -BC (19)
PUs PuU? U 24*-B*-C*
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Chi (1980, 1985) performs the Fourier inversion of Egs. (18) and (19) and further manipulates the
Ai(x) . ApOR(x)

- pUL
However, by [urther manipulating Egs. (18) and (19), independent equations may be derived for
the upwash difference coeflicient and the unsteady pressure difference correction coeflicient. First,
substitute
seAVE ik 1 Ai* Aﬁ' Aﬁ;ATT ApnCOI

T — - — d =
U-m Utl\ 2 UQ p'I\U.zn p-hUi, p'bu.zn
into Eq. (18). The result is:

* 1 Aﬁ‘ A ﬁuATT

result to obtain integral equations for and

~oCOR it ]
AT AT
v, 20, p.U% p.UL U,

In the attached flow region of the airfoil, Eq. (21) is valid, with the only unknown being the attached
flow unsteady pressure difference

T K* Aﬁurr

(20)

Uy poUL’
An equation for the separated flow unsteady pressure difference correction coeflicient is obtained
by subtracting Eq. (21) from Eq. (20)

s#COR o*
Ap — = (4" - Ct).év_.. (22)
pﬂ) L UQ
In this equation, both the unsteady pressure difference correction coefficient and the upwash

difference coefficient are unknown. Therefore, another equation is needed.
Rewriting Eq. (19) yields the following

ﬁ* 1 Aﬁ"‘". ( 1 )AﬁaCOR AP*
LI Oy § [ =|L*+~ +M*—. 23
paUL ( +z)m.JJ?., 2) .08 T UL *)

Equation (22) is solved for A7*/U ,, which is then substituted into Eq. (23). The resulting equation
leads to the following independent equation for the unsteady pressure difference correction
coefficient

@n

AﬁaCOR ( 1 - )Aﬁ"‘" N ﬁ'
K* ={ T*—-K* +(K*-0"* r_ 24

PU3 2 mi,(‘Q)oUi 24
where

.2  d
T‘=l—'—; Q‘=£—; and K?= L .
A* A* 2A4*

An equation for A*/U , is obtained by substituting Eq. (22) into Eq. (19)
Ai* o AP*TT o P
—=—=(0*+K?) +2K? ——-. 25)
Uw prn Ui Po Uzn

The Fourier inversion may now be performed for both the attached flow solution, Eq. (21), and
the separated flow correction, Egs. (24) and (25).

SATT
The Fourier inversion for the attached flow, Eq. (21), noting that AEU—EO = 0 off of the airfoil,
is given in Eq. (26), . Poly
o.(x) ¢ APATTQ) . 1+ .
U, = g K(x —Omdc, where K(n)= o -L K* exp(ivn)dv. (26)
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Notc that this is the same attached flow equation as obtained by Smith (1972) when diffcrences in
potation are taken into account.
The Fourier inversion of the separated flow equation is:

. cor - (. ATT,
{ K ')A" O {Tu-c)—;K,(x-n}A" Wy
LL P 0 LL b m o,
+ I'"{R.(x-o-mx-c)} ”*“Z £, @)
LL ., U*
where '

+un l LT 1) N l + -
T(n) = -l— I T*explivg)dv, Q) =— I Q*explivp)dv. Kin)=— j K*exp(ivn)dv.
2r Ca 2n “x 2n o €
LL = Lower Limit (10 be determined) and T(n), Q(n) and l("(q) are evaluated in the Appendices.
The inverse transform of the upwash differences, Eq. (25), is

AB(x) Ap‘"(()
U Y oY o

l -
= - [ {Qx={) + K(x=0)} df ~ R(x), (28)

where R(x)= | K.(x—{)7d{ and is presented in the appendix.

Xg
The cascade unsteady pressure difference correction equation becomes

COR 1 ATT ®
;1« -C)A" Oy =§ {T( —o—-Kc( —:)}A” “’dc—-;- T {R(x~0) = Q(x—0)FdL.

29

The upper limits of + o are undesirable since A“°*({)/p, U2, will be obtained by collocation.
To eliminate this problem, this equation is rewritten by breakmg the first and third integrals into
integrals from{=x,to{=1landfrom{=1to{= + o

1 A-COR A-COR
!K(x— :QU(S)JC_’_ ; 0 14 Ui() C
[} . | ApATT(C) 1 1 . . -
= | {T(x—s)—-K.(x—C)} o U2 —5! K (x={—Q(x—{)}7dC
-*i I {Rix=0) - Q(x=])}FdL. (30)
As x,— 1, the integrals with upper limit of 1 become zero. Then
T xu—o“”co'“’ d= -1 T {Rx-0-Qx—054t
T U2 T2 Kol e,

Since both of these integrals are independent of x,, they must be equal for all x,. Subtracting these
from Eq. (30), the final cascade separated flow unsteady pressure difference correction equation is
obtained

Aﬁ“’"(C)

W(x)= j K(x- d, (31

Peo;,

where
AF*TT()
2

Ll ]

W)= | {m—o—%kcu—o} &1 | (Rix~0 - Qux—0) 7

Xs

10
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Once the attached flow solution is detcrmined from Eq. (26) and the cavitation number specified,
Eq. (31) is solved by collocation Lo obtain the scparated flow unstcady pressure difference correction
cocfficient.

4 Unsteady acrodynamic lift and moment coefficients

The unsteady lift coefficient. positive in the + y direction, is defined as
=__ L __ [ A0,

" U 2C 0pUS 2
Subsmulmg Eq. (36) into l'.‘.q. (35) and noting that the unsteady pressure difference correction is
zero upstream of the separation point, leads to Eq. (37):
Ap() - Ap*TT() + AFR(E)
p UL p UL p,US

(35)

(36)
- - _ N L AGATT _ L AFCOR(
CiEr=C{TT+C°%, where C}""= - IA————p © df and Cf‘”‘=—jAp i")
[+] pm ® X3 p(b X

The unsteady moment coefficient, positive counterclockwise about an elastic axis at the leading
edge, is defined as

;. (3D

d;. (38)

Substituting Eq. (36) into Eq. (38) yields:
Aﬁco“(()

_ - ATT
CSEP = GATT 4 ESOR, where CATT = — {CA: U(C)dc and CSOf = Ic

(39

5 Results

The mathematical model developed herein is utilized to demonstrate the effects of flow separation
on the unsteady aerodynamics of an harmonicaily oscillating flat plate cascade in a subsonic flow
field. The attached flow part of the model predictions are obtained from the Smith code (1987). It
predicts the unsteady pressure difference coeflicient and the cascade translation and torsion mode
unsteady aerodynamic lift and moment coefficients. The separated flow part of the model uses the
attached flow results to analyze the separated flow unsteady pressure difference correction coeflicient,
the unsteady aerodynamic lift and moment correction coefficients, and the upwash difference
coefficient for a specified separation point location and cavitation number. Note that for the results
presented herein, a zero cavitation number is considered. The separated flow unsteady aero-
dynamic lift and moment coeflicients are then added to the attached flow values to obtain the
separated flow coeflicients.

The effect of flow separation on the magnitude and phase of the cascade bending mode
unsteady pressure difference coeflicient is shown in Figs. 2 and 3. A leading edge flow separation
point decreases the magnitude of C,, by a factor of approximately two. Also, the attached and
separated flow phase angles of C,, are not equal.

Figure 4 shows the magnitude of the bending mode upwash difference coefficient with leading
edge flow separation for an isolated airfoil and an airfoil cascade. Recall that the upwash difference
coefficient is zero for attached flow. Note that the upwash difference coeflicient is not zero
downstream of the trailing edge for either the isolated airfoil or the cascade, as was assumed by
Chi (1980, 1985). The fact that a nonzero constant value is approached downstream of the trailing

1
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Figs. 4 and 5. Magnitude of bending mode upwash difference coeflicient 4 for leading edge flow separation: 8 for midchord
flow separation

edge is consistent with the assumption that the separation wake extends to downstream infinity.
Midchord flow separation, Fig. 5, tends to produce a more rapidly changing upwash difference
coefficient magnitude than does leading edge separation. Again, the upwash difference coefficient
does not become zero downstream of the trailing edge. Also, the separated flow upwash difference
magnitude for both the isolated airfoil and the cascade exhibit a sharp dip near 60°; chord. Both
the real and imaginary parts of the upwash difference coefficient are smooth in the region of 60°;,
airfoil chord, with this dip being caused by the real part of the coeflicient passing through zero at
this point.

The effects of leading edge flow separation on the bending mode suction surface upwash
velocity distribution are shown in Figs. 6 and 7 for an isolated airfoil and an airfoil cascade. The
attached flow results are the same for both the isolated airfoil and the cascade since both upwash
velocities are equal to the airfoil surface velocity. The cascading effects are shown by the differences
between the isolated airfoil and cascade separated flow upwash distributions. In Fig. 7 the
separated flow curve for the isolated airfoil is identical to the attached flow curve.

To demonstrate the effects of flow separation on bending mode stability, the complex unsteady
lift coeflicients are calculated using ten collocation points for a cascade with solidity of one and a
stagger angle of 60 degrees. In particular. Figs. 8 through 13 show the attached flow, midchord
flow separation, and leading edge flow separation complex bending mode lift coefficients for inlet
Mach numbers of 0.0 and 0.5, with interblade phase angle and reduced frequency as parameters.
It should be noted that the Mach 0.5 unsteady lift coeflicients change rapidly near the acoustic
resonance conditions. Thus a smaller range of interblade phase angle values is considered for Mach
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Figs. 6 and 7. 6 Real part of bending mode suction surface upwash velocity for attached flow and leading edge separation.
7 Imaginary part of bending mode suction surface upwash velocity for attached flow and leading edge separation

0.5 than for Mach 0.0 to avoid these resonances. Also, a positive value of the real part of C,,
indicates a bending mode instability when there is no mechanical damping.

With attached flow, the cascade is stable for all interblade phase angles and reduced frequencies
for both values of the inlet Mach number. As the region of flow separation increases, i.e., as the
separation point moves from the midchord to the leading edge, the unsteady lift coefficient reduced
frequency contours decrease in size and shift to the right, although remaining in the stable range.
Thus, flow separation, although not resulting in bending mode flutter, does decrease the bending
mode stability of the cascade.

For the case of torsional flutter, stability is determined from the imaginary part of the unsteady
moment coeflicient. In particular, for zero mechanical damping, a torsion mode instability exists
whenever Imaginary (C,,.) 2 0.0, with the flutter reduced frequency defined as the value at which
Imaginary (C,,,) = 0.0. To demonstrate the effects of flow separation on torsion mode stability, a
baseline cascade with a solidity of one and a stagger angle of 60 degrees is considered.

The baseline cascade with attached flow is unstable for certain interblade phase angle values
and elastic axis locations. The flutter boundary interblade phase angle, i.c., the interblade phase
angle which yields the largest range of reduced frequencies for which flutter is possible is shown
as a function of elastic axis location in Fig. 14 for inlet Mach numbers of 0.0, 0.3, and 0.8. Utilizing
these interblade phase angle values, Fig. 15 shows the attached flow flutter boundaries of the
baseline cascade in the form of reduced frequency for flutter as a function of elastic axis location,
with Mach number as a parameter. Each curve represents the neutral stability boundary, with the
airfoils being unstable at reduced frequencies below the curve and stable for reduced frequencies
above the curve. Note that a decreasing flutter reduced frequency corresponds to an increasing
value of U, for which flutter is just possible. Increasing the Mach number is seen to enhance the
cascade stability, indicated by the decreased unstable reduced frequency range.

The effects of flow separation on torsional flutter are demonstrated by determining the flutter
boundaries of the baseline cascade with attached flow and with flow separation at midchord, 10%;,
chord, and at the leading edge. These results, generated by varying the reduced frequency and
utilizing the previously determined attached flow flutter boundary interblade phase angle values,
are presented in the form of torsional flutter boundary versus elastic axis location for inlet Mach
numbers of 0.0, 0.3, and 0.8, with separation point location as : parameter, Figs. 16 through 18.

Torsion mode stability is seen to be a function of the location of both the separation point and
the.elastic axis. Midchord flow separation produces a larger range of frequencies for which flutter
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may occur than does attached flow for elastic axis locations in the range of 20%; to about 65°,
chord for all Mach numbers. This indicates decreased cascade stability for these elastic axis
locations. For elastic axis locations aft of about 65°; chord, midchord flow separation tends to
have a stabilizing effect for all Mach numbers.

Flow separation at 10% airfoil chord has a destabilizing effect for elastic axis locations from
20%, to about 40%, chord, and a stabilizing effect for elastic axis locations greater than about 407,
chord.

Leading edge flow separation has a stabilizing effect for all elastic axis locations. It should be
noted that a considerable part of the torsional unsteady moment coefficient value is derived from
the singular nature of the unsteady pressure distribution in the airfoil leading edge region. For the
cases of flow separation of 10%; and 50°; chord, the unsteady pressure distribution is unaffected
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Figs. 14 and 15. 14 Interblade phase angles for torsional flutter boundary, 15 torsional flutter boundary for attached flow.
{S$/C =1.0 and 0 =60 degrees) .

by the flow separation in the region near the leading edge, whereas for leading edge flow separation
the entire unsteady pressure distribution is affected.

As for the attached flow flutter boundaries, increasing the Mach number enhances the separated
flow cascade stability, indicated by the decreased unstable reduced frequency range.

It is generaily expected that flow separation would decrease the torsion mode cascade stability.
As previously stated, the results obtained from the separated flow analysis developed herein
indicate that the stability is a function of the location of both the separation point and the elastic
axis. However, it should be noted that this analysis is based on quite restrictive assumptions. A
zero mean incidence angle is considered, thereby eliminating the nonlinear features of the attached
and separated flow fields. Also, the separation point location is fixed throughout the cycle of airfoil
oscillation. In reality, the flow may separate and reattach during each cycle of airfoil motion
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creating hysteresis effccts in the torsional unsteady moment coefficient. Finally, the scparation
region may be lurge and partially block the flow passage. thereby affecting the flow field upstream
of the separation point. If these restrictions were removed (rom the model, it might be found that
flow separation tends to always decrease cascade stability.

Finally, comparisons of the results obtained with the model developed herein and those
developed by Perumal (1975) and Chi (1980, 1985) are considered for an airfoil cascade executing
harmonic torsion mode oscillations in an incompressible flow. The comparison with the Perumal
model predictions of the magnitude of the unsteady moment coeflicient versus separation point
location are shown in Fig. 19. The analysis developed herein predicts a smoothly varying moment
coeflicient with separation point location, as expected based on the model assumptions. In
contrast, the Perumal model yields widely varying and probably unrealistic results. Fig.20 shows a
comparison of the results obtained with the mode! developed herein and that of Chi with flow
separation at 25% and 507, airfoil chord. The Chi model predicts larger changes in the imaginary
part of the moment coeflicient as the separation point location is moved from 257 to 507; airfoil
chord than does the present anlysis.

6 Summary and conclusions

A mathematical mode! was developed to predict the effect of flow separation on the unsteady
aerodynamic lift and moment acting on two-dimensional flat plate airfoils and cascades which are
harmonically oscillating in a subsonic flow field. The unsteady flow was considered to be a small
perturbation to the uniform steady flow, with the steady flow assumed to separate at a specified
fixed position on the suction surface of the airfoils. In this formulation, the difference in the upwash
velocity across the airfoil in the separated flow region was not required to be determined before
calculating the unsteady pressure difference across the chordline of the airfoils, thereby eliminating
the assumption that the upwash difference is zero at the trailing edge when the steady flow is
separated.

This model was then used to investigate the effect of flow separation on bending and torsion
mode cascade stability. In the bending mode, the effects of airfoil leading edge and midchord flow
separation on the unsteady acrodynamic lift coefficient for several reduced frequency and interblade
phase angle values were considered for inlet Mach numbers of 0.0 and 0.5. In the torsion mode,
the effects of airfoil leading edge, 107, and 50, chord {low separation on the cascade flutter
boundary as a function of the elastic axis location were considered for inlet Mach numbers of 0.0,
0.3, and 0.8. These results demonstrated that although flow separation does decrease the bending
mode stability, it does not result in flutter. In the torsion mode, however, flow separation can lead
to flutter, with the cascade torsional stability being a function of both the location of the separation
point and the elastic axis.
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Appendix A

The functions T(x), @(x) and If,(x) are evaluated by the residue theorem of complex variables.
These functions are given in Eqs. (A1) through (A3).

ikM? x
“"{ F } {(Hssn(xn

T(x) = 2

£X(x) + sgn(x) f ¥u(x) + sgn(x) ) r, .(x)} (AD)

2 me=1 =0, 1.£2....
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kM3 x
iexp {__!’_}
. {(l +sgnlx)) o

Qlx)= ~ >n

+ sgn(x) i Yulx)+sgnix) ¥ T, .(x)}
2 .ol e=0,t0.22....
(A2)

ikM? x
exp{ B } 1 +sgn(x) d
S { > — £(x)+sgn(x) Y 'I’.(x)} ' (AJ)
oy

K{x)= -
where

in? P 20x
Qx) = — Mk 1200 (k) sin’(2ed — d)¢’

{cosh(hk) — cos(2od — 8)}? '

() a3 (z0d — )=
e
{Bhx + ©,)tan(ih) + 2d + Ok} [ hg(z)e
@-o, ‘(2.+§) - e.)J(:-.a-;"‘;)z
9(Z,)= {(f. + 7;%)«,12 - 02) - A, tan(ji,h) — O,(d ~ 6,)tan*(ii,h)) +(d - 6,) tan(ﬁ.h)}

k kM*d
zos ——— daa’-——-&'
B A

ren (B ()]
" 2 [ Y dz

wq(x )=

[(x)=

n..""am;nz, m=1,23,.., z..='-s§2-(ﬁt'—', m=1,23,...

Bh

yh=Z,d+(2nn—g),
n=0,+1+2,...

d*uh
.a—-—z-

=¥, Z

A 2

Note that:
- | i 1
K*=— and K*= = .
<S4 24°— B —C* 24°—(B* + C%)
For zero stagger angle and ninety degree interblade phase ang! (B* + C*) =0 so that K* = If;.

The function K.ix) is found to give identical values, to six digits right of the decimal point, to
Smith’s function K(x) evaluated at the special case just described.

Appendix B .
The function R(x) is obtained by evaluating Eq. (B1) by analytical integration, Eq. (B2).
Rx)= | Rix~0fdL. (B1)
Ro=i] § {Lo st ] + L) e ! (82)
m=} (4, b. 2
where
2

f L] = - (p-h) ,hk (]

ZhP,,( P+ 53—)
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Rotor Blade Unsteady

S. R. Manwaring'

S. Flester

Aerodynamic Gust Response to
Inlet Guide Vane Wakes

A series of experiments is performed in an extensively instrumented axial flow

Thermal Sciences and Propuision Center,
School of Mechanical Engineering,
Purdue University,

West Latayette, IN 47907

research compressor to investigate the fundamental flow physics of wake-generated
periodic rotor blade row unsteady aerodynamics at realistic vulues of the reduced
Jrequency. Unique unsteady data are obtained that describe the fundamental un-
steady aerodynamic gust interaction phenomena on the firsi-stuge rotor blades of

a research axial flow compressor generated by the wakes from the inlet guide vanes.
In these experiments, the effects of steady blade aerodynamic loading and the
aerodynamic forcing function, inciuding both the transverse und chordwise gust
components, and the amplitude of the gusts, are investigated und quantified.

Introduction

Periodic aerodynamic excitations generate unsteady aero-
dynamic forces and moments on turbomachinery blading. At
the resonance conditions where the aerodynamic excitation
frequency matches a blade natural frequency, catastrophic vi-
brational responses of the blading may occur. In the design
process, Campbell diagrams are utilized to predict the occur-
rence of the resonant conditions in the operating range of the
blade row. Unfortunately, accurate predictions of the ampli-
tude of the blade vibration at these resonances cannot currently
be made due to the inability of mathematical models to predict
the unsteady aerodynamics accurately, i.c., the acrodynamic
forcing function 10 the biade row and the resulting unsteady
aerodynamics acting on the blading. As a result, empirical
correlations are currently used to indicate the blade row re-
sponse to an excitation, with varying degrees of success.

On a first principles basis, forced response unsteady aero-
dynamics are analyzed by first defining the forcing function
in terms of harmonics. The periodic response of an airfoil row
to each harmonic is then assumed to be comprised of two
components. One is due to the harmonic components of the
unsteady aerodynamic forcing function being swept past the
nonresponding airfoil row, termed the streamwise and trans-
verse gust responses. The second, the self-induced unsteady
aerodynamics, arises when a vibrational response of the airfoil
row is generated.

The gust and motion-induced unsteady acrodynamic models
involve many physical and numerical assumptions. Therefore,
experimental modeling of the fundamental distortion and wake-
generated blade row periodic unsteady aerodynamic response,
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Contributed by the Internationsl Gas Turbime Institute and presentad st the
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including both the forcing function and the resulting blade
row unsteady ics, is needed for validation and en-
hancement of theoretical and numerical inodels.

Unsteady aerodynamic gust experiments of direct interest to
turbomachines have been performed in low-speed research
compressors. Fleeter et al. (1978, 1980) investigated the effects
of airfoil camber and rotor-stator axial spacing on the unsteady
aerodynamics of a stator vane row of a single-stage low-speed
research compressor. Capece et al. (19%6) and Capece and
Fleeter (1987) performed measurements in a three-stage low-
speed research compressor to investigate the effect of steady
airfoil loading and detailed aerodynamic forcing function
waveshape on the unsteady aerodynamic response of a stator
vane row. Gallus et al. (1980) performed raecasurements at the
midspan of a low camber vane of a single-stage axial flow
compressor. The unsteady lift coefficier. s corresponding to
the first five harmonics of rotor blade wak - passing were meas-
ured with five transducers embedded in =ch vane surface.

