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Flutter Stability of a Detuned Cascade in Subsonic
Compressible Flow

Scott Sawyer™ and Sanford Fleetert
Purdue University, West Lafayette, Indiana 47907

A mathematical model is developed to predict the unsteady aerodynamics of a detuned two-dimensional flat
plate cascade in subsonic compressible flow. Aerodynamic detuning is introduced by nonuniform circumferential
spacing and chordwise offset. Combined aerodynamic-structural detuning is accomplished by replacing alternate
airfoils with splitter blades. A torsion mode stability analysis that considers aerodynamic and combined aero-
dynamic-structural detuning is developed by combining the unsteady aerodynamic model with a single degree-
of-freedom structural model. The effect of these detuning techniques on flutter stability is then demonstrated
by applying this model to a baseline unstable 12-bladed rotor and detuned variations of this rotor. This study
demonstrates that detuning is a viable passive flutter control technique.

Nomenclature

cascade A airfoil index

freestream speed of sound

cascade B airfoil index

| lift coefficient

moment coefficient

ratio of chord length of cascade B to cascade A
chord length of cascade A

chord length of cascade B

elastic axis location

reduced frequency wc/W

airfoil index

chordwise offset of cascade B relative to cascade A
unsteady pressure perturbation

complex strength of unsteady pressure perturbation
radius of gyration

circumferential spacing

circumferential spacing ratio, S,/S

circumferential distance between adjacent cascade
A and cascade B airfoils

freestream axial velocity

unsteady axial velocity perturbation

complex strength of axial velocity perturbation
freestream tangential velocity

unsteady tangential velocity perturbation

complex strength of tangential velocity perturbation
freestream flow velocity

upwash normal to the airfoil

axial coordinate

tangential coordinate

chordwise coordinate

axial wave number

tangential wave number

bound vortex distribution

bound vortex distribution curve-fit coefficients
nondimensional mass ratio

unsteady density perturbation
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complex strength of unsteady density perturbation
freestream density

interblade phase angle

stagger angle

circular frequency

airfoil natural frequency
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Introduction

ARIOUS techniques are being considered for aeroelas-
tic control of advanced design turbomachine blade rows.

Structural detuning, defined as designed blade-to-blade dif-
ferences in the natural frequencies of a blade row, is a passive
aeroelastic control technique. Analyses have been developed
that show that structural detuning is beneficial with regard to
flutter, with alternate blade structural detuning optimal.’
However, structural detuning is not universally accepted as a
passive aeroelastic control concept due to the associated man-
ufacturing material, inventory, and cost problems.

Aerodynamic detuning is a relatively new concept for pas-
sive aeroelastic control. Aerodynamic detuning is defined as
designed blade-to-blade differences in the unsteady aerody-
namic flowfield of a blade row, thereby resulting in blade-to-
blade differences in the unsteady aerodynamic forces and mo-
ments. These differences affect the fundamental driving force
of flutter, the unsteady aerodynamic loading on the blade.
This results in the blading not responding in a classical trav-
eling wave mode typical of a conventional uniformly spaced
tuned rotor. Studies of rotors operating in both incompress-
ible flowfields>* and supersonic flowfields** have shown that
aerodynamic detuning is beneficial to flutter stability.

Combined aerodynamic-structural detuning incorporates
blade-to-blade differences in both the blade unsteady aero-
dynamics and structural properties, i.e., the blade natural
frequencies. One particular concept for this combined detun-
ing involves inserting splitters or short chord airfoils into ad-
jacent passages of a rotor. The splitters have a higher natural
frequency and different unsteady aerodynamics than the ad-
jacent full chord airfoils. Incorporating splitters into a rotor
design to introduce combined aerodynamic-structural detun-
ing for passive aeroelastic control has been considered for
rotors operating in either an incompressible or a supersonic
ﬂOW.Z‘S‘(’j