Gust experiments performed in rotor Eiade rows include the
following. With regard to inlet flow distu:ions, O'Brien et al.
(1980) utilized six dynamic pressure tranviucers embedded on
each rotor blade surface to measure the v.:ready aerodynamic
response to a distorted inlet flow field. H-.wever, the periodic
rotor blade row inlet flow field was not :aeasured and, thus,
the unsteady aerodynamic gust forcing f-.-ction was not quan-
tified. Hardin et al. (1987) measured luw reduced frequency
oscillating airfoil aerodynamics on the r-ror of a single-stage
compressor and also stated that they p=Jormed similar dis-
tortion experiments, although the resuit: vere not presented.

Manwaring and Fleeter (1989, 1991) rperimentally inves-
tigated the unsteady aerodynamic rotes slade row gust re-
sponse generated by low reduced frequemcy inlet distortions
and wake type disturbances. The major idvantage of rotor-
based unsteady gust experiments over -.ationary blade row
experiments is that the unsteady aerodyrunic forcing function
is located in the stationary reference !-yme. This enables a
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wide range of forcing function to be more easily generated,
without large detrimental effects on compressor overall per-
formance.

In this paper, the rotor blade row fundamental unsteady
aerodynamic flow physics generated by period wakes are in-
vestigated at realistic values of the reduced frequency. In par-
ticular, the effects of the detailed unsteady aerodynamic forcing
function, including both the transverse and chordwise gust
components and the gust amplitude, as well as steady aero-
dynamic loading on the unsteady aerodynamic gust response
of the first-stage rotor blade row, are investigated. This is
accomplished by means of a series of experiments performed
in an extensively instrumented axial flow research compressor.
Unique unsteady aerodynamic data are obtained that describe
both the detailed unsteady aerodynamic forcing function gen-
erated by the wakes from the IGVs and the resulting first-stage
rotor blade row unsteady aerodynamic gust response.

In these experiments, the primary data obtained define the
midspan chordwise distributions of both the steady and un-
steady pressure on the rotor blade surfaces, with the aerody-
namic forcing function generated in the stationary reference
frame. These forcing functions are measured with a rotating
cross hot-wire probe, with these data then analyzed to deter-
mine the streamwise and transverse velocity components. u*
and v°, shown in Fig. 1. The resulting unsteady aerodynamic
gust generated rotor blade surface unsteady pressure chordwise
distributions are measured with embedded uitraminiature high-
response dynamic pressure transducers. The blade surface

Nomenclature

Tebie t  Oversll sirfoll and compressor characieristics

ROTOR STATOR iy
Aisfoil type (&} 4 4
Number of Airfoils 43 ] L)
Clawrd, € (v} W R 1} L 1
Solubity, C/S 1.44 1.9 (111
Cansher, O w0 27 WY
Stagger Angle. Y 6.0 Wwa Mo
tndet Metal Angle. |4 LOY] W 0na
Aspwect Ratin M 20 A
ThwknessA hond (3) 104 — oy [{10]
Flow Rate thg/s) xn
Pesipn Anial Veleny (nvs) M4
Deapn Rotatwnal Speed (RPMY 2%
Nunvwer of Stages ]
Devpn Stage Pressun: Ratio 10
ket Tig §Hanweter (nmng 420
HutvTip Radws Ratio (IR B
Stage Lificiency (%) XS

steady pressure chordwise distributions are measured with blade
surface static taps ported to a rotor-based Scanivalve system.

Research Compressor

The Purdue Axial Flow Research Compressor models the
fundamental turbomachinery unsteady aerodynamic multi-
stage interaction phenomena, which include the incidence an-
gle, the velocity and pressure variations, the aerodynamic forc-
ing function waveforms, the reduced frequency, and the
unsteady blade row interactions. The compressor is driven by
a 1S hp dc-electric motor at a speed of 2250 rpm. Each identical
stage contains 43 rotor blades and 31 stator vanes having a
British C4 airfoil profile, with the first-stage rotor inlet flow
field established by a variable setting inlet guide vane (IGV)
row of 16 airfoils. The overall compressor and airfoil char-
acteristics are defined in Table 1.

The compressor aerodynamic performance is determined
utilizing a 48 port Scanivalve system, thermocouples, and a
venturi orifice to measure tiie required pressures, temperatures,
and flow rate, respectively. The Scanivavle transducer is cal-
ibrated each time data are acquired, thus automatically com-
pensating for zero and span shifts of the transducer output.
A 95 percent confidence interval, root-mean-square error anal-
ysis of 20 samples is performed for each steady data meas-
urement.

Instrumentation

Both steady and unsteady rotor blade row data are required.
These are acquired with the rotor-based instrumentation sys-
tem schematically depicted in Fig. 2. The steady data quantify

rotor blade semichord

ro‘_tof blade steady loading =
So (EP- pressure ‘Ep.miu)dx
rotor blade steady pressure
coefficient

rotor blade unsteady pressure
coefficient

rotor blade unsteady pressure
difference coefficient
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rotor blade mean incidence an-

gle -
reduced frequency = wb/V,
digitized ensemble-averaged
unsteady pressure

rotor blade surface steady
pressure

first harmonic complex un-
steady pressure

streamwise gust first harmonic
component

60
Ve
AV
aw
8
ag
w

transverse gust first harmonic
component

mean axial velocity

absolute velocity vector differ-
ence from mean value

total unsteady velocity
relative mean flow angle
relative flow angle difference
from mean value

fo;cing function frequency,
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Fig. 2 Rotor-based instrumentation

the rotor row mean inlet flow field and the resulting rotor
blade midspan steady loading distribution. The unsteady data
define the periodic aerodynamic forcing function and the re-
sulting midspan blade surface periodic unsteady pressure dis-
tributions. .

The inlet flow field, both steady and unsteady, is measured
with a rotating cross hot-wire probe. Disturbances in the sta-
tionary frame of reference, i.c., the IGV wakes, are the un-
steady aerodynamic forcing functions to the first-stage rotor
row. The rotor periodic unsteady inlet flow field generated by
these disturbances is measured with a cross hot-wire mounted
in the rotor frame of reference. The probe is axially mounted
30 percent of rotor chord upstream of the rotor leading edge
plane. A potential flow field analysis determined this axial
location to be such that leading edge potential effects are neg-
ligible for all steady loading levels. The probe is angularly
aligned to obtain rotor relative velocity and flow angle data.
The cross hot-wire probe was calibrated and linearized for
velocities from 18.3 m/s to 53.4 m/s and +35 deg angular
variation, with the accuracy of the velocity magnitude and
flow angle were determined to be 4 percent and x1.0 deg,
respectively. Centrifugal loading effects on the rotating hot-
wire sensor resistances and, thus, the responses, were found
to be negligible.

The detailed steady aerodynamic loading on the rotor blade
surfaces is measured with a chordwise distribution of 20 mid-
span static pressure taps, 10 on each surface. The static pressure
at the rotor exit plane, measured with a rotor d-am static tap,
is used as the blade surface static pressure reference. These
static pressure measurements are made using a rotor-based 48
port constant speed drive Scanivalve system located in the rotor
drum.

The measurement of the midspan rotor blade surface un-
steady pressures is accomplished with 20 ultraminiature, high-
response transducers embedded in the rotor blades at the same
chordwise locations as the static pressure taps. To minimize
the possibility of flow disturbances associated with the inability
oi the transducer diaphragm to maintain the surface curvature
of the blade exactly, a reverse mounting technique is utilized.
The pressure surface of one blade and the suction surface of
the adjacent blade are instrumented, with transducers em-
bedded in the nonmeasurement surface and connected to the
measurement surface by a static tap. The embedded dynamic
transducers are both statically and dynamically calibrated. The
static calibrations show good linearity and no discernible hys-
teresis. The dynamic calibrations demonstrate that the fre-
quency responses, in terms of gain attenuation and phase shift,
are not affected by the reverse mounting technique. The ac-
curacy of the unsteady pressure measurements, determined
from the calibrations, is =4 percent.

The rotor-based static pressure Scanivavle transducer, ro-
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tating cross hot-wire probe, and 20 blade su:face dynamic
pressure transducers are interfaced to the stationary frame-of.
reference through a 40 channel slip ring assembly. On-board
signal conditioning of the transducer output signals is per-
formed to maintain a good signal-to-noise ratio through the
slip rings. The remaining 17 channels of the slip-ring assembly
are used to provide excitation to the transducers and on/off
switching to the Scanivalve d-c motor.

Data Acquisition and Analysis

Steady Data. The rotor blade surface static pressure data,
measured with the rotor-based Scanivalve system, are defined
by a root-mean-square error analysis of 20 samples with a 95
percent confidence interval. The reference for these midspan
blade pressure measurements is the static pressure at the exit
of the rotor measured in the rotor drum. Thus, the blade
surface and the reference static pressures are measured at dif-
ferent radii. Hence, a correction for the resulting difference
in the radial acceleration is applied in calculating the blade
surface static pressure coefficient:

E =F:'T:em
v »

where U, is the rotor blade tip speed.

Periodic Data. The periodic data of interest are the har-
monic components of the acrodynamic forcing function to the
first-stage rotor blade row together with the resulting rotor
blade surface unsteady pressures and unsteady pressure dif-
ferences. These are determined by defining a digitized ensem-
ble-averaged periodic unsteady aerodynamic data set consisting
of the rotating cross hot-wire probe and blade surface dynamic
pressure transducer signals at each steady operating point. In
particular, these time-variant signals are digitized with a high-
speed A-D system at a rate of 100 kHz and then ensemble
averaged

The key to this averaging technique is the ability to sample
data at a preset time, accomplished by an optical encoder
mounted on the rotor shaft. The microsecond range step volt-
age signal from the encoder is the data initiation time reference
and triggers the high-speed A-D multiplexer system. To reduce
significantly the random fluctuations superimposed on the pe-
riodic signals of interest, 200 averages are used. A Fast Fourier
Transform (FFT) algorithm is then applied to these ensemble-
averaged signals to determine the harmonic components of the
unsteady aerodynamic forcing function and the resutiing rotor
blade surface harmonic unsteady pressures and pressure dif-
ferences.

The unsteady inlet flow field to the rotor row is measured
with the rotating cross hot-wire probe, which quantifies the
relative velocity and flow angle. The velocity triangle relations
depicted in Fig. 1 are then used to determine the unsteady inlet
flow field to the rotor, in particular, the streamwise and trans-
verse velocity components, u* and v*, respectively. These are
then Fourier decomposed to determine the first harmonic of
the streamwise and transverse velocity components, termed the
streamwise and transverse gust components, 2* and .

The various unsteady acrodynamic gust mathematical models
reference the gust-generated airfoil aerodynamic response to
a transverse gust at the leading edge of the airfoil. However,
in the experiments described herein, the time-variant data are
referenced to the initiation of the data acquisition shaft trigger
pulse. Thus, for consistency with the models, the periodic data
are further analyzed and referenced to a transverse gust at the
leading edge of the first stage rotor blade. This is accomplished
by assuming that: (1) the acrodynamic forcing function remains
fixed in the stationary reference frame: and (2) the forcing
function does not decay from the rotating hot-wire probe axial
location t0 the rotor row leading edge plane.
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Fig. 3 Steady pressure chordwise distributions for five steady loading
levels

The rotor blade surface unstcady pressure data, measured
with the embedded high response pressure transducers, are
analyzed to determine the harmonics of the chordwise distri-
bution of the unsteady pressure coefficient, C,, and the un-
ste.- v pressure difference coefficient, C,,. These are defined
in £.5. “2) and arc specified from the Fourier coefficients of
the w.gitized ensemble-averaged dynamic pressure transducer
signais.

c,,=-——%— @)

v CAAY

g V'(n)"
Cs.\pgcp.amwn‘ pLsuctson (2b)

where &~ is the first harmonic_transverse gust component, V.
is the mean axial velocity, and g is the relative mean flow angle
in rad.

The final forms of the gust-generated rotor blade row un-
steady aerodynamic data define the chordwise distribution of
the harmonic complex unsteady pressure and pressure differ-
ence coefficients. Also included as a reference are predictions
from the transverse gust analysis of Smith (1971). This model
analyzes the unsteady aerodynamics generated on 2 flat plate
airfoil cascade at zero incidence by a transverse gust convected
with an inviscid, subsonic. compressible flow.

Results

A serics of experiments are performed to investigate and
quantify the effects on the unsteady aerodynamic gust response
of the first-stage rotor blade row due to the detailed variation
of the unsieady aerodynamic forcing function generated by
the IGV wakes. Forcing function effects include both the trans-
verse and chordwise gust components, defined by the ratio of
the amplitudes of the first harmonic streamwise-to-transverse
gust components, |i4°/6” |, and the gust amplitude, defined
by the ratio of the first harmonic transverse gust magnitude
1o mean axial velocity, 15~ /V,|. The ratio of the streamwise-
to-transverse gust amplitude, 1~ /9" |, was varied by changing
the IGV setting angle. The level of steady aerodynamic loading,
characterized by the mean incidence angle, was varied as a
paramcter. The variation in the rotor blade steady loading was
obtained by holding the rotor speed constant and varying the
mass flow rate and, thus, the mean flow incidence angle 10
the rotor blade row,

Periodic Aerodynamic Forcing Function. Four distinct 36-
per-revolution aerodynamic forcing functions to the first-stage
rotor blade row are generated, characterized by nominal first
harmonic streamwise-to-transverse gust amplitude ratios of
0.29, 0.37, 0.45, and 0.55. The unsteady aerodynamic gust
generated from the {GV wake first harmonic have nominal
reduced frequency values between § and 6. The Fourier decom-
position of these IGV wake aerodynamic forcing functions to
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Fig. 4 Steady loading effect on biade pressure suriace unsteady re-
sponse for 3 nominal first harmonic (3°/9°) of 0.29

the first-stage rotor row shows a dominant 36-per-rev exci-
tation fundamental harmonic with smaller higher harmonics.
As the gust amplitude ratio increases. the transverse harmonic
gust amplitudes become smaliler while the streamwise harmonic
gust amplitudes becomes larger with respect to the mean axial
velocity.

Blade Surface Steady Pressures. The effect of steady aero-
dynamic loading as characterized by the mean incidence angie
on the rotor blade surface steady pressure coefficient is shown
in Fig. 3. The level of steady loading only affects the stecady
pressure distribution on the pressure surface over the front 40
percent of the chord. On the suction surface, the steady loading
variation has a large effect on the steady pressure distribution
over the entire suction surface. Also, these data give no in-
dication of suction surface flow separation. It should be noted
that these surface steady pressure distributions are not affected
by the characteristics of the periodic unsteady aerodynamic
forcing function.

Rotor Row Periodic Aerodynamic Response. The periodic
aerodynamic responses of the first-stage rotor blade row 10
the IGV wake first harmonic forcing function are presented
in the format of the chordwise distribution of the complex
unsteady pressure coefficient on the individual rotor blade
surfaces as well as the corresponding complex unsteady pres-
sure difference coefficient generated by the 36-per-rev IGV
wake first harmonic forcing function, with the steady loading
level as a parameter.

Pressure Surface Unsteady Pressure. The effect of steady
aerodynamic loading level on the IGV wake-generated first
harmonic complex unsteady pressure distribution on the rotor
blade pressure surface is shown in Figs. 4, 5, 6, and 7 for
nominal streamwise-to-transverse gust amplitude ratios of 0.29,
0.37, 0.45, and 0.55, respectively. The first harmonic gust
amplitude, characterized by 15* / V.| values of approximately
0.1, is small compared to the mean axial velocity.

For each gust amplitude ratio value, the form of the di-
mensionless unsteady pressure coefficient specificd in Eq. (2)
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results in a compression of the unsteady pressure magnitude
data over the entire pressure surface for all gust amplitude
ratios and all but the two lowest steady loading levels. For
these two loading cases, large variations are found in the mag-
nitude data in the neighborhood of the quarter chord, with
these variations decreasing with increasing gust amplitude ra-
tio. This corresponds to the previously noted effects of steady
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loading on the rotor blade surface steady pressure wherein
loading primarily influences the front part of the pressure
surface. Namely, the steady pressure coefficient value for the
rotor drum hub steady pressure coefficient upstream of the
rotor row is approximately —0.24, thereby indicating that the
mean flow field accelerates around the pressure surface leading
edge before decelerating (diffusing) for the two lowest mean
incidence angles, i.e., the steady pressure coefficient decreases
and then increases. :

The level of steady loading has only a minimal effect on the
pressure surface unsteady pressure phase, the exception being
the two lowest steady loading levels in the froat chord region.
Also as 14 /0% | increases, the decrease in phase in the 25
percent chord region becomes less for the two low steady load-
ing levels, while the three highest steady loading levels in the
front chord region and all steady loading levels in the aft chord
region remain relatively unaffected by the gust amplitude ratio.

Suction Surface Unstesndy Pressures. The effect of steady
aerodynamic loading on the IGV wake-generated first har-
monic complex unsteady pressure on the rotor blade suction
surface is shown in Figs. 8, 9, 10, and 11 for the four nominal
gust amplitude ratio values.

The unsteady pressure coefficient magnitude on the entire
suction surface is a strong function of the level of steady
aerodynamic loading. This corresponds to the previously pre-
sented suction surface steady pressure data variation with mean
incidence angle. For all gust amplitude ratios, the front-to-
midchord region data show a decreasing-increasing magnitude
trend with chord, with the minimum magnitude chordwise
location moving forward with increasing steady loading. This
minimum corresponds to the minimum in the steady pressure
chordwise distribution, Fig. 5, wherein the chordwise location
of the change from accelerating to decelerating mean flow
moves forward with increasing mean incidence. Thus, similar
to the pressure surface unsteady response in the front chord
region at negative mean incidence angle, the unsteady gust
interacts with the accelerating mean flow field around the
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suction surface in the front chord region. In the mid-to-aft
chord region, the gust amplitude ratio alters the effect of steady
loading on the chordwise distributions of the unsteady pressure
response. Namely, for the large gust amplitude ratios, a de-
creasing-increasing unsteady pressure magnitude trend with
chord occurs, with the minimum moving forward with in-
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creasing steady loading. As |27 /6" | decreases, this increasing-
decreasing magnitude trend with chord becomes smoother and
the data increase dramatically in magnitude in the aft haif
chord. Thus, for this higher camber suction surface, the mean
flow field interacts with the unsteady gust over the entire blade
surface, with the gust amplitude ratio affecting the response
over the aft half of the surface.
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Nearest to the leading edge, the magnitude data increase
with increasing steady loading level. As noted previously, this
steady loading trend is attributed to the 1GV wake first har-
monic gust interacting with the mean accelerating flow field
around the blade leading edge. Hathaway et al. (1987) have
experimentally demonstrated the interaction of a rotor wake
with a downstream stator row. They found that from ap-
proximately — 20 to 10 percent of the downstream stator chord,
the rotor wake-generated unsteady velocity magnitude in-
creases, with the increase becoming larger as steady loading
increases. This indicates that the wake-generated gust mag-
nitude increases due to the interaction with the accalerating
mean flow field around the blade leading edge.

With regard to the phase of the unsteady pressure, the
streamwise-to-transverse gust amplitude ratio has minimal ef-
fect, with steady loading primarily affecting the phase on the
aft three quarters of the chord. As the mean incidence angle
is increased from the low loading level, the chordwise variation
of the phase data on the aft part of the surface becomes linear,
with the extent of this linear distribution increasing with in-
creasing mean incidence. This linear chordwise distribution
indicates the existence of a wave phenomenon, with a con-
vective velocity equal to the mean axial velocity through the
biade row (20.5 m/s). This mean axial velocity wave phenom-
enon has been experimentally detected by other authors (Fleeter
etal., 1980; Hodson, 1985) but is yet to be physically explained.

Summarizing these blade surface steady loading and gust
amplitude ratio effects, for the low camber pressure surface
in the chorwise region where the mean flow field does not
accelerate, i.e., the mid-10-aft chord region for all sieady load-
ing levels and the front chord region for the three high steady
foading levels, the data compress for all gust amplitude ratios,
indicating that steady loading as characterized by the mean
flow incidence is a key mechanism for the low camber unsteady
aerodynamic wake response. However, in an accelerating mean

Joumal of Turbomachinery

(]
-38° | oA 303|036
-Q2*10Mma {835f v
en| ase
se louz leas| ase
e |oszo]&r2| uar
—— L AT PLATE CASLAE IHEINCTION
e Sty

02D QO
-
%
£

MAGNITUDE lc”.]

UNSTEADY PRESSURE DWFFERDICE COEFFIENT, Cyy,
=
&l
; / i

%0
60 % HOTOR LHHD ‘m
]
i :o“g Pad
3o Nt
- VA |
.9{ :0"/ / III
3 .."’,q‘ / /
f ¥ "' 'I :=
r-74 !
,,./'}J,-‘A,.-_'g_d
ol g
\‘ v.ﬂ
A
L4
. §
Fig. 13 Stesdy locading sffect on pressure ditference

blade unsteady
responss for a nominal first harmonic 19°/¢* | of 0.37

flow field, i.c., the front chord region for the two fow steady
loading levels, mean flow field interactions with the unsteady
gust are also important. As the gust amplitude ratio increases,
this interaction lessens. On the higher camber suction surface,
the interaction between the mean flow field and the unsteady
gust affects the unsteady aerodynamic response over the entire
blade surface for all steady loading levels and streamwise-to-
transverse gust amplitude ratios. Also, the gust amplitude ratio
has a large effect on these interactions over the aft half of the
blade surface.

Unstesdy Pressure Differences. The steady loading effect
on the first harmonic of the complex unsteady pressure dif-
ference across the rotor blade camberline is shown in Figs. 12,
13, 14, and 15 for the nominal streamwise-to-transverse gust
amplitude ratios of 0.29, 0.37, 0.45, and 0.5S, respectively.
Also presented as a reference are the flat plate cascade, inviscid,
u;:s?v;erse gust predictions of Smith (1971) and Whitehead
(1987).

The effects of steady loading on the previously presented
individual pressure and suction surface magnitude and phase
data are still apparent, with the suction surface effects being
dominant. For example, analogous to the high gust amplitude
steady loading trends on the suction surface for the high gust
smplitude ratio, the unsteady pressure difference magnitude
data show two decreased magnitude regions, one in the front
chord region and the other in the mid-to-aft chord region, with
the chordwise location of the magnitude minima moving for-
ward with increased steady Ioadmg Also, the chordwise lo-
cation where the rapid increase in value of the phase data
begins to occur moves forward with increasing steady loading
similar to the suction surface, whereas for the low steady load-
ing level, the phase decreases sharply at 25 percent rotor chord
per the pressure surface trends. Similar to the steady loading
trends in the suction surface aft chord region, as the gust
amplitude ratio decreases, the magnitude data increase.
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difference

These steady loading effects cause the chordwise distriz:ation
of the unsteady pressure difference magnitude and phase data
to differ greatly from the flat plate cascade predictions, with
the magnitude data not just decreasing with increasing chord
and the phase data not remaining nearly constant with chord
per the predictions. The lowest steady loading level, which
most closely approximates the prediction model no loading
condition, shows fair comparison with the magnitude data,
except in chord regions where strong gust interactions with the
steady flow field occur, i.e.. the pressure surface interaction
at 25 percent chord and the suction surface interaction in the
aft chord. The prediction differs from the phase data by ap-
proximately 90 deg over the entire biade except, oncs again,
in the 25 percent and aft chord region.

Effect of Gust Amplitude. The previous results cozsidered
the periodic acrodynamic response of the first-stage rotor blade
row to relatively small amplitude IGV wake first harmonic
gusts, with the ratio of the transverse gust to mean axial velocity
on the order of 0.1. The effect of larger amplitude gusts, 16*/
V.1 on the order of 0.3, on the blade surface unsteady pressure
response, including the effect of steady loading, are presented
in Figs. 16 and 17, where the effect of operation at the five
nominal steady loading levels is also inciuded. In particular,
these figures present the chordwise distribution of the complex
unsteady pressure coefficient on the pressure and suction sur-
faces generated by large amplitude 36-per-rev IGV wake first
harmonic forcing functions.

The effect of the larger amplitude gusts on the pressure
surface unsteady pressure response is demonstrated by com-
paring the high-amplitude gust generated response with tha
resulting from the low-amplitude gust of the same nominal
streamwise-to-transverse gust amplitude ratio value, Figs. $
and 16. Nearly identical unsteady pressure magnitude and phase
responses are shown for both gust amplitudes except in the 25
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percent chord region for the lowest two mean flow incidence
angles. In this front chord region at negative mean flow in-
cidence, the interaction between the accelerating mean flow
field and the unsteady gust is weaker for the larger amplitude
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gust. as evidenced by the decrease in the magnitude and phase
variation.

The effect of large-amplitude gusts on the suction surface
unsteady pressure response is seen by comparing the high and
low-amplitude gust-generated response for equivalent gust am-
plitude ratio values, Figs. 9 and 17. The phase data are un-
affected by the gust amplitude, with the steady loading effect
on the phase chordwise distributions being nearly equivalent.
However, the magnitude data are greatly affected by the gust
amplitude, particularly over the aft three quarters of the sur-
face. The high-amplitude gust magnitude data are greatly de-
creased compared to the low-amplitude gust magnitude data,
with the steady loading effect being greatly reduced. Thus,
similar 10 the pressure surface front chord region at negative
mean flow incidence, the interaction of high-amplitude gusts
with the mean flow is weaker than the interaction of low-
amplitude gusts with the mean flow.

Summary and Conclusions

The rotor blade row fundamental unsteady aerodynamic
flow physics generated by periodic wakes were investigated at
realistic values of the reduced frequency. In particular, the
effects of the detailed unsteady aerodynamic forcing function,
jncluding both the transverse and chordwise first harmonic
gust components and the gust amplitude, as well as steady
aerodynamic loading on the unsteady aerodynamic gust re-

of the first-stage rotor blade row, were investigated
and quantified. This was accomplished by means of a series
of experiments performed in an extensively instrumented axial
flow research compressor.

The rotor blade surface steady loading distributions were
quantified with surface static pressure taps and a rotor-based
Scanivalve system. The aerodynamic forcing function to the
rotor blade row was determined with a rotating cross hot-wire
probe, with the serodynamic gust-gencrated rotor blade sur-
face unsteady pressure chordwise distributions measured with
embedded ultraminiature high-response dynamic pressure

transducers.
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The detailed IGV wake-generated unsieady serodynamic re-
sults of these experiments are summarized in the (ollowing.

Farcing Function

® The IGV wake forcing function shows a dominant 36-
per-rev, with smailer higher harmonic content.

* Steady loading affects the stcady pressure distribution
on the front portion of the blade pressure surface and over
the entire suction surface.

¢  The unsieady gust amplitude ratio and magnitude have
negligible effect on the steady pressure distribution.

Pressure Surface Response

¢ The unsteady pressure phase data are ncarly independent
of the steady loading level and the gust amplitude ratio except
in the front chord region at negative mean (low incidence.

e The selected unsteady pressure nondimensionalization
compresses the magnitude data with regard 10 mean flow in-
cidence angle for each gust component amplitude ratio except
in the front chord region for negative mean flow incidence.

* Increasing the gust amplitude ratio results in weaker in-
teractions between the mean and unsteady (low fields in the
front chord region at negative mean flow incidence.

¢ Large-amplitude gusts reduce this interaction between
the unsteady gust and the accelerating mean flow field.

* The magnitude of the unsteady pressure response on the
blade pressure surface, i.c., the low camber surface, is thus
primarily affected by the level of steady loading as character-
ized by the mean flow incidence angle except in the accelerating
mean flow field of the front chord region at negative mean
flow incidence.

Suction Surface Respouse

¢ The unstesdy pressure phase data are nearly independent
of the gust component amplitude ratio, with increased mean
incidence, resuiting in a linear chordwise distribution, which
corresponds to a wave phenomenon convected at the mean
axial velocity of the flow through the rotor blade row.

e The selected unsteady pressure nondimensionalization
does not compress the magnitude data with regard 1o mean
flow incidence angles.

¢ The mid-to-aft chord magnitude data are a strong func-
tion of the gust amplitude ratio, with the increase in magnitude
with increasing steady loading becoming smaller with increas-
ing gust amplitude ratio.

¢ Large-amplitude gusts reduce these mean flow field in-
teractions with the unsteady gust, similar to the pressure sur-
face.

¢ The magnitude of the unsteady pressure response on the
blade suction surface, i.e., the higher camber surface, is thus
affected by both the steady flow field interactions and the gust
amplitude ratio.

Unsteady Pressure Difference Response

¢ The unsteady pressure difference data reflect the effects
of loading on the pressure and suction surface unsteady data.
with the suction surface effects being dominam.

®  These steady loading effects cause the chordwise distri-
bution of the magnitude and phase data to differ greatly from
the flat piate cascade predictions.

* The lowest steady loading level data were correlated with
flat plate cascade predictions, with the unsteady aerodynamic
response correlation being fair.
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Forcing Function Generator Fluid Dynamic Effects on
Compressor Blade Gust Response

Kuk H. Kim* and Sanford Fleeter?
Purdue University, West Lafayette, Indiana 47907

To investignte the fundamental flow furcing fenction phenomens generating different hinde row gust responses,
in particulur attached and sepursied flow forcing functions. a series of experiments are performed in an
extennively instrumented axisl flow rencarch compresser. In these experiments, the gust ratio magsitude i
contrelied without sffecting the furcing function fluid dynsmics, i.c.. asttached or separated flow ., thereby cunbiing
a cuntrulied study of the offect of stendy londing. Periodic 2-F uastesdy meredynamic forcing functions to the
first stage roter are gencraied by fundamentally cquivalent honeycomb sections und fimt plaic sicfoils. with
uantendy lmear (heory gust requirements considered. Then the resulting roter binde row gust rexpunse is
meanured wver a range of sicady leading levels and the gunt respense dats correiated with the sppropriste lincar
theury predictions. These cxperiments show that the farcing function generstar fluid dynsmics is significant
with regard is the resulting sasteady seredynamic gust response. Alve demonstrated is the decreased correlation
- of the gust respunne data with lincar theury predictions as the steady leading is increased.

Nomenciature

pressure surface compiex unsteady pressure
coefficient
= suction surface complex unsteady pressure
coefficient
steady pressurc coefficient at ith chord
position
= pressure surface steady pressurc

coefficient
= suction susface steady pressure
coefficient
steady lift coefficient
rotor relative flow incidence angle
mean rotor relative flow incidence angle
strecamwise wave number, reduced
frequency
transverse wave number
static pressure at rotor exit
first harmonic of Fourier decomposed
pressure
flow velocity or wheel speed
streamwise gust component
first harmonic streamwise gust component
streamwise to transverse gust ratio
mean axial velocity
transverse gust component
Girst harmonic transverse gust component
mean rotor relative velocity
instantaneous rotor relative velocity
first chordwise position for blude surface
steady pressure measurement
= last chordwise position for blade surface

steady pressure measurement
= absolute flow angle
mean absolute flow angle
= rotor relative flow angle
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B = mean rotor rclative flow angle

AC,. C,, = complex unsteady pressure difference
) coefficient

AC, = steady pressure diffcrence coefficient

Introduction

HE spatial flow nonuniformitics gencrated by inlet guide

vanes, stators vanes. and struts are periodic temporal
variations to downstream rotor blades. These spatial flow
nonuniformities in the stationary frame of reference are sources
of periodic excitation to the rotor blades. When the frequency
of these periodic flow nonuniformitics coincides with a blade
natural frequency. fatigue failure of the rotor blade may re-
sult. thereby compromising engine durability.

The prediction of the flow-induced vibratory response of a
blade row first requires a definition of the unsteady aerody-
namic forcing function in terms of its harmonics. with cach
harmonic independently considered. Thus, even though forc-
ing functions may be generated by a wide variety of funda-
mentally different sources, the forcing functions are assumed
to be equivalent if their harmonics are the same. The unsteady
aeradynamic response of the blade row to each forcing func-
tion harmonic is then assumed to be comprised of two com-
ponents: the disturbance being swept past the nonresponding
airfoils, termed the gust unsteady aerodynamic and the airfoil
vibratory response to this disturbance. referred to as the mo-
tion-induced unsteady aerodynamics or the aerodynamic
damping.

Early treatments of unsteady flow due to periodic gusts
were developed in the linear approximation wherein the mean
flow is assumed to be uniform. In this approximation. the
steady and unsteady flowfields are completely uncoupled from
one another, with the upstream generated periodic gust aero-
dynamic forcing functions convected with the uniform mean
flow. Semianalytical unsteady aerodynamic analyses based on
this linear mode! have been developed for cascades in subsonic
and supersonic flows.'* Such models are currently being ex-
tended to consider unsteadv flows linearized about a4 non-
unifom; mean flow. with the gust interacting with the mean
flow.*-

A number of experiments have been directed at the veri-
fication of such mathematical models and the determination
of their applicability and limitations. As a generalization. it
appears that if the assumptions inherent in these analyswe are
modeled. then the experiments provide data which e
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GV Rotor Stator

Airlold type (o C4 C4
Number of airfoils k 43 3
Chond, C, mm » » 3
Solidiry, €78 0.96 1.4 0.822
Combher, ¢ 369 8.0 217
Stgger anglc. x 210 36.0 -36.0
Inkct metal anglc. 8, 0.0 $0.0 0.0
Aspect ratio 2.0 2.0 2.0
Thicknem/chord. ™ 10.0 10.0 0.0
Axiol spacing (% () IGV/R = (.63 R/S = 0.555/R = .38 -_—
Reynokls sumber x 10 5.0 6.3 6.3

(based ua chord)
Flow rate, kg/s — 2.03 —_—
Desxign axial velocity, m/s — 24.4 —_—
Dcsign rotational speed. rpm — 25 —_—
Number of stages — 3 _—
Design stage pressure ratio — 1.0 —_—
Inlct tip diameter. mm —_— 420 —
Hubtip radius ratio — 0.714 —_—
Stage cfficiency. % — 8s —

agreement with the predictions. However. if actual compres-
sor operating conditions, i.c.. finite camber, steady loading,
and nonzero incidence angle, are experimentaily modeled.
then the data-prediction correlations are not nearly as good.
Of particular interest herein are the experiments performed
by Manwarsing and Fleeter." which investigated the unsteady
response of a rotor blade row 10 two classically
forcing functions. as defined by linear theory. Their
uﬁmnmbdthedepeadencyofthemdyurody
sammic response to a particular forcing function
Lates. mmwm?sm.wofm
gust generator fluid dysamics on resulting blade row re-
Their data attributed the differences in the gust re-
the 2 per rotor revolution or 2-E inlet distortion
and fist plate wakes of Manwaring and Fleeter* to the fluid
dymamics of the gust generators. Namely, the inlet distortion
gust was generated by an attached flow gust, while the flat
plate gust was due to a separated flow gust. However., in these
w.ammneduwydmeeﬂegdmm

?%

dysamics.

In this article, the fundamental forcing function phenomena
Mdym.enemmg&ffenmbhdemmmpomes
are investigated in a controlled manner. including the im-
portant effects associated with the forcing function gust mag-
nitude. This is accomplished by means of a series of experi-
ments directed at the investigation of unsteady aerodynamic

Periodic 2 per rotor revolution or 2-E unsteady aerody-
namic forcing functions to the first-stage rotor row of the
extensively instrumented Purdue Axial Flow Research Com-
pressor are generated by two honeycomb sections and flat
plates instailed in the compressor inlet. These forcing func-
tions are measured with a rotating cross hot-wire, with the
resuiting blade row unsteady aerodynamic gust response
measured with ic pressure transducers embedded in the
blade for steady ioading levels ranging from —3 0 6 deg.
Furthermore, unsteady linear theory gust requirements are
considered. with appropriate gust response data correlated

with predictions from the subsonic unstcady aerodynamic flat
plate cascade analysis of Smith.*

Research Compressor

The Purdue Axial Flow Research Compressor models the
fundamental turbomachinery unsteady aerodynamic muiti-
stage interaction phenomena, which include the incidence an-
gle. the velocity and variations, the aerodynamic
forcing function waveforms. the reduced frequency, and the
unsteady biade row interactions. The compressor is driven by
8 15 hp dc electric motor at a speed of 2250 rpm. Each identical
stage contains 43 rotor blades and 31 stator vanes having a
British C4 airfoil profile, with the first stage rotor inlet flow-
field established by an inlet guide vane (IGV) row of 36 air-
foils. The 2-E unsteady aerodynamic forcing functions are
generated by two honeycomb sections and flat plates installed
180-deg apart in the compressor iniet. The overall compressor
and airfoil characteristics are defined in Table 1.

The compressor aerodynamic performance is determined
nnlmng a 48-port Scanivalve system. thermocouples. and a
venturi orifice {0 measure the required pressures, tempera-
tures, and flow rate, respectively. The Scanivalve transduccr
is calibrated each time data are acquired, thus automaticaily
compensating for zero and span shifts of the transducer out-
put. A 95% confidence interval, rms error analysis of 20 sam-
ples is performed for each steady data measurement.

Instrumentation

Both steady and unsteady rotor blade row data are ob-
tained. The steady data quantify the rotor row mean inict
flowfield and the resulting rotor blade midspan steady loading
distribution. The unsteady data define the periodic aerody-
namic forcing function and the resulting midspan blade sur-
face periodic unsteady pressure distributions.

The inlet flowfield, both steady and unsteady, is measured
with a rotating cross hot-wire probe. The inlet flowfield of
the first-stage rotor row is measured in the rotating frame of
reference by mounting the hot wire on the rotor drum 18.8%
chord upstream and 65% blade spacmg from a rotor blade.
depicted in Fig. 1. The hot wire is oriented for maximum
sensitivity, achieved when the O-deg flow incidence corre-
spmkhlolhepoauonatwhlchtheﬂowanglels45degto
both wires. The hotwire is calibrated for velocities from 21.3
to 62.5 m/s and =40-deg flow angle variations. The uncer-
tainties in the velocity and the flow angle measurements were
determined to be 5% and =0.5 deg. Centrifugal loading cf-
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Fig. 1 Reter instrumentation.

fects on the rotating hot-wire sensor resistances and thus the
responses were found to be negligible.

The detailed steady acrodynamic loading on the rotor blade
surfaces is measured with a chordwise distribution of 20 mid-
span static pressure taps, 10 on each surface. The static pres-
sure at the rotor exit plane, measured with a rotor drum static
up. is used as the blade surface static pressure reference.
These static pressure measurements are made using a rotor
based. 48-port constant speed drive Scanivalve system located
in the rotor drum.

The measurement of the midspan rotor blade surface un-
steady pressures is accomplished with 20 ultraminiature, high-
response transducers embedded in the rotor blades at the
same chordwise locations as the static pressure taps. To min-
imize the possibility of flow disturbances associated with the
inability of the transducer diaphragm 10 exactly maintain the
surface curvature of the blade. a reverse mounting technique
is utilized. The pressure surface of one blade and the suction
surface of the adjacent blade are instrumented, with trans-
ducers embedded in the nonmeasurement surface and con-
nected to the measurement surface by a static tap. The embed-
ded dynamic transducers are both staticaily and dynamically
calibrated. The static calibrations show good lineatity and no
discernible hysteresis. The dynamic calibrations demonstrate
that the frequency response, in terms of gain attenuation and
phase shift, are not affected by the reverse mounting tech-
nique. The maximum error in gain and phase angle were
determined to be 0.60 dB and 1.5 deg, respectively.

The rotor-based static pressure Scanivalve transducer, ro-
tating cross hot-wire probe and 20 biade surface dynamic
pressure transducers are interfaced to the stationary frame-
of-reference through a 40-channel slip-ring assembly. On-board
signal conditioning of the transducer output signals is per-
formed to maintsin a good signal-to-noise ratio through the

slip rings. The remaining 17 channels of the slip-ring assembly

are used to provide excitation to the transducers and
switching to the Scanivalve dc motor.

Data Acquisition and Analysis

Stendy Pressure Data

‘The rotor blade surface static pressure data are defined by
an rms error analysis of 20 samples with a 95% confidence
interval. The airfoil surface static pressures are presented in
terms of a nondimensional steady pressure coefficient. with
the steady lift coefficient calculated by integrating the differ-
ential steady pressure coefficient across the rotor blade chord:

A ~P

T m

Since the blade surface and the reference static pressures
are measured at different radii. a correction is applied 1o the
exit steady pressure to account for centrifugal effects.* The
uncertainty in the steady pressure coefficient was estimated
to be £5.6%.

Periedic Data

The periodic data of interest are the harmonic components
of the aerodynamic forcing function to the first stage rotor
blade row, together with the resulting rotor blade surface
unsteady pressures and unsteady pressure differences. The.e
are determined by defining a digitized ensemble-averaged pe-
riodic unsteady acrodynamic data set consisting of the rotating
cross hot-wire probe and blade surface dynamic pressure
transducer signals at each steady operating point. In partic-
ular, these time-variant signals are digitized with a high-
speed analog-digital (A-D) system at a rate of 20 kHz and
then ensemble averaged.

The key to this averaging technique is the ability to sample
data at a preset time, accomplished by an optical encoder
mounted on the rotor shaft. The microsecond range step volt-
age signal from the encoder is the data initiation time refer-
ence and triggers the high-speed A-D muitiplexer system. To
significantly reduce the random fluctustions superimposed on
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the periodic signals of interest, 200 averages are used. A fast
Fourier transform (FFT) algorithm is then applied to these
ensemble-averaged signals to determine the harmonic com-
ponents of the unsteady aerodynamic forcing function and the
resulting rotor blade surface harmonic unsteady pressures and
pressure differences. Since ensemble averaging adequately
separates the major frequency components, no windowing
functions are applied to the data during FFT.

Fercing Function

The 2-E unsteady aerodynamic forcing functions are gen-
erated by two honeycomb sections and flat plates installed
180 deg apart in the compressor inlet, as illustrated in Fig. 2.
These forcing functions are broadly categorized as attached
flow and separated flow. The forcing function to the first-
stage rotor, the unsteady rotor inlet flowfield. is measured
with the rotating cross hot-wire probe which quantifies the
relative velocity and flow angle. To the rotor, the flow from
the upstream honeycombs or flat plates appear as deficits in
the rotor relative inlet velocity W and fluctuations in the rotor
relative inlet flow angle. Therefore, the total flow consists of
freestream and wake regions, with the instantaneous value of
W increased in the wake region and decreased in the free-
stream. The total rotor inlet relative velocity gust AW is the
vector difference between the instantaneous and mean rela-
tive velocity W. [t has two components, u and v, parallel and

3.
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Fig. 4 Fercing function and streamwise and normal gust component
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normal to the mean flow direction. The gust and its compo-
nents are depicted in the velocity diagram of Fig. 3.

The fundamental frequency of interest is the 2-E forcing
function frequency. Thus. an harmonic analysis is utilized in
the data analysis. ac.omplished by taking the FFT of both
the time variant rotor inlet flowfield and the resulting un-
steady aerodynamic response of the first-stage rotor row. with
only the components at the fundamental frequency or its har-
monics analyzed. Figure 4 shows the streamwise and trans-
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verse gust compunents and their FFT, with the u and v har-
munics denated by o and v, and nondimensionalized by
the mean rotor relative velocity. This Fourier transformed
inlct flow, defined by ¢ ' and v * , is the unsteady acrodynamic
forcing function to the downstream rotor row.

Unntendy Premsure Data

The rotor blade pressure and suction surface unsteady pres-
sare data are analyzed to determine the harmonics of the
chordwise distribution of the unsteady pressure coefficient:

. = ‘2 lI

Co, W )

The unsteady differential pressure cocfficient is determined
by subtracting the unsteady pressure cocfficient on the suction
surface from that on the pressure surface. The uncertainty in
the unstcady pressure cocfficient was estimated to be £6.7%.
The resulting unsteady lift is caleulated by integrating the
unsteady differential pressure cocfficient over the chord. Then
the measured and predicted unsteady lift values are correlated
by means of the unsteady lift ratio. with both the theoretical
and experimental differential pressure coefficients integrated
between the first and last chordwise positions of the experi-
mental data:

b [
c o). a6
Loy = e -

= =
CI.'hmn

= 3
;I" Acp.mm-w dx

Note that if the experimental data are in exact agreement
with the unsteady linear theory prediction. the unsteady lift

- ratio L., will have a magnitude of 1.0 and a phase angle of

0 deg.

Resuits

A series of experiments are performed in the Purdue Axial
Flow Research Compressor to investigate in a controlled man-
ner the fundamental forcing function fluid dynamics gener-
ating different blade row gust responses effects, i.¢.. attached
or separated flow, as well as steady loading effects on the
resulting gust response of the first-stage rotor row. Attached
flow forcing functions are generated by 90-deg honeycomb
sections at 5-15-deg angle of attack (AOA), with separated
flow forcing functions resuiting from flat plates at 28-57-deg
AOA, and 45-deg honeycomb sections at 40-deg AOA. With
these gust generators. the gust ratio magnitude could be con-
trolled without affecting the forcing function fluid dynamics.
i.e.. attached or separated flow, thereby enabling a controlled
study of the effect of steady loading.

For cach forcing function flow, four steady loading con-
ditions, as characterized by the rotor relative mean flow in-
cidence angles are studied: § = =3, 0, 3, and 6 deg. The
magnitude and phase of u'/v' as a function of loading for
the 90- and 45-deg honeycombs and flat plates are shown in
Fig. 5. At each steady loading. the magnitude of u‘/v* is
held relatively constant at (.80 for the 90-deg honeycombs
and the flat plates and at .62 for the 45-deg honeycomb.
However, the resulting phase of u*/v* varies from 83 to 69
deg for the 90-deg honeycomb, from 96 to 88 deg for the 45-
deg honecycomb. and from 59 to 63 deg with the flat plates.

Serface Stendy Pressure Distributions :

The chordwise rotor blade surface steady pressure distri-
butions for the three forcing function flow types are presented
in Fig. 6 for the low and high rotor steady loading levels, 7
= -3 and 6 deg. These data are compared with predictions
from an incompressible. inviscid small camber airfoif cascade
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analysis. The rotor blade surface steady pressure distribution
is a function of the steady loading level, but independent of
the forcing function.

In the pressure surface leading-edge region. the steady pres-
sure coefficient increases with loading. It then increases until
approximately 30% chord where it becomes constant. inde-
pendent of the loading. In contrast. steady loading affects the
suction surface over the entire chord. with the suction surface
steady pressure coefficient a strong function of the stcady
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loading level. Note that there is no evidence of suction surface
steady flow scparation. With regard to the differential steady
pressure coefficient. the leading-edge value is negative at ncg-
ative values of the relative mean flow incidence, approxi-
matcly zero at (-deg incidence. increasing with increased load-
ing. These data exhibit relatively good correlation with the
predictions. The steady pressure data is accomplished by the
mean rotor relative velocity measured with the rotor blades
adjacent to the hot wire removed to determine the value of
the mean rotor relative velocity W.

Hemsycomb snd Fiat Plate Altached snd Scpurated Flow Generated
Ferciag Functions

Figure 7 shows the Fourier decompasition of the 90-deg
honeycomb uttached flow forcing function. The dominant «°
magnitude occurs at the fundamental frequency with the higher
harmonic magnitudes decrcased. The v spectrum also has a
dominant v* magnitude at the fundamental frequency, with
the higher harmonic magnitudes decreasing rapidly.

The Fourier decomposition of the flat plate generated sep-
arated flow forcing function spectrum is presented in Fig. 7.
In contrast to the attached flow forcing function. the funda-
mental frequency ¢* magnitude docs not dominate and the
higher harmonics are an integral part of the entire spectrum.

Similarly, no particular harmonic of v' dominates, and the
magnitudes of all harmonics are large. [n addition. there is a
minimum v' harmonic.

The second separated flow forcing function is generated by
the 45-deg honecycomb sections. The Fouricr decomposition
of this separated flow forcing function exhibits some diffcr-
ences as compared (o the separated flow forcing functions
generated by the flac plates (Fig. 7). The first two harmonics
of 1 ' dominate the spectrum, with the second harmonic being
larger than the first, but the higher harmonics are of lower
magnitude than the Mat plate forcing function. The first three
harmonics of v' and the harmonics near 1200 1z are domi-
nant in the v' spectrum, thereby producing & minimum v’
harmonic. analogous to the flat plate separated forcing func-
tion.

These differences in the forcing function spectrum between
the attached flow Y-deg honeycomb and the separited flow
flat plates and 45-deg honeycomb are similar to the diffcrences
that resulted from changing the gust gencrating airfoil AOA
from 5 to 20 deg.” i.c.. the magnitudes of the higher hurmonics
increase with flow separation relative to the fundamental fre-
quency value leading to a more impulsive forcing function
when the flow generating the gust is separated. These results
indicate that attached and separated flow forcing functions
have key characteristics that do not depend on the particular
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Fig. 7 FFT of forcing functions.
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forcing function generator. Thus, the concept of attached and
separated flow forcing functions is applicable to any gust gen-
erators exhibiting these key characteristics.

Fercing Function Generator Fluid Dynamic Effects on
Gust Response
Pressure Surface

Figure 8 shows the pressure surface gust response from the
90-dcg honeycomb attached flow generated forcing function.
The magnitude data smoothly decrease with chord, becoming
constant at approximately 20% chord, and have a small de-
pendence on steady loading. The phase data are independent
of steady loading and increase smoothly from the leading
edge. becoming constant at approximately 40% chord.

The chordwise trends in the magnitude response data re-
sulting from the flat piate and the 45-deg honeycomb sepa-
rated flow gencrated forcing functions (Figs. 9 and 10) are
gencrally the same as that of the 90-deg honeycomb attached
flow gencrated response. However, the magnitude data from
the flat plate separated flow generated forcing function are a
stronger function of steady loading over the entire chord, with
the 45-deg honeycomb separated flow generated response
magnitude datz independent of steady loading over the front
30% chord, then becomi::g 2 weak function of steady loading.
In addition, the level of the magnitude data from the flat plate
is smaller than that resulting from the attached flow 90-deg
honeycombs and the separated flow 45-des honeycombs, with
the magnitude data levels generated by the honeycombs ap-
proximately the same.

The pressure surface phase response dais are unchanged
as the forcing function generator is altered from the 90-deg
honeycombs with attached flow to the flat plates with sepa-
rated flow and the 45-deg honeycombs with separated flow.
In comparison to the pressure surface response data resulting
from the NACA airfoil generated attached and separated flow
forcing functions reported by Kim and Fleeter.” the 90-deg
honeycomb attached flow response differs significantly. How-
ever, the flat plate and 45-deg honeycomb separated flow
forcing function generated responses agree in trend with those
of the zirfoil generated separated flow forcing function. These
results reveal that the pressure surface gust response resulting
from the attached flow generated forcing functions is sensitive
to the particular forcing function generator, but that the pres.
sure surface gust response resulting from separated flow gen-
erated forcing functions is less sensitive to the particular wake
generator.

Suction Surface

Altering the attached flow forcing function from that gen-
erated by the 90-deg honeycombs to the separated flow forcing
functions generated by the flat plates and the 45-deg honey-
combs has a significant effect on the resulting suction surface
gust response (Figs. 11-13). With the attached flow generated
forcing function, the gust response magnitude rapidly de-
creases in the leading-edge region, becoming somewhat con-
stant between 20-40% chord, then decreasing to a minimum
near 50% chord. Aft of 55% chord, there is a large increase
followed by a sudden decrease. Also, these magnitude data
are a function of steady loading near the leading edge and aft
of 55% chord.

As the forcing function generator flowfield is changed to
separated flow, the resulting chordwise trends in the suction
surface gust response from both the flat plate and the 45-deg
honeycomb are similar to the attached flow forcing function
generated gust magnitude response. However, the chordwise
distribution of the magnitude data become smoother with the
magnitude data decreasing more rapidly in the leading-edge
region. Also, the flat plate separated flow forcing function
generated gust magnitude data at the leading edge show little
effect from steady loading changes. Rather. these magnitude
data are strongly influenced by steady loading between 10%
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Fig. 8 Pressure surface 90-deg honeycomb attached flow generated
gust response.
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chord and the trailing edge. The gust magnitude data gen-
erated by the separated flow 45-deg honeycomb have similar
trends over the front 40% chord. but become less dependent
on steady loading aft of 40% chord.

With regard to the suction surface phase response data. the
90-deg honeycomb generated gust phase response is inde-
pendent of steady loading over the front 20% chord and de-
creases graduaily with chord. becoming a function of steady
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loading at approximately 20% chord for flow incidence angles
of 3 and 6 deg. There is also a rapid increase and decrease
in the gust phase response at 65% chord for the —3-deg flow
incidence. The suction surface gust phase response from the
flat plate and the 45-deg honeycomb forcing functions are
very similar to that generated by the 90-deg honeycomb at-
tached flow, but the steady loading dependence occurs at all
levels (Figs. 12 and 13). These gust phase responses differ
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from those resulting from the airfoil generated separated flow
in that the chordwise position at which the large phase de-
crease starts moves forward. ‘

As compared to the attached and separated flow generated
suction surface responses of Kim and Fleeter,* the chordwise
trends in the suction surface response are similar for the mag-
nitude data. but different for the phase data. Thus, the suction
surface gust response magnitude appears to be less sensitive
to the particular forcing function generator than the pressure
surface gust response for both attached and separated flow
forcing functions.

Unsieady Pressure Difference

As expected, based on the individual airfoil surface data,
changes in the gust gencrator flowficld has a significant cffect
on the unsteady pressure difference. Figures 14-16 show the
pressure difference gust response resulting from the 90-deg
honcycomb attached flow forcing function, flat plate sepa-
rated flow forcing function. and the 45-deg honeycomb sep-
arated flow forcing function. The pressure difference mag-
nitude data decrease with chord. with the decrease in the
leading-edge region being more rapid as the flow becomes
separated and with increased steady loading. This results in
good agreement between the attached flow 90-deg honey-
comb generated pressure difference magnitude data and the
linear theory prediction, with the agreement decreasing for
the separated flow forcing function generated responses due
to the flat plates and the 45-deg honeycombs.

The resulting gust pressure difference phase from the 90-
deg honeycomb attached flow forcing function is independent
of chord over the front 40% chord, becoming a strong function
of steady loading, increasing in value with loading and chord-
wise position. The phase data are in poor agreement with
theory, with the sudden increase in phase in the aft chord
region not predicted by theory. When the forcing function
flowfield is changed to separated flow, significant changes
occur. Note that the gust phase responses due to the flat plate
and 45-deg honeycomb separated flow forcing functions are
nearly identical (Figs. 14 and 15). Unlike the attached flow
generated response. the phase increases with chord
and steady loading over most of the chord. However, the
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Fig. 14 Presure difference 98-deg honcycomb stiached flow gen-
ersted gust response.
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pressure difference phase data from the separated flow forcing
functions are also in poor agreement with the lincar theory
predictions for both separated flow forcing functions.

These results, combined with those of the NACA airfoil
generated responses, show that the unsteady pressure differ-
ence resulting from different gust generators with attached
flow have similar magnitude data trends. but not necessarily
phase data trends. For separated flow generated forcing func-
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tions of Jifferent gust gencratons, the responscs have similar
trends in both magnitude and phasc. These diffcrences in the
pressure difference gust response among different gust gen-
erators are similar (0 those scen on the suction surface. This
suggests that the suction surface gust response is dominunt
over the pressure surface gust response. Also, in general, the
pressure and suction surface and the pressure difference re-
sponses resulting from attached flow forcing functions are
more sensitive to the gust generator than the corresponding
gust responses gencrated by separated forcing functions.

Unsiewdy Lift Correlation with Linear Theory

The deviation of the differential pressure cocfficicnt data
from the lincar theory prediction is quantificd through the
unsteady lift cocfficient ratio L. Figure 17 shows the var-
iation of L., with the mcan flow incidence angle. The NACA
(124 airfoil gencrated data of Kim and Fleeter® are also shown
in these figures for comparison. In regard to the magnitude
correlation. the 90-deg honcycomb attached flow gencrated
forcing function correlates much better than the separated
flow gencrated forcing functions—the flat plates and the 45-
deg honeycombs. .

These data further support the influence of forcing function
flow separation on decreased correlation with linear theory.,
discovered by Kim and Fleeter.* Furthermore, the effect of
decreased magnitude correlation with steady loading is clearly
evident in the nearly linear way in which the 90-deg honey-
comb, flat plate, and the 45-deg honeycomb forcing function
generated data correlation decreases with steady loading. These
results are possible with the honeycombs and flat plates be-
cause the magnitude of the gust ratio, u*/v* could be con-
trolled, which was not possible with the NACA 0024 airfoils.
The pressure difference phase correlation with linear theory
is unaffected by the forcing function fluid dynamics. i.e.. at-
tached or separated flow.

Fercing Function Fundamental Parameters
To begin to understand the fundamental differences be-
tween the response data generated by the attached and sep-
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Fig. 17 Unstendy G ratio corvelation.
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Fig. 18 Lincar theory gust.
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arated flow and the correlation of these data with linear the-
ory. the validity of the unsteady linear theory model for these
flows is considered. In particular, as considered by Henderson
and Fleeter. ' linear theory requires that 1) the vortical gust
vector components u* and v* are 180 deg out of phase: 2)
the magnitude of u * /v * is equal to the ratio k./k,, determined
from the steady flow velocity triangle: 3) the vortical gust
vector is perpendicular to the direction of gust convection:
and 4) the vortical gust vectors are parallel to one another.
Note the presence of these features in the lincar theory vorti-
cal gust, shown in Figure 18. When assumptions | and 2 are
valid. the gust automatically satisfies assumptions 3 and 4.
However. if these assumptions are not satisfied. the character
of the vortical gust changes in the manner shown in Fig. 18.
When the phase angle requirement is violated. the gust vectors
become nonperpendicular to the direction of gust convection.
whereas when the wave number ratio to gust magnitude ratio
equivalency is violated, the gust vectors become nonparailel.

The importance of the gust ratio phase angle with regard
to the applicability of linear theory to turbomachine blade
rows is illustrated by the consideration of the first linear theory
assumption: the streamwise and transverse vortical gust com-
ponents, u* and v *, are 180 deg out of phase. This assumption
is violated independent of whether the forcing function gusts
are generated by separated or attached flows. For all of the
experiments, the phase of u*/v* was generally near 70 deg.
The significance of the gust ratio phase parameter for the
pressure difference phase data-theory correlation is evident
in Fig. 19. which shows L., as a function of the gust ratio
phase. Note that the honeycomb and flat plate generated
phase data. along with the 5-deg AOA 6-dez incidence NACA
0024 airfoil generated phase data with a gust ratio phase equal
to 54 deg, correlate significantly better than the other NACA
0024 airfoil generated phase data. having gust ratio phase
angles less than 32 deg. Hence. the violation of the 180-deg
phase requirement is an important factor in the correlation
of the pressure difference phase data with linear vortical gust
theory.
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Toble 2 Unstendy [u°/v*| and steady Row &,/k, valuse

Steady londing. [ -3 deg 0 deg 3 deg 6 deg
Furcing funactions
Attached flow "RCA 0.787 0.8 0.797 0.0
(%-deg honeycombs)  k.7k 0.288 0.230 0.2010 a.150
% Difference 7%  249% 27% 433%
Scparated flow ot 0.792 0.815 0.521 0.817
{flat plates) k. /k, 0.300 0.250 0.124 0.4
% Dilferenece 168% 26% 562% GHOT,
Scparated (low ot —_— 0.634 0.62% 0.620
(45-deg honcycombs)  ky/k, — 0.232 0.176 0.121
% Dillcrence — 173% 257% 412%
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Fig. 20 90-deg honcycomb attached flow generated unsteady aero-
dymamic gust.

Linear theory also requires the magnitude of the vortical
gust component ratio u*/v’ be equal to the ratio k,/k,. the
wave number ratio calculated from the steady velocity data.
This assumption is grossly violated as evident in Table 2.
There is not a single case for which the two values agree. In
fact. the unsteady u */v* values are 2-5 times greater than
that of the steady k./k, values.

The effect of violating the above assumptions on the un-
steady aerodynamic gust may be reflected in the interesting
trend apparent in the first harmonic gust vectors. These gust
vectors represent the spatial distribution of the forcing func-
tion aerodynamic gust vector. AW. in the direction of gust
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Fig. 21 Fiat plate separated flow generated wastesdy aerodynamic
gust.

convection. This spatial distribution of the gust vector is con-
structed by plotting the temporal variations in AW spatially
in the direction of gust convection. with thc magnitude and
direction with respect to & maintained. The maximum mag-
nitude of the first harmonic gust vectors from the Y-deg
honeycomb attached flow (Fig. 20). the flat plate separated
flow (Fig. 21). and the 45-deg honeycomb separated flow (Fig.
22) are all in the midwake and midthrough flow regions. Thus.
the gust vectors form a shape that is somewhat sinusoidal. In
particular. note the symmetry of the 45-deg honeycomb first
harmonic gust vectors with the largest gust ratio phase angle
of 87.9 deg (Fig. 22). Kim and Fleeter* had discovered that
the gust shapes were skewed-sinusoids when the gust phase
angles were near zero. Thus. the first harmonic gust vectors
are influenced significantly by the gust ratio phase angle. in-
dependent of the forcing function fluid dynamics. This sup-
ports the findings of Kim and Fleeter that the gust ratio phase
angles closer to 180 deg produce wakes that rescmble more
the linear theory gust.

The prevalence of the sinusoid shape for these three gust
vectors, despite the different levels of discrepancy between
the magnitude of u*/v* and k./k,. support the findings of
Kim and Fleeter” that the gust ratio phase angle is the dom-
inant factor in the gust shape determination than the matching
of u' /v magnitude to k./k,.

The violation of the first two assumptions leads to the vi-
olation of the last two assumptions, resuiting in gust vectors
which are neither parallel to one another nor perpendicular
to the direction of wake convection. The assumptions of per-
pendicularity between the vortical gust vectors and the di-
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rection of the vortical gust convection & are clearly inappro-
priate. as demonstrated in Figs. 18-20 which show the
honcycomb and flat plate generated total and first harmonic
gust vectors that are convected over the rotor blade. Note
that few. if any, of the vectors in the total gust are perpen-
dicular to the direction of convection. In fact, what is evident
is a fanning out trend of the vectors in the wake region that
increases with increased forcing function flow separation. Note,
in all these cases, the 36/rev IGV wakes are embedded within
the larger 2/rev NACA airfoil wake in the total gust. The 2/
rev total gust vectors from the 90-deg honeycomb attached
flow differ from those of the 5-deg AOA airfoil with attached
flow. with the 2rev gust vectors of the honeycombs crossing
only in the edges of the wake region, shown as circled regions
in Fig. 20. but fan in the wake region. However, this fanning
may be due to the IGV wakes since the total gust magnitudes
of the IGV are of the same order of magnitude as the hon-
eycomb total gust magnitude. The total gust vectors from the
separated flow plate and 45-deg honeycomb (Figs. 21 and 22)
continuously fan over the entire wake region. In summary,
the total gust vectors are not perpendicular to the direction
of gust convection. nor are they parallel to one another. For
most wake generators, regardiess of type. the gust vectors
start being crossed with attached flow and fan with increased
separation. with the fanning being particularly wide for more
separated flows. These resuits indicate that the total forcing
function gust vectors are largely affected by the forcing func-
tion fluid dynamics. in contrast to the first harmonic gust
vectors.

Therefore. the consideration of some essential assumptions
inherent in the unsteady linear vortical gust theory indicate
that these assumptions are not appropriate for turbomachine
blade rows and cannot be applied. The poor data-theory cor-
relation of the resulting blade row unsteady acrodynamic re-
sponse suggests an intimate relationship between the char-
acteristics of the gust vector and the degree of correlation of
the compressor blade row unsteady aerodynamic gust re-
sponse data with linear theory. Current models do not in-
corporate the specific details of the gust such as the gust ratio
phase angle. Instead. since certain characteristics are inherent
in the current linear theory model, any deviation from these
characteristics would contribute to an error in the prediction
value of the unsteady aerodynamics. Hence, advancements
in the gust modeling technique to include parameters. such
as the gust ratio phase angle. the gust ratio magnitude, and
potential effects are critical to improving the ability to predict
blade unsteady pressure response.

Summery and Cenclusions

A series of experiments were performed to investigate the
fundamental forcing function phenomena fluid dynamics gen-
erating different fow gust respomses in a controlied
manner. including the important eﬂeas associated with the
the investigation of unsteady aerodynamic blade row response
1o gusts gencrated by attached and separated flow fluid dy-
namics from nonairfoil shape gust generators. With these gust
generators, the gust ratio magnitude can he controlled without
affecting the forcing function fluid dynamics. i.c., attached or
separated flow, thereby enabling a controlled study of the
effect of steady loading.

These experiments clearly show that the forcing function
generator fluid dynamics is significant with regard to the re-
suiting unsteady aerodynamic gust response of a downstream
airfoil row. while enabling a controlled study of the effect of
steady loading for the first time. The applicability of the con-
cept of attached and separated flow forcing functions and the
resulting unsteady aerodynamic response is broadened over
previous data® to inciude nonairfoil shape gust gencrators. It
was shown that although differences in the individuai surface
responses occur, gust generator flowfields can be broadly cat-
egorized into attached or separated flow forcing functions,
with the resulting gust response correlation with linear theory
models predictable. In particular. the attached flow and sep-
arated flows generate large and important differences in forc-
ing function characteristics and the resulting unsteady aero-
dynamic blade row gust response. such that the correlation
with linear theory decreases with increased forcing function
flow separation. Steady loading is found to linearly decrease
the unsteady aerodynamic pressure difference data-theory
correlation.

The forcing function fluid dynamics was analyzed in terms
of the requirements inherent in the linear theory vortical gust
modeling. This showed that the forcing function violation of
the 180-deg phase requirement between the streamwise and
transverse gust components contributed to the poor data-the-

phase correlation, and that the addition of the values of
ju* Iv*| and k./k, not being equal leads to unsteady gust vec-
tors which are neither parallel to one another nor perpendic-
ular to the direction of wake convection, as aiso inherent in
linear theory vortical gust models. Thus. the degree of cor-
relation of the rotor blade unsteady gust response data with
linear theory is closely related to the characteristics of the
forcing function gust generating the response.

Acknowledgment
Research was sponsored by the Air Force Office of Sci-
entific Research (AFSC) under Contract F49620-88-C-0022,

References

'"Whitehead. D. S.. “Classical Two-Dimensional Methods."
AGARDograph No. 298. AGARD Manual on Aeroelasticity in Axial
Flow Turbomachines. Yolume 1: Unsteadv Turbomachinery Aero-
dynamics. pp. 3.1-3.30.

Fleeter. S.. “The Fluctuation Lift and Moment Coefficients for
Cascaded Airfoils in a Nonuniform Compressible Flow.” Journal of
Aircraft. Vol. 10, No. 2, 1973, pp. 93-98.

*‘Adamczyk. J. J.. and Goldstein. M. E.. “Unsteady Flow in a
Supersonic Cascade with Subsonic Leading Edge Locus,” AIAA Jour-
nal. Vol. 16, No. 12, 1978, pp. 1248-1254.

Werdon. J. M., and Usab, W. J., “Application of a Linearized
Unsteady Acrodynamic Analysis to Standard Cascade Configura-
tions.” American Society of Mechanical Engineers Paper 90-GT-11.
June 1990.

Werdon. J. M.. and Hall, K. C.. “Development of a Linearized
Unsteady Aerodynamic Analysis for Cascade Gust Response Pre-
dictions.” NASA Rept. 4308, July 1990.

*Scott. J. S.. and Atassi, H. M., “Numerical Solutions of the Lin-
carized Euler Equations for Unsteady Vortical Flows Around Lifting
Airfoils. AIAA Paper 90-0694, Jan. 1990,

43




B B B N R N N B B N B B = B2 E E B E B

216 KIM AND FLEETER: FORCING FUNCTION GENERATOR EFFECTS

Fang. J.. “Compressible Flows with: Vortical Disturbances Around
Cuscades of Airfoils,” Ph.D. Dissertation. Univ. of Notre Dame.
Notre Dame. IN. April 1991,

“Maawaring. 8. R.. and Flecter, S.. “Forcing Function Effcts on
Rator Perindic Acrodynamic Response.” Journal of Turbomachi-
nery, Val. 113, No. 2, 1991, pp. 312-319,

“Kim. K. H., and Fleeter, S.. “Compressor Blade Row Unsicady
Acrodynamic Response 10 Attached and Separated Flow Forcing
Functions.” AIAA Paper 92-0147. Jun. 1992,

*Smith. 8. N.. “Discrete Frequency Sound Generation in Axial

Flow Turhomachines.” Acronautical Rescarch Council REM 3,
Great Briwin, UK, March 1972

“"Headerson, G. H.. and Flecter, S., “Forcing Function Effects on
Unstcady Acrodynamic Gust Response: Part | Forcing Functions.,™
wt'ian Socicty of Mechanical Engincers Paper Y2-GT- 174, June

“Henderson, G. H.. and Fleeter. S.. “Forcing Function Effects on
Unsicady Acrodynamic Gust Response: Part 1T Low Solidity Airfoil
Row Respoase.™ American Socicty of Mechanical Cngineers Paper
92-GT-175. Junc 1992,

44




—_—

e

APPENDIX IV

Compressor Blade Row Unsteady Aerodynamic Response to Attached and Separated Flow
Forcing Functions

AIAA Paper 92-0147 January 1992
(also International Journal of Turbo & Jet Engines, in press)

45




e e i e N O o

Vdnnmthumhndvi&mm

2PPPB

ANAA-92-8147
ROW UNSTEADY AEROD YNAMIC RESPONSE TO
ATTACHED AND SEPARATED FLOW
Kuk H. Kimn and Sanford Flecter
School of Mechanical Engincering
West Lafayetie, indiana 47907
Ahsumct Inomduction
are performed 10 investigaie the The spatial flow nonusiformities generased by inlet guide

compressor inlet to generate the periodic 2-E unsteady
aerodynamic forcing functions 10 the first stage rosor. These
%‘mmMMam‘mh@-m.
with the resulting r~tor biade row unsteady acrodynamic gust

measurcd with dymamic pressure transducers

in the roswor biade over a range of sieady loading
levels. The rotor biade gust respoase aerod

generator flui

resulting unsieady aerodynamic gust res of the
'M uslj:d'y !'Mdmlwidllimduuy‘i’:

the rator gust response ) !

closely related to the characeeristics of the forcing function gust

generating the response.
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the dinurbaxe being swept past the
ing airfoil h ust A " :
M&eaitfoil‘vihuuy tofhisdistubmee.tefemdw
as the motion-induced uasteady aerodynamics or the
aerodynamic damping.

and supersonic flows {1 2,3,4]. Such models are currently
being extended to congider unsteady flows linearized about a
nonuniform mean flow, with the gust interacting with the mean

A number of experiments have been directed at the
verification of such mathematical models and the determination

operating conditions, i.e., finite camber, steady loading and
nonzero incidence angle, are experimentally modeled, then the
daa-prediction correlation is not nearly as good.

Of particular interest herein are the experiments which
investigated the unsteady aerodynamic response of a research
compressor rotor performed by Manwaring and Fleeter [8). The
first harmonic gust response of the 1% swage rotor generated by
two equivalent 2-per-revolution (2-E) unsteady forcing functions
were measured: (1) an inlet flow distortion and (2) the wakes
behind flat plate airfoils. The inlet distortion and wake first
harmonic unsteady aerodynamic forcing functions were
fundamentally equivalent, having the same gust characteristics
i the ratio of the streamwise-to-normal gust components
u*/v* and reduced frequency values.

The first harmonic gust response of the 1% stage rotor
generated by these two different but equivalent forcing functions
is presented in Figure 1. Clearly, the first harmonic gust
response unsteady acrodynamics, shown in the form of the




chordwise variation of the complex unsteady pressuse diffsrence
across the rotor blade chord, are dependent on the
forcing functions are equivalent in terms of classical unsieady
acrodynamic theory, these results can not be prediceed.

In this paper, this interesting result is further
investigated. The fundamental flow forcing function

in.dilfmﬂademw:wmmuminveﬁm
in pamicular atached and separated forcing functions.
Funthermore, unsteady linear theory gust requirements are
considered. This is accomplished through a series of
experiments performed in the extensively insrumented Purdue
Axial Flow Research Compressor. Two NACA 0024 airfoils
are installed in the compressor inlet to generate the periodic 2-E
unsteady acrodynamic forcing functions to the first stage rotor.
These forcing functions are measured with a rotating cross hot-
wire, with the resulting rotor blade row unsteady acrodynamic
gust response measured with dynamic pressure transducers
embedded in the rotor blade over a range of steady loading
levels. Appropriate rotor blade gust response unsteady
acrodynamic data are then correlated with predictions from the
ssubson_m (igl unsteady acrodynamic flat plate cascade analysis of

mi .

Rescarch Compressor

The Purdue Axial Flow Research Compressor models
the fundamental turbomachinery unsteady aerodynamic
multistage interaction phenomena which include the incidence
angle, the velocity and pressure variations, the aerodynamic
forcing function waveforms, the reduced frequency, and the
unsteady blade row interactions. 'meco:?'misdﬁvenbya
15 HP DC eclectric motor at a speed of 2,250 RPM. Each
identical contains 43 rotor blades and 31 stator vanes

airfoils. The 2-E unsteady aerodynamic forcing functions are
generated by two NACA 0024 profile airfoils insalled 180°

in the compressor inlet. The overall compressor and airfoil
:maa\mcs_ istics are defined in Table 1.

and flow rate, respectively.
calibrated each time data are acquired, thus automatically
eonTenuﬁngfotmandspm ifts of the wransducer output.
A 95% confidence interval, root- error analysis of
20 samples is performed for each sieady data measurement.

The inlet flow field, both steady and unsteady, is
measured with 2 rotating cross hot-wire probe. The inlet flow
field of the 1st stage rotor row is measured in the rotating frame
of reference by mounting the hotwire on the rotor drum 18.8%
chord upstream and 65% blade spacing from a rotor blade. The
hotwire is oriented for maximum sensitivity, achieved when the
0 flow incidence corresponds to the position at which the flow
angle is 45" to both wires. The hotwire is calibrated for

ocities from 21.3 m/s to 62.5 m/s and +40° flow angle
varistions. The uncertainties in the velocity and the flow angle
measurements were determined to be 5% and : 0.5°.
Centrifugal loading effects on the rotating hot-wire sensor
resistances and thus the responses were found to be negligible.

measurement surface by a static tap. The embedded dynamic
transducers are both siatically and dynamically calibrated. The
static calibrations show good linearity and no discemible
hysteresis. The dynamic calibrations demonstrate that the
frequency response, in terms of gain attenuation and phase shift.
are not affected by the reverse mounting technique. The
maximum error in gain and phase angle were determined to be
0.60 dB and 1.5° respectively.

The rotor-based static pressure Scanivalve ransducer,
rotating cross hot-wire probe and 20 blade surface dynamic
pressure transducers are interfaced to the stationary frame-of-
reference through a 40 channel slip ring assembly. On-board
signal conditioning of the transducer output signals is performed
to maintain a good signal-to-noise ratio through the slip rings.
The remaining 17 channels of the slip-ring assembly are used to
meexciuﬁcnuthemdmmdmhffswiwhingmthe
ivalve DC motor.

Steady Pressure Data

The rotor blade surface static pressure data are defined
by a root-mean-square error analysis of 20 samples with a 95%
confidence interval. The airfoil surface static pressures are
presented in terms of a nondimensional steady pressure
coefficient, with the steady lift coefficient calculated by
integrating the differential steady pressure coefficient across the
rotor blade chord.

o ,

Pl pv M)

Since the blade surface and the reference static pressures

are measured at different radii, a correction is applied 10 the exit
steady pressure to account for centrifugal effects [8].

Periodic D

The periodic data of interest arc the harmonic
components of the acrodynamic forcing function to the first
stage rotor blade row together with the resulting rotor blade
surface unsteady pressures and unsteady pressure differences.
These are determined by defining a digitized ensemble averaged
periodic unsteady acrodynamic data set consisting of the rotaning
cross hot-wire probe and blade surface dynamic pressure
transducer signals at each steady operating point. In particular,
these time-variant signals are digitized with a high speed A-D
system at a rate of 20 kHz and then ensemble averaged.

The key to this averaging technique is the ability to
sample data at a preset time, accomplished by an optical encoder
mounted on the rotor shaft. The microsecond range step voltage
signal from the encoder is the data initiation time reference and

a7




ﬂow.mr-unadbyvuyin the angie of
(AOA) of the two NACA 0024 profile airfoils from 5° 1o 10° 1o
20°. The point of separation of 10° is based on wind tunnel
tests. Note that since the airfoils are set at a fixed angle of
atack, the values of the resulting streamwise-transverse gust
fatio depend on the compressor sicady loading level.

The foscing function to the 13 stage rotor, the unsteady
rotor inlet flow field, is measured with the rotating cross hot-
ire probe which ifies the relative velocity and flow angle.
To the rotor, the i
appesr as deficits in the rotor relative inlet velocity W and
fluctuations in the rotor relative inlet flow angle B. Thus, the
total flow consists of freestream and wake regions, with the
instanancous value of W increased in the wake region and
daueg_adinlheﬁmn. The total rotor inlet relative velocity
mAWisdlevmdiffem_ between the instantaneous and
mean relative velocity W. It has two components, u and v,
perallel and normal to the mean flow direction. The gust and itt
components are depicied in the velocity diagram of Figure 2.

The fundamentil frequency of interest is the 2-E forcing
function . Thus, an harmonic analysis is utilized in the
data analysis, accomplished by taking the Fast Fourier
Transforms (FFT) of both the time variant rotor inlet flow field
and the resulting unsieady ic response of the 1% siage
rotor row, with only the 13 at the fundamental
frequency or its harmonics analyzed. Figure 3 shows the
streamwise and transverse gust components and their FFT, with
the u and v harmonics denoted by u* and v* and
mndimcnsionaliudbymemnmm{m've velocity. This
Fourier ransformed inlet flow, defined by u* and v*, is the
unsteady acrodynamic forcing function to the downstream rotor
oW,

Unsieady Pressure Data

The rotor blade pressure and suction surface unsteady
pressure data are analyzed to determine the harmonics of the
chordwise coefficient

ise distribution of the unsteady pressure
.
Co.i v @
The unsteady differential pressure coefficient is
determined by subtracting the unsteady pressure

ton
the suction surface from that on the pressure surface, with the
resulting unsteady lift calculated by integrating the unsteady
ndpedicedunmdyﬁhvdmmmghwdbymofﬂle
unsteady lift ratio, with both the theoretical and experimental
differential pressure coefficients integrated between the first and
{ast chordwise positions of the experimental data.

| L] aCy, captn
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Nate that if the experimental data are in exact agreement
with the unsieady linear theory prediction, the unsteady lift ratio
will have a magnitude of 1.0 and a phase angle of 0",

Results

A series of experiments are performed in the Purdue
Axial Flow Research to investigate the effect of
inlet flow forcing function type, i.c., generated by an attached
flow, onset of separated flow, or a fully separated flow, and
rotor steady loading on the gust response of the first stage rotor
blade. For each forcing function flow type, four sicady loading
conditions as characterized by the rotor relative mean flow
incidence angles are studied, i = -3°, 0°, 3°, and 6"

Surface Sicady P Distribusi

The chordwise rotor blade surface stcady pressure
distributions for the three forcing function flow types are

pressure
distribution is a function of the steady loading level but

independent of the forcing function.
Inthe surface leading edge region, the
pressure increases with loading. luhen&

W 30% cbord where it becomes constant,
i dent of the . In contrast, sieady loading affects
the suction surface over the entire choed, with the suction
surface sweady pressure coefficient a strong function of the
sseady loading level. Noee that there is no evidence of suction
surface sseady flow separation . With i

pressure coefficient, the leading value is negative at
aegative values of the relative mean flow incidence,

2610 a1 . e

velocity measured with the rotor blades adjacent to the hotwire
removed to determine the value of the mean rotor relative
velocity W for the nondimensionalization of the stieady pressure
coefficient.

. The Fourier decomposition of the auached flow forcing
function generated by the S* AOA NACA 0024 airfoils is
gzsnedinﬁms. The dominant u* amplitude occurs ar the

fundamental frequency, with the higher order harmonic
amplitudes generally smaller and decreasing with increased
frequency. The Fourier decomposed v+ amplitudes of the
amdmnlu flow forcing function are appmximpncly equal and
small for all frequencies. Note that not all of the u* and v*
harmonics are of the same magnitude nor are they distinct. Also
the characteristics of the u* spectrum resemble that of a
harmonic forcing function having a high fundamental frequency
component with lower amplitude higher harmonics.

. _ .. The Fourier decomposition of the 10° AOA NACA 0024
airfoil data representing the onset of separated flow generated
forcing function is also shown in Figure 5. The primary
difference between this result and the previous attached flow
forcing function is that the higher harmonic amplitudes of both
u* and v* are increased relative to the fundamental frequency
value and are larger in value. These differences result in the
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u* dominant amplitude occurs at the fundamental frequency,
with the higher harmonic magnitudes decreasing with increased
frequency. Also, there is no dominant v* amplitude, with the
higher harmonic amplitudes either approximately equal or larger
than the fundamental frequency value. Note that all of the
harmonics of u* and v* are relatively large.

The Fourier decomposition of the fully separated inlet
flow forcing function generated by the 20° AOA NACA 0024
airfoils is shown in Figure 5. Although the magnitude of
u* at the fundamental frequency is large, it no longer dominates
the u* l:necwm. The higher harmonic amplitudes are much
larger relative to the fundamental frequency value than those of
the attached and the onset of separated flow forcing functions,
i.c., higher harmonics are a significant m the complete
forcing function. However, the higher ic amplitudes
continue to decrease with increased frequency, as per the
anached and onset of separated flow generated forcing
functions. The behavior of v* is similar to that of the forcing
function generated by an onset of separated inlet flow. No
particular harmonic of v* dominates the forcing function.
However, unlike the behavior of the v* forcing function
by a flow at the onset of separation, forcing
ion gencrated by the fully separated flow has a frequency at
which 2 minimum v* occurs. Thus, the separated flow forcing
function more closely resembles an impulse function due to
these increases in the higher harmonic amplitudes.

Forcing Function G Fluid D ic Eff g
Response

Bressure Surface

Figures 6, 7 and 8 show the change in the pressure
surface gust respoase when the flow ficld generating the forcing
function is changed from an attached flow to a flow at the onset
of separation to a fully separated flow, accomplished by
changing the NACA 0024 airfoil AOA from $° to 10° to 20",
Alenng the forcing function generator from an attached flow o
a separard flow has a noticeable effect on the pressure surface

st response. With the attached flow generated forcing
unction, the magnitude and phase of the pressure surface gust
response are clearly a function of the sieady loading level,
Figure 6. As the AOA increases to 10° and then to 20°, the
pressure surface response becomes much less dependent on the
steady loading level. At 10° AOA, there is a smooth decrease in
the unsteady pressure magnitude with chord which becomes
independent of the loading in the midchord region, Figure 7.
The phase response shows an increasing trend with chord, with
loading still having an influence. At 20° AOA, the magnitude
still smoothly decreases with chord, Figure 8. However, the
level of the itude response is increased as compared to the
corresponding 5° and 10° AOA data. Also, the 20° AQA phase
response is now independent of the loading level, with a smooth
phase increase with chord.
Suction Surface

Figures 9, 10 and 11 show the suction surface gust
response resulting from the different forcing function
flow fields. Altering the forcing function generating flow field
from an astached flow 10 a flow at the onset of separation to a
separated flow also has an effect on the suction surfacc gust

in region, ng
a relative minimum value near 25% chord and then increasing

slightly before decreasing 10 an absolute minimum near 65%
chord. In the trailing edge region, there is a relavely large
increase and a subsequent decrease. Also, these j data
are a function of the sieady loading level. parti y in the
airfoil Jeading and trailing edge regions. As the AOA is
increased 10 10° and then 10 20°, the ovenll wends of these
magnitude responsc data are unchanged. However, the
chordwise distribution of the magnitude data becomes smoother,
i.c., the magnitude data decrease more rapidly in the leading
edge region, ataining a8 somewhat constant level in the 25% to
50% chored region, then decreasing to a minimum near 60%
chord. The rapid increase and decrease in the magnitude near
2& trailing edge is still evident, with it being smallest at 10°

The suction surface gust response phase of the airfoil is
also a function of the forcing function generator flow field. At
5° AOA anached flow, the unsteady pressure phase response is
constant with chord at the highest steady loading of 6° mean
flow incidence. As the loading is changed from this level, there
is a large phase decrease in the aft chord region, with the phase
remaining consiant over the front of the airfoil. Also, the phase
is a function of the steady loading level. Increasing the forcing
function generator AOA 10 10° and 10 20° has a clear effect on
the phase response. Namely, in the front chord region, the
phase response becomes independent of loading. Also, the large
phase change near the trailing edge is suppressed as the AOA is
increased. Instead, the phase decreases from the leading o
gaoiling cdge mon:me ?ﬁuallfy as the ﬂAOA is increased and the

w ing orcing function flow changes to a
flow held, Bes o 4 separaied

As expected based on the individual airfoil surface data,

difference gust response,
Figures 12, 13 and 14. The pressure difference magnitude data
genenally decrease with chord, with the decrease in the leading
edge region becoming larger as the forcing function generator
flow field changes to one at the onset of separation and then to a
. Note that this general trend is in agreement with
iction. However, the degree of correlation
prediction is dependent on the forcing
fluid dynamics. Namely, at an AOA of 5°, the
pressure difference magnitude data are typically increased in
value as compared to the prediction, Figure 12, Increasing the
forcing function generator AOA to 10° and 20° results in these
magnitude daia decreasing in value with respect to the
prediction, being slightly decreased at 10° and further decreased
at 20°, Figures 13 and 14. Thus, the interesting but unexplained
result of Manwaring and Fleeter [8) can now be attributed 10 the
attached and separated flow nature of the forcing functions
ytilized in their experiments. Namely, the inlet distostion forcing
function was by an atntached flow forcing function. In
contrast , the airfoil wake forcing function was generated by a
flat plate at an angle of attack, thereby resulting in a separated
flow generated forcing function.

il
g

‘The more detailed effect of the forcing function generator
fluid dynamics on the differential pressure response magnitude
data includes the nonsmooth variation with chord in the
midchord region and in the wailing edge region at 5° AQA.
Increasing the AQA to 10° and to 20° results in a smoothing of
the midchord region data and a decrease in the magnitude of the
variation of the data in the trailing edge region. This trailing
edge data variation is due to a potential effect from the
downstream SIator vane row.

With regard to the unsteady pressure difference response
phase angie, at 5° AOA the phase is constant but is a function of
the steady loading level over the front half of the chord. Aft of
midchord, there is 3 large jump in the phase. Increasing the
AOA 10 10° and then to 20° results in the front chord region
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attached flow generased forcing function xhibits the best
correlation with theory. However, all of the forcing function
phase correlations are poor.
Forsing Function Fund T
To begin w understand the significant effect of altering

the forcing function generator fluid d on the
&sx of the downstream rotor row, it is noted that

forcing functions at 5°, 10° and 20" AQA are not equivalent
in terms of the fundamental forcin In

harmonic gust ratio, u*/v*, as a function of the steady loading
level, with the AOA as a parameter. The gust characteristics, in

icular the magnitude and of u*/v*, are clearly a

on of the fluid dynamics of the forcing function generasor.
Namely, as the forcing function generator fluid dynamics
changes from an attached flow to a flow at the onset of
separation 0 & scparased flow, both the magnitude and the phase
of u*iv* typically decrease, with this decrease a function of the
steady loading level.

The cffect of the forcing function gust characteristics, in
particular, the phase of u*/v*, on the rotor blade gust generated
unsteady pressure response is demonstrated in Fi 17 which
shows the variation of the Leooer as a function of the phase of
u*/vt, with the AOA as a . Although the gust ratio

has no clear effect on the magnitude of the lift correlation,
it has a noticeabic effect on the phase of Loory, with the phase
data-theory correlation improving, i.c., approaching 0°, with
increasing gust ratio phase.

T?he begin to0 uwund the bful:'d:mnnl dim
between the response generated by the attached v

flow at the onset of scparation, and the fully d flow and
the carrelation of these data with linear theory, the validity of the
unsteady linear theory model for these flows is considered. In
particular, as considered by Henderson and Fleeter (11, 12),
linear theory requires that: (1) the gust vector components u*
and v* are 180° out of phase; (Z)memgimdeofu*lv"is
equal to the ratio ko/k(, determined from the sieady flow free

stream and wake region velocity triangles; (3) the gust vector is
perpendicular 10 the direction of mmmwm

Thei of the gust ratio
by(hereqn‘i'mummhuthem s
components u* and v* are 180° out of phase. sssumption
is Violated ind sent of whether the forcing f of‘?.“:"

or attached flows. The phaseof u*A* is
Mwmfmthxmfwm
of separation or aached flows, with an increase in the phase of

the gust ratio u*Nv* in bettar phase correlation. Hence

the violation of the 180" roquiroment is & contributing
factar 10 the poar corvelation of thess phase date with the theory.

mmw.bumdhmm
ratio lu*/vH from the unsssady forcing function velocity dan
must also be equal to the ratio ka/k), the wave sumber ratio
calculated from the steady free stream and wake region inlet
. velocity . This requirement is grossly violsted, as
evident in T 2. Theve is not a single case for which the two
values agree. In fact, the unsseady lu*/vH values are 2 10 20
times greaser than that of the steady ka/k; vajues.

unsteady acrodynamic gust is reflected in the interesting trend
apparent in the first harmonic gust vectors. Note that the gust
vecmrmnumem:_m_disﬁbumudmefucingfuncdon
serodynamic vector AW in the direction of gust convection.
mwﬁibnﬁonofdwnivmismmw

plotting the temporal variations in AW spatially in the direction
of gust convection, with the magnitude and direction with

E
§
%
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form a shape that is somewhat sinusoidal.

However, the first harmonic gust vectors from the 10° AOA
At the onset of separated flow, Figure 19, and the 20°

AOA airfoils with separated flow, Figure 20, have the first
harmonic gust vector of maximum magnitude near one of the
wake-free stream boundaries. Thus these gust vectors form a
skewed-sinusoid. The common factor in this shape of the first

harmonic gust is the gust ratio phase angle, <u*/v*. The §°

low gust ratio phase angles, Fi e 15 ons mc:f;:/v*ml.m
gust ratio an gures gust vectors
are nearly paraliel to one another but are skewed in shape
because the value of u*/v* differs significantly from ko/k;.
However, at high gust ratio phase angies, the gust shape
sinusoidal, suggesting that the gust ratio phase angle is
the dominant factor in the gust shape determination than the
matching of u*/v* magnitude to ko/k).
harmonic gust vectors are influenced significantly by the gust
ratio phase angle and the degree of equivalence between ka/k;
and the magnitude of u*/v*, independent of the forcing
function fluid dynamics. In contrast, the twotal forcing function
gust vectors are largely affected by the forcing function fluid
dynamics, as will be discussed.

.The violation of the first two linear theory gust
conditions leads to the violation of the last two, resulting in gust
vectors which are neither parallel o one another nor
perpendicular to the direction of wake convection. The
mwwmofwwﬂkuhﬁgmmegmvecmm
the direction gust convection k are clearly ina iate, as
demonstrated in Figures 18, 19 and 20 which aiso show the
NACA 0024 airfoil genersted total gust vectors. Note that few,
if any, of the vectors in the total gust are perpendicular to the
direction of convection. In fact, what is evident is a fanning out
trend of the vectors in the wake region that increases with
increased forcing function flow separation. Also. the 36/rev
IGV wakes are embedded within the larger 2/rev NACA airfoil
wakes in the total gust.
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intimate relationship between the characteristics of the gust
vecsor and the degree of correlation of the )
unsteady aerodynamic gust response data with theory.
Summagy & Conclusions

A series of experiments were performed to investigate
the fundamental flow forcing ﬁmﬁonpe:ml generating
different blade row gust responses, in particular attached and
separated flow forcing functions generated with NACA 0024

forcing function fluid dynamics is significant with
regard to the resulting acrodynamic of
~ airfoil row. Namely, nmcbrf‘l'ow. ollset-oft

an
flow whereas the flat wake forcing function generated

&::uhediﬂ'minm::lﬁngm
row gust unsieady aerodynamic response.

The forcing function fluid dynamics was analyzed in
terms of the requirements inherent in the linear theory gust
phase requirement between the streamwise transverse
gust components contributed to the poor -theory phase
'b;;dthnheadditionofthevdmoﬂu*/;;lhaad
1 not being equal leads 10 unsteady vectors which are
necither parallel 10 one another nor Lo to the direction
of wake convection, as also inherent in linear theory gust
models. Thus, the degree of correlation of the rotor blade
gust response data with linear theory is closely related
to the characteristics of the forcing function gust generating the

g
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Table |. Overall airfoil and compressor characeeristics

ROTOR STATOR IGv
Alrfoil type (o) C4 C4
Number of Airfoils 43 k)| 36
Chord, C (mm) 30 30 30
Solidity, C/S 1.14 1.9 096
Camber, 6 28.0 227 369
Sugger Angle, ¥ 36.0 -36.0 210
Inlet Metal Angle, By $0.0 300 0.0
Aspect Ratio 20 20 20
‘Thickness/Chord (%) 10.0 10.0 10.0
Reynolds Number x 10-5 6.3 63 5.0
(based on chord)
Flow Rawe (kg/s) 2.03
Design Axial Velocity (nvs) 244
Design Rotational Speed (RPM) 2250
Number of Stages 3
Design Stage Pressure Ratio 1.0
Inlet Tip Diameter (mm) 420
Hub/Tip Radius Ratio 0.714
Stage Efficiency (%) 85
Table 2. Unsieady lu*/v*1 and steady flow ka/k values
Steady Loading -3 o ¥ 6
Forcing Functions
Auached Flow
(5" AOCA) ut/vh 2.04 2.37 2.69 2.37
ky/ky 0.281 0237 0.182 0.128
% Difference 626% 900% 1,378% 1,752%
Onset of Separation
(10" AQA) ut/ivh 1.15 1.63 1.64 2.13
kok) 0279 0226 0.185 0.140
Difference 312% 621% 786% 1421%
Se, Flow
(20" AOA) tvY 0.783 1.14 1.55 1.07
kyk) 0300 0234 0177 0.132
Difference 161% 387% 776% 1711%
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Figure 1.  Inlet distortion and wake generated gust response
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SINGLE PASSAGE EULER ANALYSIS OF OSCILLATING
CASCADE UNSTEADY AERODYNAMICS FOR ARBITRARY

INTERBLADE PHASE ANGLE
James M. Wolff* snd Senford Flaster”
School of Mechanical Enginesring
Purdus University
West Lafayous, Indisns 47907
Absact : :un-a(&ﬂ-)
‘The unsteady flow tisld Geough ax harmonically cecillating curvilinser coosdinase directions
euhi:l‘--lk mmv al: Eﬂ “I sagger dogross;
oms 'arious methods
caiculating the boundary comditions are comsidered, wich special . e )
wmation pald 1 the wasmady periodic boundary conditions sad ¢ sseady solution
muq:mm‘l‘:&uaku 12 inletfexit conditions
aad wrsional cascade oscilistions for seversl cascade flow gs- Lu
omatries. A fistplasscascedeisused 1o verify e flow solverwith ¢ timme aversge valus
lineer theory predictions. A typical compressor rowr configurs- time lovel index
tion is used 10 introdiuece nonlinear effects. The effect of & srong
asemal shock with varied amplitades of cecillation demonstrates
e acnlinear behavior of the periodic boundary conditions and
Delps 10 define the Keniting conditions for lincerized analyses. Unsssady phenomens continus © produce so-

Nomenclatre
Swbol  Descripti
A.B.X  fiux Jacobins
c sizfoil chowd

Cu wnstoady moment coefficient, m/(C? p; Vi)
[ p—-m-b-n)ﬁ-m V})
a5 preasurs diffsrence coefficient,

(n.-ab%m Vi)
fiux vectors

n amplisds of ransistionsl motion besed on chord
I metric Jacobian

x reduced fraquency, (@C/2V1)

¥.d loft and right eigeavectors, respectively

Himiter function

velocities in the x and y directions
slastic axis location

spetial coordinses
incidence angis (dogrees)

amplitade of cscillstion for wor.ion (degress)
ratio of specific hoats

+ AFRAPT Traince, Student Member AIAA
* Professor, Associate Fellow AIAA

“gepNpp A UROFO XD
1

models ae generally time linssrized, with the validity of these
linearizad models for subscnic flows well established for low
ssrodynamic Josding. 12 Howsver these lincatized flow models
may not bs valid for many sistions. For nonjinesr
effects ars quiss likaly W bs associased with larger amplitedes of
blads cecillstion as well as unsteady wransouic flows induced by
oscillating biades at small amplicades.

To analyze noalinesr flow flslds, wmisteady Euler codes are
being doveloped. Finite diffarence schemes’ 455 are being used
o solve ths Euler equations for oscillating cascades by time-
magching mothods. Howsver, they require much more computer
tims and soregs than do inearized codes. Forcascads studics, s
importat aspect of this additionsl computational expense is
awsocisted with the passags periodic boundary conditions which
specify s constant inswrblads phass angle between adjacent o8-
cillating airfoils. Sevaral methods have been proposed 1o
the periodic boundary condidion, a-b and c-d in Figure 1.

The simplest method is o “stack™ aisfoil grids and pass
information betwesn adjacent grids. This is accomplished by
expanding the grids so they overiap along the periodic boundaries,
Figure 1. Each passage calculstion is marched at a different time
corzesponding to the inserblads phase angle. with the solution at
the periodic boundsries then detecmined as part of the interior
soltion. With the sirfolls oscillsting at a fixed nonzero interblade
phase angle, the mininyem number of airfoils, N, which satisfies
the periodicity requirement is

Noki=360" Q)

A 90 degres interblads phass angle analysis tus requires

modeling 4 airfoils and 4 flow passages. Awmy

cwmmbywunwm Published by the Amaerican institute of
Asronautics and Astronautics, Inc. with permission.
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Singie binds paasags techninues, with the periodic boundary
oondbiens phass shified for nen-2e00 interblade phase angle
values, minimize the computational requivements by eliminsting
this Sowpassege stacking. The direct sore mothod, first preposed
by Brdos and Alner.” requires that all the depondont varisbles on
the paviadic boundaries be stored for a period of airfoil cecillation.
Al every tme sinp, perametors at the boundesies are wpdeted by

the data obtained from the currest time-marching
solution and thees stored according o the given inserblade phase
mgle. At the same tims the stored perameturs ars updated. The
periadic beundary condition is satisfied when the time marching
proosasconverges o aperiodic solution. The primery disedvantage
of this method is the largs computer storags required, especially
at Jow cascade ocscilistion frequency valnes.

‘Te avoid the largs computer time or emory requirements of
the above noted methods, He' assumed & Fourier series expansion
st the periodic boundaries and then lagged the boundary conditions
by the interbiade phass angle. In this method, the Fourier coef-
ficients of the responss at the periodic boundaries ere stored and
contismally wpdesad. This is more efficient in computer memory
usage then that of the direct store method which sores the entire
time history at the periodic boundary. Thus, this method shows
wemendous prosmiss for CORMrving Computer resources.

In this paper, the unsteady periodic boundary cenditions for
unsisady Exler models are investigated, including a variation of
the Fourier ssries lagged boundary condition otigineily propossd
by He. The two-dimensional unsteady Euler equations are solved
wsing a time-marching, flux-difference splitting schems imple-
mented on & C-grid which is allowed 10 deform with the aisfoil
motion, sither woesional or translationsl. Predictions for beth fia
plate and loaded aisfoll cascades are then presemsed, with the

The inviscid flow fisld is described by the Euler equations.
‘The non-dimensional two-dimensional, time-dependent, con-
smrvation law form of thess equations in general curvilinesr

coordinmes is
oF oG
where the curvilinear coordinates are defined, Figure 1, a8
S=8xys) a)
n=nfxys) £ )

and the vector of the dependent varisbles Q sd the vecors F
and G sre given by

() v

2 1P B - I Rt
Q= pos F e = +G= - 1)
. 'u’h’ ’v’iy'

uau-l;-r w«»-%r

The contravarisnt velocities U and V are defined in terms
of the Cartesian velocity components u and v &

(3e)

(30)

snd the total energy, o, for & perfact gas is

Q-E!’—lroi-p {u2 +v3) ©

Implicit Finise Yolome Scheme
'l'bhvﬂcﬂuﬁ-mw&;-w
finie volume schome.% !0 In the finise volume discretization, the
computationsl domain isdivided o anumber of amall contignous
control volumes or ceils. The partial diffarential equations de-
scribing ths conservation laws, Bquation 2, are then integrated
over thess volumes to obtain expressions for the physical laws in
cach grid cell. The balance of & physical quantity such as mass,
MmOomeniiEn, or energy is maintained in & control volume through
the flux of that physical quantity across the cell surfaces. Con-
ssquently, the conservative peoperty of the resulting difference
ecuation is gueranteod with a finits volume approsch.
‘Thediscretized integral form of the Euler equationsis obtained
by insegrating Equation 2 over a computational volume with the
center dencted as (1)) and changing the resulting volume intagral
0 & surface integral using the divergence theorem. The result is

%-og-tﬁso o
Al an
where the central difference oporators

H*)-H..;.—H.é.- meij ®

imply that the flux vectors are evaluated at the surfaces of a cell.

Sincs the dependent variables arc evaluated at the cell cemters,
the flux veciors are determined by extrapolation from cither side
of acell surface. A biased exwapolation is utilized because of the

fundamental property of the hyperbolic partial differeatial equa-

.tions, i.e., the existence of a limited domain of dependence.

Information propagases in specific characeeristic directions which
dictate the extrapolation trends required for the determination of
the flux vecsors at the cell faces (upwinding). The Euler equations
represented by Equation 2 heve five characteristic velocities
associated with each fiux vector. The eigenvalues of the flux
Jacobian matrices (A] = AF/3Q and [B)] = 3G/0Q are the charac-
seristic velocities in the & and 1) directions. The flux vectors F and
G can be split into subvectors, fiux vector splining, each corre-
q:uuh% 0 a distinct eigenvalue of the related flux Jacobian
matrix. !

K:%a‘r.h‘];‘ al*+K (¢)]

where
K® = A%, knl and K* = B%, ke 10

Separase extrapolations are made for determinstion of the
Bux subvecsors according 1o the sigas of the associated characteristic
wvelocities.

‘The dissipation aspect of this scheme is improved by a flux~
difference split method for the residual based on the solution of
spproximate Riemann problems with Roe averaging at the cell
faces. With the desermination of the cigensysem for the flux
vectors using Roe averaging and the knowledge that the interface




difSerential is proportional 10 the right eigenveciors, a first order
uuumu%um

M_.:..z' Vaydagy -3 " dad a1

Mlhhhw d is a right eiganvector, o is the dif-
ference jump acvess the & wave, sad ) is an cigsnvaiue.

To ebtain higher arder spatial accuracy, a corrective flux is
then added w0 Equation 11:

it e ey o

with ¢ = 173 giving a thisd order spatial scheme.

To control dispensive errors characteristic of higher order
schomes, & total variation diminishing scheme is used to limit the
intesface Blux. This results in the following corrective flux

definitions. 0
A ) l-m.-uri’,%_ (130)
o<, - ) L;(-x.nr{,%_ 3v)
oy=Z - l.,ua)rj,% 3
r“‘}' T L) "J‘i' a3

with the limiter, L. given by
j ]
l.,(a.u)-nhnd(q’.’,h.g,) a4
where the minmod function is defined as

MN)'W(!)N(O-III(HY sgfx)]} as)

with the “compression” parameter § equal t0 4 and G, & parameter
proportional to the interface characteristic variable jump defined

by
2
Excellent results9.10 have been obtained by evaluating the
residual term with the sbove flux-difference split method and the
left hand side operator with the flux vector split scheme, which is

approximately factored into the product of two operstors. The
resulting two step implicit algorithm is given as

[l + ;—&(&A’o +58*4 '] Ag®= -PI.T(- %Ad‘ + u) )

[u;-,e}..l&xugn-)']muq' (17)
Q=g+ iq (1%)
with the residual ievm, R®, defined as
R*=-(8F + §G) as)
The“'geomerric conservation law”, which prevents spurioussource
terms due to the motion of the grid, is satisfied in Equation 17a by
the following relationship
ta={ract + art lgagi]]-gear  a9)
with AJ® given by
arap-palar pacfsl s3]
This results in a flow solver that is third-order accurate spatially

aad ssoond-osder accurats in time.9.20

In this papar, the Enler sumerical solution is implessented on
o aisfoll cascads geamenry, Figave 1. by a computational C-grid.
in particuler, the sumerical selution is obtained wilizing the
deforming grid wechnique of Refarences S and 13 for 2evo and non-
amo inserblads phase angles.

‘The owter bowndary of the C-grid is defined by the weer in the
grid generation program GRAPE.1L12 The outer boundary re-
mains fixed in speco, with s deforming grid techmique used to
locate the position of the aisfoil The grid lines commecting the
inner snd outer boundaries deform with the aisfoil motion. Figwre
2 shows three aisfoll grids for amalysia of & 90 degree imablade
phass angle vaiue. Note that the airfoil motion is exaggerated in
this figure. The smonntof deformation is a function of the distance
from the aisfoil meface. The grid deformation is defined a3

ax =Wy (axy) aw)

ay =Wy (ayy) @)
whare Axjj and Ayjj are the spatial differences that would exist
betwean successive time steps if the entire grid were moved as 2
rigid body, the weighting function, W, is:

Wo*'"(tn)-h""—;'b-ll @)

where sisthe arc length of a grid line from the airfoil surface (N=1)
to some grid point along $=constant, and e is the outer
boundary grid line as shown in Figure 1.

From Equations 21 and 22, the aodes at the immer boundary
(s=0) give Wim1, which means that the sirfoil surface follows the
rigid body motion of the biade. Conversely, the outer boundary
nodes give Wm0, and the node positions remain fixed at the initial
specified locations. The intarior nodes shear in space relative to
the initial grid as Wy varies betwoen O and 1. The node velocities
are found by dividing the grid deformation by the time siep value.

Bosndary conditions
Solid Surface

The solid suface boundary conditions, f-g in Figure 1,
implement zexo pressure gredient conditions.!4 These zero
pressure gradient boundary conditions are sufficient as long as the
grid near the surface is resolved. The flow variables
are averaged across the intexface aft of the airfoil solid surface to
the exit, o~f and g-h in Figure 1.

Sizady Inles and Exit

Charscteristic variable boundary conditions (CVBC) are
used for proper ransmission of information into and out of the
sweady computations] domain. 14 The CVBC's are consistent with
the concept of upwinding in which the signs of the characteristic
velocities determine the appropriase propagation directions. 14 A
summary of their derivation is given in the following, .

The Euler equations written in their non-conservative form

%-ﬁ:%«*b%ao @)

with the matices a and b determined through an eigenvalue

The inlet conditions, b-¢ in Figure 1, are obtained by muli-

plying Equation 23 by P;} and neglecting the derivatives in the
normal inlet & direction to give
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wheve Ay is a dingenal matrix contsining the sigmvalues, Ay ; and

Py and I} ase the loft and right eiganvectors, respectively.
The charascssristic vector is defined as

Wy =Rle @)
Py, is such that the elements of the characteristic vector become

ey
wi -Fl‘l['\;(p -5’] Q)
a -;h[%:‘-l'«.m-w v)] (26c)

[!.!“—-(m a+ny v)} (264d)

mmwu
(EIPLET W WS @Nb)
l::m.\un,v)-o-cw 2%)
A3 = (nau + Hyv)—c o] @)

‘The implamantation of the characteristic variable boundary
conditions requires specifing whether the boundary is am inlet or
am exit bowndary. Usmally, this is dons by computing the sign of
A %0 daermins the directions of the characesristics. For cascades,
however, the direction of the flow and the characiristics are
known, with the flow-grid orientation detarmining the sign of the
sigenvaiues, If the flow is in the same direction ss the increasing
computational coordinste the sign of the first cigenvalue is posi-
tive. Otherwise, the flow-grid orientation is opposed giving 2
nsgative sign for the first cigenvaiue. The subscript “a™ deaotes
spprosching the boundary, “b™ refers 1 on the bowndary, and “T"
leaving the boundary. For a subsomic inlet, with flow direction
opposise the grid direction, the chasacieristics approaching the
boundary are set oqual to the characesristics on the boundary using

Bquation 26.
Pe-al-pe-dl e
Mo-dl-pe-dl

—vl+dd1§)(q‘u+n,q =
p-c- 2O+ sigad) nau ey 9 @
;%-ﬂdlﬁhuwﬂ -
t-vl-ddlﬂ(mu+mﬂ @9

mmuw'a"nd“r'nndmboum
a8 tzoss at point *b”. Combining Equations 28 (c.d) gives
Equation 29e, with the remaining flow vasisbies at the inlet
boundasy found by simultansous solution of Equations 28 (a-d).

R =1(P + P -picifriing ~w) + nytv, -w)) @50

ps-p.+5§3‘- (29%)
Nt - n.-'-ﬁ 9¢)

L]
ot "’;n-q @3
Witk the aon-conssrvative flow vagisbies found, the conservative
dq:d-tv-hhl- in Equation 4 can be casily computed at the

inlet boundary.

‘The depsndent fiow varisbles at the exit boundaries, a~h and
d-¢ in Figure 1. are obtained by a similar method with special
stention 10 the flow-grid oriamtation effect on the sign of the first

sigruvalus (L., d- AL >0 mnd a-h A} <0). Bquetion 23 is saul-
tiplied by P}’ and the derivatives in the normal exit ) direction are
noglected, therefore substitation ismade of & forv) in Equations 25
thru 28.

‘The characteristics on the exit boundary are set equal to the
characteristics Jeaving the boundary. In this case, the incoming
characteristic is the upstream rumning pressure wave and therefore

thepressere is sstequal to the presswrs leaving. Forinternal ssady
flows, this is usually specified by the user. The non-conservative

flow varisbles becoms
A=P )
“'Pl*h;h (300)
o+ gfiljeles )
v gl 00d)

With the non-conservative flow varisbies found, the conser-
vative depmadent varisbles in Equation 4 can be easily computed
at the exit boundary.

Nots that thess characteristic variibie boundary conditions
are only valid for sseady cascade flows becamse the exit boundary
is assumed 0 have uniform static pressure.

Unueady Injet and Exic

Approximate non-reflecting unsteady inlet and exit bound-
ary conditions are developed by assusning that linear theory can be
applied. Giles!S derived “non-refiecting™ boundary conditions
for a general trbomachinary Euler solver . First the sseady flow
is solved using the previously presented CVBC’s. The linesrized
Euler equations ase then solved at the inlet and exit boundary to
determine the perturbation flow vasiables in terms of the charac-
teristic variables. This allows time variations of static pressure at
the exit and reduces reflections from the boundaries. A btwief
outline of this method is given below.

The linearized, two-dimensional Enler equations are writien
in wnms of primitive small-pertarbation varisbles as

?ﬂb Ag-t Bg- 0 (k) )]

Q = (8p.8a.5v.5p )

where
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The clements of the vector Q represet pertarbations from
wmiform flow condidons, with the matrices A and B evaluated
using these same conditions. The analysis is gready simplified it
the uasteady partrbations and the stoady varisbles in A and B are
sondimensionalized using the stsady density and speed of sound.
With this choics of nondimensionalization, the final forms of the
matrices A and B are

A= (3e)

B= (340)

eee.; 'eeex.
cofo ~oFf~
~Xo~ ofRoo
F-co Fo-o

L ]
whare My and My are the Mach sxynbers in the x and y directions.
A sst of sigenveciors represmnting an entropy wave, a vortic-
ity wave and upstrearn/downstream runing waves arc
determined by Fourier analysis of thess equations. Using these
cigenveciors sand sssuming locally ono~-dimensional flow at the
boundary, the characteristic vasisbles for unsweady flows are
mhmdhm‘bﬁvms

i

hammmmdmmm

as

characteristics (C;, C2, C3) are set 10 zero and the outgoing char- -

acweristic (Cy) is computed using Equation 35. For subsonic exi,
Cs = 0 and the remaining characeeristics are computed. Once the
characteristics are known, the perxrbation variables are found
using an inverse transform

(-]

-1

HEE

-]

Re e

NMMMangubﬂm
relationships.
€1))
(M)
(37%)
379

P=pe+Bp
unw+8u
vzv+dv

P=aPy+ 8P
where pq. Ug. ¥o and Pg specify the sseady solntion.

With the asa-conservative flow veriables found, the conser-
vative depsadent varishies in Equation 4 aso easlly computed &
the iniet and exit boundary.

Bouxiec Pexiadic

To minimize the large computer time or memory require-
ments assocised with fmplementing the periodic bowndary
condtions for acn-sw0 imerblade phase angie values, the flow
varisbles at the periodic boundaries are approximentty expressed
as & Fourler series? This is accomplished by expending the
computationsl grid ons ands at he upper and lower periodic
boundaries, Figare 1. Atonsaode interior of the upper and Jower
periodic bounderies, the timewise intcgration for the Fourier
cosfficiants ase parformed on the comservative varishles f(x.£)
(P(x.0), pulxs), esc.) st the lower and upper boundarics.

Lower Boundary: .

Alfx)=2 3, fo.i{x.t) sinine) At (8a)
[}
N

Bifx) =2 3, fis1(x.t) cosfnax} At (8v)
L]

Upper Boundasy:

N

Alx)=R 3 f11(xs) sinined At %)
[ ]
N

nux)agg fi1{x.t) cosineat) At Gsa)

whers Ny is the number of time steps in one period of oscillation,
and the subscripts L. and U indicase the Jower and upper periodic
bounday.

‘The solutions at the overiapped nodes for the lower and upper
periodic boundaries are then found by an Nth order timewise
Fourier series for the conservative variables, f(x.).

froxs) = .4(x) +
f'. [Afix}sin(nes-c}) + BYfxjcosiviex-o))]

ol
foalxs) = ff,4(x) +
f', [Afx}sin(n{ex+c)) + BYx)cosin{ex+c)))

P~1
where {9 is the time-gveraged value of £.

‘The implementation procedure for Equations 38 and 39 is to

first pecform the timewise integration for the Fourier coefficients
at one node interior to the periodic boundaries. This is an imerior
solution from the flow solver. The cwrrent solution at the ex-
panded nodes is then calculated using the Fourier coefficients
from the previous time period and Equation 39. After each period
of integration, new values of the coefficients are obtained from
Equation 38. Then the coefficients in Equation 39 are updated by
the new valuss obtained. To acceleraie convergence 1o a periodic
solution, the coefficients end time-averaged values are updated §
times per period of oscillation.

In this method, the Fourier coefficients of the response at the
periodic boundaries are stored and continually updated. This is
more efficient in computer memory usage then that of the direct
store method which stores the entire time history at the periodic
boundary.
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‘To obtain cosfficiants for the first period of oacillation, a zero
intarblade phase angle configuration is analyzed with the coeffi-
clents cal~sland on the upper and lower boundaries and stored.
For a mon-zevo intecblade phase angls, the 2¢er0 phase angle
coefficients are usad only for the first period with the appropriate
nonzero interblade phase angls then applied. The analysis is then
ran until a periodic solution is achieved.

Remilia

In this peper, the unswady periodic boundary conditions for
wnseady Buler modals are investigated. The two-dimensional
unmeady Euler equations are solved for a cascade geometry,
Figure 1, using & time-marching, flux-difference splitting scheme
implemented on & C-grid which is allowed to deform with the
airfoil motion, cither torsional or wranslational. Predictions far
both flat piste and loaded oscillating airfoil cascades are pre-
sented, with the oscillation amplitude, cascade geomery and
interblade phase angles varied.

Elat Plug Resulis

To validate the Euler solutions, the unsteady flow past an
oscillating flat plate cascade is analyzed and compared with linear
theory predictions. The cascade consists of fla) plates staggered
8145 degroes with a solidity of 1.0. The inlet Mach numberis 0.7,
the mean flow incidence angle is zero and the reduced frequency
k is 0.75. A finite 1% thick, rounded nose airfoil is used to
approximate the flat plass airfoils. A 145x28 C-grid is exiended
0.95 chords upstream of the ieading edge and 1.0 chords down-
stream of the trailing edge, Figure 3a. Initially, the flow variables
are set equal to the previously determined steady-state values.
Then the airfoils cecillate for a number of cycles sufficient to
achisve a periodic unsisady solution. The airfoil surface unsteady
pressures for the last cycle of oscillation aru then Fourier de-
compossd to determine the first harmonic unstzady pressure
distribution.

Figure 4 shows the magnitude and phase of the airfoil surface
unsteady pressure response to 2 1% chord transiational motion at
an intesblade phase angle of 90 degrees. The predictions of the
conditions, four harmonics, are shown. There is no difference in
the response for either of the two Euler periodic boundary condi-
tions. Excellent agreement of the unsteady pressure magninude
between the Euler predictions and the linear theory analysis of
Whitehead! is evident. The phase distributions are also in good
sgreement with the linear theory predictions. From 20% to 80%
chord, the Euler solver predicts a slightly higher phase angle. The
large jump in phase at the trailing edge is a result of the unsteady
pressure difference magnitude approaching zero, thereby making
any slight difference in the unsteady pressure appear large.

The computational time for the Fourier periodic boundary
condition analysis, which required seven cycles of oscillation 10
converge, was 5 CPU hours versus 11 CPU hours on 2 HP-730
workstation for the stacked periodic boundary condition, which
converged in four oacillations.
10th Standard ConGiguration

To demonstrate the Fourier periodic boundary conditions for
mbsonic flow, a loaded airfoil cascade was analyzed. The 104
standard configuration is a cascade of NACA 0006 airfoils a1 45
degrees stagger, 10 degrees angle of attack, with a solidity of 1.0.
The unsteady cascade flow generated by translational motion is
analyzed.

A grid convergence study was conducted to verify grid

independent remults. Figure 5 shows the unsteady magnitide and
phase pressure response of the 10 standard configuration cas-
cade cscillating with & 0.75 reduced frequency valus, a frecatream
Mach number of 0.7 sad a O degres interblade phase angle
executing translational motion for two grid stadies. The first study
addresses the grid density independence. Both C-grids exsend
0.92 chords upstream and 0.7 chords downstream, with 157x22
and 31340 grid points respectively. As shown in Figure 5, there
s no difference in the results. Thus the courser grid, Figure 3b, is
considered adoquate.

The second study is performed to determine grid indepen-
dence from effects at the inlet and exit plane. The C-grid was
exiended to 1.5 chords upstream of the leading edge plane and to
2.0 chords downstream of the trailing edge plane with 289x31
pointsin the grid. The same subsonic ransiational 2ero interdisde
phase angle configuration was analyzed. Note that this is a super-
resonant cascade flow configuration, with propaging waves gen-
erated. Fora super-resonantcascade, acoustic waves donotdecay
as they propagate awsy from the oscillating cascade. Therefore,
& super resonance condition should be the most seusitive to the
inlet and exit Jocation. The results are also shown in Figure 5. No
boundary reflection problem is evident. Thus the smaller grid is
utilized.

The subsonic 10 standard configuration cascade airfoil sur-
face unsieady pressure difference magnitude and phase response
to a ransiational motion of 1% chord at an interblade phase angle
of -45 degrees is shown in Figure 6. Both the Fourier and stacked
periodic boundary conditions results are shown, along with the
linear theory analysis of Whitehsad!. The two nonlinear analysis
results are identical in both magnitude and phase. The magnitude
of the Euler unsteady responss is three times higher near the
linear solutions agres a1 the trailing edge. The phase results show
that the Euler and linoer solutions have the same trendwise
behavior, but offset by 90 degrees.

The time history of the unsteady lift for the Fourier analysis
isshown in Figure 7. This plotshows that the solution has reached
aperiodic state after 12 periods of oscillation. Thistakes 6.4 CPU
hours on the HP-730, while the stacked analysis reached a
periodic stame in 4 periods taking 16.5 CPU hours.

The importance of the number of harmonics in the Fourier
periodic boundary conditions is shown in Figure 8. The magri-
tude of the first eight harmonics of the conservative variable, pu,
nomalized by the first harmonic from the stacked analysis is
shown for five different node locations along the periodic bound-
both the first and the first four harmonics used to determine the
solution atthe periodic boundary. The magnitude of the harmonics
do not change whether the first or the first four terms are kept, i.e.
the periodic boundary solution is dominated by the first hasmonic.
Tnsopic Cascade

To demonstrate the Fourier periodic boundary conditions for
wansonic flow, a cascade configuration with a strong normal
shock was analyzed. The 10% standard configuration geometry
was used with a freestream Mach number of 0.8. The back
pressure was reduced to 0.7, resulting in a strong shock wave
completely across the flow passage. The number of grid points in
the streamwise direction was increased 10 223 to beter resolve the
shock wave, but no grid refining near the shock was done.

The flow field static pressure contours are presented in Figure
9, showing that the normal shock extends completely across the

64




biade passags. The stsady pressure distribution on the suction snd
pressure surfaces of the cascade are given in Figure 10. Theshock
stasts &l 92% chord on the suction surface and intersects the
presne susface at 25% chord.

The cascade is then oscillated in & wrsional mode about the
mid-chord with a 50 degres intesblads phass angle. The ampli-
tude of the sirfoil osciflation is varied from 0.1° 0 3.5°. The
magnitude of the unsteady moment cosfficient from the 0.1° and
0.2° ascillations are sxtraplotated for the “linear™ solution. The
unsteady moment cosfficient is thon plottad versus the amplitude
of oscillation, Figure 11, Nonlinear effects areevident for oscillation
amplitudes grester than 1.0°. This result agrees with stadies on
nonlinear cascade effects reported in Reference 16.

Figure 12 shows the sirfoil surface unsteady pressure magni-
tude and phass results for an oscillation amplitude of 3.5* Jor both
the stacked and Fourier periodic boundary conditions, with the
magnitude and phase pressure response are identical for both
methods. The surong normal shock is seen in both the magnitude
and phase plots & 25% and 92% chord, with this nonlinear
behavior able to be calculated with the Fourier periodic method.
The CPU time was 147.0 and 238.3 hours on the HP-730 for the
Fourier and stacked periodic boundary conditions respectively,
with 35 and 15 periods of oscillation required to reach a periodic
solution.

To investigam the Fourier periodic boundary condition solu-
tion in more detail, the time history of the conservative variables,
p and pu, one 2ode in from the periodic boundary at the shock
wave location are plotted in Figure 13 for both the stacked periodic
boundary condition and for the prediction with both the first and
the first six harmonics of the Fourier periodic boundary condition
method. Only the last four periods of oscillation are plotted to give
better resolution. Although the first harmonic alone boundary
condition does remarkably well, using the first six harmonics in
the boundary condition yields a sokution which is nearly identical
to that with the stacked airfoils.

The magnitude of the firss eight Fourier coefficients one node
in from the periodic boumdary for the conservative variable pu at
the normal shock location and for the two nodes upstream and
downstream of the shock location are shown in Figure 14. Nearly
exact agreement between the solution with the stacked and Fourier
periodic boundary condition using the first six terms resuit
However itis evident thas using only the first texm in the boundary
coundition does not maintzin the higher harmonic effect at the flow
field periodic boundary. This figure also emphasizes the validity
of only keeping the first six hanmonics of the boundary condition,
asthe higher harmonics are quite small. Theseresuits validate that
the Fourier periodic boundary conditions preserve the nonlinear
behavior of the flow solver.

The CPUtime penaity due to the timewise integrations for the
first six harmeonics of the Fourier series along the periodic bound-
aries for a single passage was 2.7 minutes or 5.6% of the 48.5
minutes required for one period of oscillation of a transonic 10th
standard configuration for a zero interblade phase angle analysis
with overlapping of the grid. The mumber of oscillations needed
to resch a periodic solution was usually double that needed for the
stacked periodic boundssy conditions. Therefore, depending on
the interblade phase angle, the savings in CPU time can be
enommous. Also any arbitrary interblade phase angle can easily be
analyzed. The penalty in terms of memory requirements for a

pesticular cascads flow fleld analysis was spproximately 3.0% of
the stackad boundery condition. This should not poss any peoblem
for most modern coOmpulers.

Summary and Conclusions

An investigation of the unsteady asrodynamics associated
with an oscillating cascade of airfoils has been complesed using &
time~marching flux-difference splitting Euler code implemented
on a deforming C-grid. The (low solver, which is second-order
sccursie in tme and third-order accurste spatially, was first
verified by analyzing a flst plats cascade and comparing the results
with linear theory. This showed excellent agreement with the
linoar theory predictions, thus validating the flow soiver. The 100
standard cascade configuration was them snalyzed. As expected
these predictions showed effects that the lincar theory could not
predict and showed the ussfulness of applying the Fourier shape
correction periodic boundary conditions in ssving computer re-
sources. To prove the nonlinear validity of the Fourier periodic
boundary conditions, a transonic cascade configuration with a
strong normal shock wave and high magnitudes of torsional blade
oscillation was sadied. Theseresults proved the nonlinear behav-
ior of the Fourier periodic boundary conditions.

The conclusion of this research into the nonlinear unsieady
serodynamics of a cascade of sirfoils undergoing both transia-
tional and torsional oscillation is that applying a Fourier periodic
boundary candition is valid. Thisperiodic boundary conditionhas
been demonstrated o model the nonlinear behavior of the flow
field while greatly reducing the computer resources in both time
and memory reguirements over other methods.
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Figure 1. Computational and cascade geometry. Figure 3. Computational grids.
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EFFECT OF ACOUSTIC RESONANCE CONDITION ON
WAKE GENERATED ROTOR BLADE GUST RESPONSE

Steven R. Manwaring + and Santord Flester
Thermal Sciences and Propulsion Center
School of Mechanical Engineering
Purdus University
West Lafayette, Indiana

ABSTRACT

Unsieady acrodynamic biade row response is generally
categorized as either subresonant or superresonant, with an acoustic
resonance at the points where these regions meet. Although these far
Wms@cmmcﬁwbmgmwﬁms
ﬁmlimna;&:aswuynow::deb.&eymnwmm
controversy, analytically experimentally. is paper,
multistage axial flow i i

and
response in the immediate vicinity of an acoustic resonance, are
experimentally investigased. This is accomplished by ifyi
these acoustic resonance and subresonant and supervesonant
Tow interaction phenomena in terms of their effect on the rowr blade

Presented at the intemational Gas Turbine and Asroengine
Cincinnati, Ohio ~ May 24-27, 1993

NOMENCLATURE

Rovor blade semichord .

Rotor blade sieady pressure coefficiem

Rotor blade unsicady pressure coefficient

Rowor blade unsteady pressure difference coefficient
Rotor blade acoustic wave unsteady pressure

Absolwe velocity vector difference from mean value
Total unsweady velocity
Relative mean flow angle
Relative flow angle difference from mean value
Forcing function frequency

INTRODUCTION

ep 2% <za=m°’.r"'*§;3gaﬂ°

Myfhwiswmbcamnmnbﬁmdnunifm
Whitehead [1987], Fleeser (1973), and Goldstein {1978),
and Verdon and Usab (1990], of 3 nonuniform steady flow, Verdon
a_ndH_aﬂ(lMl.Scoua_ndAmll990]mdl=m¢u99u. For these
linearized models 10 i valid icti

Unsieady serodynamic blade row response is generally
caregorized based on the far field acoustic response. For a cascade in
a subsonic flow, the unsteady flow is superresonant when pressure
disturbances propagate away from the cascade unattenuated. When
the pressure disturbances decay exponentially with distance, the
cascade is subresonant. At an acoustic resonance. a point where
subresonant and wpetreso:;:‘( lr'e‘egiorns meet, the pressure

Propagaie encrgy g the blade row, i.c.. the energy is
propagated in a purely uangential direction.

ne Congress and Exposition




fow Acoustic resonances exist for specific combinations of swady
conditions, cascads geometries. and inerblade phase angic

and reduced frequency k values. h.mmmamnw“.
the uameady flow and cascade geometry conditions which specify the

interblade phase angle values, acoustic
resonances bracket the wave propagating supefresonant region.
Whea cither § > fig® or B < fi¢°. the cascade is subresonant and the
waves decay (9).

B

- kM (M sin (@ +Y) £ V1 - M? cos¥(a, + 7))
(C/SX) - M?) v v W

where B, is the acoustic resonant interblade phase angle, M denotes
lheMnchnmnbev.k-mClZU.CJSislhecascadesdidity.risme
cascade suagger angle and @, is the mean flow incidence angle.

Although these acoustic resonances are critical to obtaining

™ m:yll{n cu.'nct et from linearized ul:_lsleady flow
model 1 subject of some controversy. For example,
msu»,mm.llmlmmm&mm‘vgpm
obiained good correlation with vibrating transonic cascade data.
Mve.&uwdeddmuh@bitmymuwmvhrumc
resonance conditions. Experimemally, superresonant flow wave
propagation behavior has been shown by Buffum and Fleeter (19913,
1991b] 10 have a significant effect on obtaining valid two-dimensional
oscillating cascade data. The question has also been raised as to the
significance of acoustic resonances in actual blade rows.

Of particular interest herein is a rotor blade operating in a

inlet flow distortions, for example, generates propagating acoustic

umud;'iumﬁmmspeuﬁedbymgredmed
frequency k and the reistive number of upstream excitations
Nezcitmions and downsaeam rotor blades Npiades Which specifies the
imerblade phase angle value .

p.hﬂﬂmtm @)

where m is an integer.

These rotor interactions generate acoustic ':eqns which
Wupsumuddomm Depending on the interaction.
1.c.. the relative number of upstream excitations and downsueam
rosor blades, either a subresonant or a superresonant flow condition
results. [n the subresonant regime, the acoustic wave is attenuated

whereas in the superresonant flow regime it propagates upstream and
downsweam.

In this paper, muliisiage axial flow compressor acoustic
resonance conditions, including both subresonant and superresonant
unsteady acrodynamic response in the immediate vicinity of an
scoustic resonance, are experimentally investigated. This is

lished by means of a series of experimenis directed at
quantifying these acoustic resonance and subresonant and

t blade row interaction phenomena in terms of their
Monlhembldemp_uiodicmymmmse.
First the first stage rotor row periodic unsteady pressure response 10 2
downstream stator-rotor interaction generated acoustic wave is
studied. Then, the gust unsteady acrodynamic response of the first
stage rotor row due t0 IGV wakes, with the IGV-instrumented first
stage rotor itself configured to generate subresonant and

superresonant conditions is considered.

RESEARCH COMPRESSOR

The Purdue Axial Flow Research Compressor models the
_fuaduquul terbomachinery unsiesdy acrodynamic multistage
ineraction phesomena which include the incidence angle, the velouity
and ”rtmre varistions, the serodymamic forcing funclion
waveforms, the reduced frequency, and the unsieady blade row
interactions. The is driven by a 15 HP DC clectnc mouw
a1 2 speed of 2,250 RPM. For the baseline configuration, each
identical stage contains 43 roor blades and 31 stator vanes having a
British C4 airfoil profile, with the first stage rolor inlet flow ficki
established by & variable setting inlet guide vane (IGV) row of 36
l'n‘froils. The overall compressor and airfoil characteristics are defined
in Table 1.

The first stage rotor row is insoumented, with the first stage
stator row and second sge rotor row removed 10 assure that ]
eopagating amoustic wave is goacraind by fixing the mumber of
propagating acoustic wave is ixing
stage rotor blades and varying the number of second siage stator
vanes to oblain superresonant conditions form this downstream
stator-rotor interaction. The IGV's and instrumented first stage rotor
row combination is such that their interaction is far removed from the
acoustic resonant condition.

To investigate the gust unsteady acrodynamic response of the
first stage rotor row due to IGV wakes, with the IGV-instrumented
rotor interaction generating subresonant and superresonant
conditions, the number of first stage rotor blades is maintained
constant and the number of IGV's is varied. Also. the downstuream
second smge siator and third stage rotor combinations are configured
10 operate far from an acoustic resonance.

INSTRUMENTATION

The compressor acrodynamic performance is determined
utilizing a 48 port Scanivalve system, thermocouples, and a venturi

arifice to measure the required pressures, temperatures and flow rate,
respectively. The Scanivalve transducer is calibrated each time data
afe acquired, thus automatically ing for zero and span shifts

of the mansducer cutput. A 95% confidence interval, root-mean-
square error analysis of 20 samples is performed for each sieady data
measurement.

Both steady and unsteady rotor blade row data are required.
The steady data quantify the rotor row mean inlet flowfield and the
resulting rotor blade midspan sieady loading distribution. The
unsteady data define the periodic acrodynamic forcing function and
the resulting midspan blade surface periodic unsicady pressure
disributions.

The inlet flow field, both steady and unsteady, is measured
with a rotating cross hot-wire probe. Disturbances in the stationary
frame-of-reference, i.c.. the IGV wakes, arc the unsteady
serodynamic forcing functions to the first stage rotor row. The rotor
periodic unsteady inlet flow field generated by these disturbances is
measured with a cross hot-wire mounted in the rotor frame-of-
reference. The probe is axially mounted 30% of rotor chord upstream
of the rotor leading edge plane. A potential flow field analysis
determined this axial location to be such that leading edge potential
effects are negligible for all steady loading levels. The probe is
angularly aligned to obtain rotor relative velocity and flow angle data.
The cross hot-wire probe was calibrated and linearized for velocities
from 18.3 m/sec t0 53.4 m/sec and +35 degrees angular variation,
with the acc of the velocity magnitude and flow angle were
determined to be 4% and +1.0 degree, respectively. Centrifugal
loading effects on the rotating hot-wire sensor resistances and. thus,
the responses found to be negligible.
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3 40 channel slip ring assembly. On-board signal conditioning of
mansducer output si; is performed (0 maintain a good signai-to-
noise ratio through the slip rings. The remaining 17 channels of the
slip-ring assembly are used to provide excitation to the wansducers
and on/off swisching 1o the Scanivalve DC mosor. )

DATA ANALYSIS

Steady Data .

The rotor blade surface static pressure data, measured with the
rotor-based Scanivalve sysiem, are defined by a root-mean-square
error analysis of 20 sampies with a 95% imerval. The
reference for these midspan

radial acceleration is applied in calculaing the blade surface stic
pressure coefficient.

c,.!a:i’niz; ®
mu.tum‘gtgl&sﬁpw

Periodic Data
The periodic data of inserest are the first harmonic components
of the X ic forcing function to the first stage rotor blade row

The key to this averaging technique is the ability 10 sample
daa at a preser time, accomplished by an optical encoder mounted on
the rotor shaft. The microsecond range sicp voltage signal from the
encoder is the data initiation time reference and triggers the high speed
A-D multiplexer system. To significantly reduce the random
fluctuations superimposed on the periodic signals of interest, 200
averages are used. A Fast Fourier Transform (FFT) algorithm is
mwmmlhese:f?hamﬁﬁmqmmfm&u
harmonic component unsteady aerodynamic L

and the resulting rotor blade surface first harmonic unsteady pressures
and pressure differences.
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and v*, respectively, These are then Fourier decomposed 10

The various unsicady aerodynamic gust machematical models
reference the gust generated airfoil acrodynamic response 10 a
transverse gust as the leading edge of the airfoil. However, in the
experiments described herein, the time-variant daw are referenced o
the initiation of the data acquisition shaft wrigger pulse. Thus, for
consisiency with the models, the periodic daia are further analyzed
and referenced 10 a transverse gust at the leading edge of the first
stage rotor blade. This is accomplished by assuming that: (1) the

forcing function remains fixed in the stationary reference
frame; and (2) the orcing function does not decay from the rotating
hot-winpmbeuiallouﬁmnouummladhudgphm.

Two types of unsteady pressure data were measured and
analyzed. The first type is the acoustic wave unsteady pressure
Wbyadownmqnm—mmmmmmm
mewufbwmmmmbymehmmwdfun
SIAgC TOLOr TOW. Manmnfm»memm‘em
mmmmﬁmhmicmudeﬁmdbym
following equation.

-~

S
iY@

where G- is the acoustic wave unsteady pressure coefficiens, o is
u\eacwsdcwnveunsmdypussm.?is&esew'dmge stator
vanc wake gencrated transverse gust first harmonic and V, is the
mean axial velocity,

m:econdtypeismenmwadymac&ngonmcfm
stage rotor Tow duc 10 the IGV wakes while the IGV row
nndfmmemmnonopemeindwumm:ua
sumso::m flow envi:mm‘(e. The rotor blade surface unsteady
pressure data, measured wi embedded high response pressure
uansducers, are analyzed 1o determine the first harmonic of the
m&mamWymmm:c,mm
unsteady pressure difference coefficient Cap. These are defined in
Equation 5 and are specified from the Fourier coefficients of the
&puedemmﬂeavmpddynanﬁcmsmmmsipNS.

=P __
@ pV{‘%P )

Cap =Cp, presawe = Cp, suction

whue?islbehamqﬂcnnsvusegustoomponem.‘—’-isthcmn
axial velocity and Bis the relative mean flow angle. The

normalization with B is used to comrelate the effects of incidence angle
changes on unsteady lift response per the work of Manwaring and
Fleeter (1990].

The final form of the gust generated rotor blade row unsteady
aerodynamic data define the chordwise distribution of the harmonic
complex unsteady pressure and pressure difference coefficients. Also
included as a reference where appropriate are predictions from the
transverse gust analysis of Smith {1972]. This model analyzes the

acrodynamics generated on a flat plate airfoil cascade mt zero
incidence by a mansverse gust convected with an inviscid. subsonic.
compressibie flow.




RESULTS

To investigase multistage axial flow compressor acoustic
resoaance conditions, s series of experiments are direcied at
quantifying these scowstic resonance and subresonant and
mmtﬂdemimﬁaphuumnhlmdmek
on the rotor blade row periodic unsieady pressure response.

generated
studied. Then, the gust uasieady acrodynamic response of the first
sags rowr row due 10 IGV wakes, with the IGV-instrumented first
stage rotor imself conmfigured to generate subresonant and
supefresonant conditions is considered.
Acoustic Wave Generated Rotor Row Response

meuggem@lukmunmdymummponscw
upsITEam propagating acoustic waves generated superresonant
imeractions of a far downstream stator and rotor row is quantified.
Varying the number of second stage siator row vanes while
mainiaining the number of third stage rotor blades enabies
subresonant and supesresonant flow regimes to be established. In
particular, superresonaat flow regimes are established with a second
stage stator row with 38, 39, 40 and 41 vanes and a third siage rotor
row with 43 blades, while subresonant flow regimes are established
with a second stator row with 36 and 37 vanes and a third siage
rosor row of 43 For these configurations, the corresponding
reduced frequency values range from 4.76 10 5.42 while interblade
phase angles range from -58.6" to -16.7°. The reduced frequency is
minimally affected by this range in the number of vanes while the
imerblade phase angle is greatly affected and, thus the effects shown
by variation in the number of vanes corresponds generally to

generation of an upsteam traveling
ACOUSTC Wave, 2 shows the Fourier decomposition of a typical
first stage rotor surface unsteady pressure signal generated by
the far downsoeam stator and rotor ing in a sonant
stator-rotor configuration consisting of 38 vanes and 43 blades, with
a Mach number of 0.08 at an RPM of 2,250. This unsteady pressure
measurement, located at 5% chord on the first stage rotor blade
. traveling 38 oot o mlbmh&w
upstream per rev acoustic wave, wi g
go:imc!ym-mmmudm%pumlcvmm
hasrmonic amplitude.
Blade Surface Steady Pressures

ing condition ing to the lowest

Jy -3.5°.

3 shows the chordwise distribution of the first stage motm
surface steady pressure coefficient with the downstream Stator-rotor
operating in a superresonant flow condition gencrated by a
downstream configuration with 38 stasor vanes and 43 rotor blades.
The area between the pressure and suction surface steady pressure
data is numerically integrated to determined the steady loading level.
Figure 3 also shows the negligible variation of steady loading when
the number of downswream stator vanes is varied to obtain
subresonant and supetresonant flow conditions. Therefore the blade
steady loading and thus the surface steady pressure is unaffected by
the upstream propagating acoustic wave generated by downstream
SUPCITESONANL STALOT-TOLOT interaction.

Rotwor Row Periodic Uasteady Inlet Flow Field

Figure 4 shows the Fourier decomposition of the periodic
unsteady inlet flow ficld entering the first stage rotor row and
measured with the rowr-based cross hot-wire probe when the far

condition with 38
unsieady flow field, defined by the
1 mvmvﬂcoums. shows
the srong harmonic content due 10 the 36 IGV wakes upstream of the
rotor row. However, frequency content due to the 38 p:r rev
superresonant y, propagsting acoustic wave is not found.
Three other downmmm swtor-rotor configurations, 39, 40 and 41
vanes, aiso give superresonant acoustic conditions. In ali of these,
however, the acoustic wave is not sensed. Thus, the upsueam
propagating acoustic wave does not affect the IGV wake generated
periodic unsteady flow ficld entering the first stage rotor row.

Rotor Row Unsieady Pressure Response

Figures 5 and 6 show the first stage rotor blade row pressure
and suction surface unsteady plus:yremnfsponsc to the upsiream
propagating acoustic wave generated Our SUPCTTESONANT SIA0r-
rotor c‘::a‘gunnons For each configuration, both the pressure and
suction surface show nearly consiant unsteady pressure magnitude
and lincar phase chordwise distributions, with the magnitude
decreasing as the number of vanes is increased from 38 10 41 and the
linear phase diswributions remaining relatively unaffected. The linear

i ibuti data correspond 10 a convected
wave speed of approximately 320 mvsec, which corresponds to the
speed of an upstream traveling acoustic wave, i.c., the speed of
sound minus the mean axial flow velocity. Since the pressure and
suction surface unsieady pressure chordwise distributions are nearly
identical in magnitude and phase, the magnitude of the unsieady
wuuu difference is nearly zero for each of the vane configurations.

uis;‘;bl-eunsmdy lift due 10 upstream propagating acoustic waves is
min

downszream stator and FOKOF A€ in & SUPEITEI0NAAL
pesiodic

The nondimensional acoustic wave unsteady pressure
amplitude as a function of the number of vanes is compared to the flat
plate cascade prediction in Figure 7. The acoustic wave amplitude is
obtained from the blade surface unsieady pressure constant magnitude
chordwise distributions. The prediction of the number of vanes at
which resonance occurs is fair. The data show that resonance occurs
at an interblade phase angie generated with between 37 and 38 vanes
per sutor row (s between -50.2° and -41.8"), while the flat plate
cascade model predicts the resonance 1o occur at 38.4 vanes (s equal
to -38.5°). However, there is very good rendwise agreement
between the data and the prediction, with the magnitude of the
SUPCITESONaNt aCOUSHC Wave increasing as resonance is
and the acoustic wave greatly attenuated in the subresonant
environment.

IGV Wake Generated Rotor Row Response

The gust unsicady acrodynamic response of a rotor row due to
IGV wakes, with the IGV-instrumented rotor itself configured to
ﬁ:eme subresonant and supetresonant conditions is investigared.
acoustic conditions are achieved by varying the number of IGV's
and maintaining the number of first stage rotor blades. In panicular,
subresonant and superresonant acoustic environments were
established two ways: (1) by changing the number of vanes whiie
maintaining the number of rotor blades, thereby altering the unsteady
stator-rotor interactions and the interbiade phase angle and (2) by
varying the Mach number without changing the blade row
interactions.
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Blue Surface Steady Pressures

Similar 10 the procedure described previously, the blade
surface steady pressure coefficient data define the steady loading
acting on the first stage rotor blade. Figure 8 shows the negligible
effect on the bhdesl::‘y loading as the number of IGV's is varied 10
achieve subresonant superresonant flow conditions. This again
demonsirates that the rotor blade ssieady loading and. thus the blade
surface steady pressure distribution is unaffected by blade row
operation near an acoustic resonant flow condition.

Rotor Row Unsteady Iniet Flow Field

‘The Fourier decomposition of the streamwise and wansverse
gust velocities measured by the rotor-based cross hot-wire probe and
by the 38 IGV's upstream of the first siage rotor row
shows a dominant 38 per-rev excitation fundamental harmonic with
smaller higher harmonics. Figure 9 shows that the variation in the
amplitudes of the transversc and streamwise harmonic gust
menuwhhthemmbudlﬁ\fsisminw. However, as the
of IGV's is increased form 35 to 41, the roswor blade row goes
through an acoustic resonance condition as will be shown. Thus, the
periodic unsicady inlet flow fickd to a rowor row which is itself
m in cither a subresonant or superresonant condition is not
the acoustic environment.

Unsseady Lift Response

The unsteady lift coefficient data are obtained by uilizing the
trapezoidal rule 10 numerically imegrate the chordwise distributions of
th.eumady&tmediffm i
difference at the blade leading and

sl phase
-50.2° and -41.8° generated with between 37 and 38 vanes while the
model predicts resonance at an interblade phase angle of -38.5°
corresponding 10 38.4 vanes. In the subresonant flow regime, the
prediction of the unsieady lift magnitude is very good, with the data
and the prediction both increasing in magnitude as the number of
vanes is increased and the resonance is approached. Also, these
magnitude data and the prediction would be nearly identical in value if
the prediction of the number of vanes for resonance was in exact
agreement with the dats. In the superresonant flow regime, the
magninxie prediction and data have comparable values. However, the
prediction exhibits opposite rends with the number of vanes and
interblade phase angle than does the daa, with the magnitude
prediction decreasing and the data increasing as number of vanes is
decreased and the interblade phase angle approaches toward the
resonance value.

Figure 11 shows the complex unsicady pressure difference
coefficient data for the three subresonant flow condition
configurations gencrated with 35, 36, and 37 IGV's, while Figure 12
shows the anslogous data for the three superresonant flow condition
configurations with 38, 39 and 41 IGV's. The chordwise variations
of the magnitude data for both near resonant flow conditions are
slmost identical, with the magnitude gencrally decreasing with

vancs and an incressing interblade phase angle in the subresonamt
environment and decrease with an increasing number of vanes and
imerblade phase angle in the superresonant environment.

The compiex unsicady pressure difference coefficient phase
data also show nearly identical chordwise trends. with the data
gencrally increasing with an increase in the number of vanes and the
interblade phase angle. The exceptions are once again in the quarter
chord and aft blade regions. At quarter chord, the large decrease in the
phase data diminishes as the acoustic resomance condition is
approached for both the subresonant and superresonant
environmeats. In the aft blade, the phase data decrease, with the
decrease becoming increasingly sharp as the number of vanes and
interblade phase angle are increased.

Pressure Surface Unsteady Pressures

Figures 13 and 14 show the first stage roior row pressure
surface IGV wake generated first harmonic unsteady pressure
response in the subresonant and superresonant flow regimes. The
trends of the magnitude data with chordwise position are nearly
identical for both flow eavironments, with a generally decreasing
magnitude with increasing chord distribution except for a large
decrease in magnitude at quarter chord. The pressure surface
magnitude data exhibit the same variation with the number of vanes
and inmbladem phase m;“l:‘:s d:l:. the unsteady ‘I‘lg:nd unsteady

ifference magni i.c., the magni! data increase
md\eMzm environment as the number
of vanes and interblade phase angle approach their resonant values.

The unsteady pressure phase data are relatively unaffected by
the number of vanes and the interblade phase angle in the subresonant
environment but show large effects in the superresonant environment.
As the number of vanes increases from 35 to 37 in the subresonant
region, the phase data decrease slightly with increasing chord except
near the quarter chord where these data are increased in value. In the
superresonant environment, while the chordwise mends still remain
relatively unaffected by the number of vanes. the phase data genenally
increase with an increase in the number of vanes and interblade phase
angle. The exception again is in the quaner chord region, where the
decrease in phase becomes larger as the number of vanes and the
interblade phase angie decreases in the subresonant environment and
increases in the superresonant environment.

Suction Surface Unsteady Pressures
The first stage rotor blade suction surface IGV wake generated

first harmonic unsteady pressure response is shown in Figures 15 and
16 for the subresonant and superresonant conditions. Once again. the
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in the previous section, the gust unsteady aerodynamic
response of a rotor row due to IGV wakes, with the IGV-
instrumented rotor itself configured to generate subresonant and
superresonant conditions, was investi This was i
by varying the numnber of IGV's while mai
of rotor blades and , thus, varying the reduced frequency and the
iaserblade phase an In addition to the reduced frequency and
interblade phase angle, the Mach number is also a key “M‘fg

serodynamic response is aiso experi y
is is sccomplished by first configuring the
i in the subresonant flow

iodic mma_‘ﬁ
mvestigated.

vely. Four Mach numbers are considered, with three 0.072,
0.077 and 0.081, resulting in subresonant flow conditions and one,
0.085 resulting in a superresonant flow condition.

Figure 17 shows the comparison of the complex unsieady lift

" coefficient data and flas plate cascade prediction as a function of the

Mach number. The prediction and data correlation results are similar
1 the previous results. Namely, the prediction of the Mach anumber

ining a constant number -

Hmllhhmuﬂmm
‘.‘&nm Both the . and oo
mmmwmm' with trends
unwm m‘aubxmmm
of vanes and angle. magnitude data follow the
ncar resonamt trends of the umsteady lifi dauw., i.c., the unsiesdy
magnitude data increase with increasing Mach

number in the subresonant and are greatly reduced in the
superresonant regime.  Also, as the Mach number is increased, the

i
e
]
3
g.
?
E
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Figures 19 and 20 show the effect of subresonant and
superresonant enviroaments on the rotor blade pressure and suction
surface IGV wake first harmonic

SUMMARY AND CONCLUSIONS

A series of experiments have been performed 10 investi
multistage axial flow muzdm couditig:
mclndmg_bothm_huoumund t unsicady acrodynamic
response in the immediate vicinity of an acoustic resonance. In
particular, these experiments quantified these acoustic resonance and
subresonant and superresonant blade row interaction phenomena in
terms of their effect on the rotor blade row periodic unsteady pressure
response. Subresonant and superresonan: i d
mmﬂsﬂndbyebmﬁng&emmbqofmwbﬂemﬁnnﬁﬁng

angle and by varying the Mach

X row interactions. First
stage rotor row periodic pressure response to a downstream
SIAtOr-rotor interaction MeG acoustic wave was studied. Then,
the gust unsteady respoase of the first stage rotor row

serodynamic
due 10 IGV wakes, with the IGV-instrumented firyy i
memsmmmwmw;ﬂ

'qouad_e::.d. of these experiments are summarized in the

Acoustic Wave Unsteady Pressure Response

* The pressure and suction surfaces have the same constan
mmuudeandlmurphnev:ﬁaﬁmdudwisediwibuﬁona ‘

* The prediction of the number of vanes and the i terblade phase
angie at which acoustic resonance occurs i;nfait.hereilh the

gt:gicﬁon and data differing by approximately one vane and

* There is very good trendwise agreement between the acousti
Wwave unsteady pressure prediction and data, with zhl:
issupemsonanl m&mt n}ngm'mde increasing as resonance
dlewm and t sharply reduced 10 negligible values in
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IGV Wake Generated Rotor Row Response Near Resonance

* The correlation of the unsseady lift coefficient dais with the
pudicﬁonswvundinlhemmmmm
the corvelation of daia in the superresonant flow regime
only fair. In both acoustic environments, the corvelation of the
phase data were poor, both in value and trend.

* The subresonant and supesTesonant acoustic environments affect
the rotor biade surface unsteady pressure difference magnitude
and phase data, with the magnitude data increasing as the
mmeudiﬁoniswme’ndﬁunehhenhewmt
or superresonant flow regimes.

*  On the individual rotor blade suction and pressure surface, the
IGV wake generated unsieady pressure magnitude dau increase
in value as the acoustic resonance condition is approached form
cither the subresonant or t flow regimes, reflecung

the unsteady lift and unsteady pressure difference results. Also,

the ing phase daia increase in value as the acoustic
resonance is approached from the subresonant flow regime.
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Figure 2.  Fourier decomposition of 5% suction surface chord
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Figure 17. Correlation of gust generated unsteady lift coefficient
versus Mach number

Figure 15. Subresonant flow vane number effect on blade suction
surface response
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unsteady response
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APPENDIX VII

Compressor Unsteady Aerodynamic Response to Rotating Stall and Surge Excitations

AIAA Paper 93-2087, June 1993
(also AIAA Journal for Propulsion and Power, in press)
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