In this article, a mathematical model is developed to analyze
the unsteady aerodynamics of a detuned flat plate airfoil cas-
cade in a compressible subsonic flow generated by harmonic
torsion mode airfoil oscillations. The linearized two-dimen-
sional continuity and momentum equations for inviscid is-
entropic compressible flow are solved using wave theory, a
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technique first utilized for a uniformly spaced airfoil cascade.®
This technique is extended herein to analyze detuned airfoil
cascades made up of alternate nonuniformly spaced airfoils
with different chord lengths, elastic axis locations, and chord-
wise offset positions. The detuned cascade is constructed by
the superposition of two uniformly spaced or conventional
tuned cascades. The solution of the governing equations yields
the airfoil unsteady bound vortex distribution that is equiv-
alent to the airfoil unsteady pressure distribution and deter-
mines the unsteady aerodynamic loading. The torsion mode
stability of the cascade is then analyzed by combining the
unsteady aerodynamic loading with a single degree-of-free-
dom structural model. The effects of the detuning parameters
on flutter are then demonstrated.

Unsteady Aerodynamic Model

To analyze the unsteady aerodynamics of an aerodynami-
cally detuned cascade, it is necessary to develop an under-
standing of the fundamentals of two-dimensional subsonic
compressible inviscid flow as applied to a uniformly spaced
or tuned cascade. This tuned cascade analysis is then extended
to the detuned cascade.

Figure 1 shows a conventional uniformly spaced tuned cascade
with n = 0 denoting the reference airfoil. The upwash on the
cascaded airfoils relative to the reference airfoil is determined
by the interblade phase angle o, i.e., the upwash on airfoil n
= 1 is the upwash on the zeroth airfoil multiplied by e™.

An aerodynamically detuned cascade is depicted in Fig. 2.
It is the combination of two uniformly spaced tuned cascades,
denoted as cascade A and cascade B for convenience, and
identified by the indices A and B. These tuned cascades have
the same stagger angle ¢ and circumferential spacing S. The
coordinate system for cascade A is (x, y, z), with the cascade
B coordinate system (x', y’, z'). Note that z and z', the
chordwise coordinates, are not orthogonal to the axial and
tangential coordinates (x, y) or (x’, y'). The origins for the
cascade A and B coordinate systems are at the leading edge
of the zeroth blades of each cascade. The airfoils of cascade
A may have different chord lengths than those of cascade B.
The airfoil chords are denoted by c, and cg, with the cascade
A to B airfoil chord ratio defined as C, = c,/c;. Additional
parameters to define the detuned cascade geometry include
the following. The tangential distance between adjacent cas-
cade A and B airfoils in the detuned cascade is S,,. The cascade
A to cascade B airfoil spacing ratiois S, = S,/S. The chordwise
offset os is the distance in the z direction from the stagger
line of cascade A to the stagger line of cascade B. A tuned
cascade thus corresponds to a detuned cascade when o, uneq
= Zo.tunl:d’ Sdctuncd = ZStuned, S = 0'5’ Cr = 1'0’ and os =
0.0.
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Fig. 1 Tuned cascade geometry.

Fig. 2 Detuned cascade geometry.

Plane Wave Solutions of the Linearized
Euler Equations

The two-dimensional inviscid compressibie flow continuity
and momentum equations linearized about a uniform mean
flow are given in Eq. (1):

9, 9, 4, du d
—”+U-’—’+v—”+p‘,(§+—”)=o

at ox ay 0. dy
d d 4 19
e IS (1)
ot 0x oy Py 0X
@ d ? 19
A TR A VS )
dt 0x ay Py Oy

where U and V are the steady freestream velocities in the
axial and tangential (x, y) directions, « and v are the corre-
snonding unsteady perturbation velocity components, p, and
p are the freestream and perturbation densities, and the per-
turbation pressure is p.

The velocity and pressure perturbations are assumed to be
harmonic in time and space:

u u
[v] = [v] expli(wt + ax + By)] )
p p

where 4, v, and p are complex constants specifying the mag-
nitude of the perturbation velocities and pressure, « and 8
are the axial and tangential wave numbers, and w is the fre-
quency.

The pressure and density perturbations are related through
the isentropic flow relation dp/dp, = a*, where a is the speed
of sound. Hence,

p =@ 3)

Substituting Egs. (2) and (3) into the linearized continuity
and momentum equations leads to the following system of
homogeneous algebraic equations:

(0 + Ua + VB) aap, a*Bp,
alp, (o + Ua + VB) 0
Blp, 0 (w + Ua + VB)

]:0 4)
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For a nontrivial solution, the determinant of the coefficients
must be zero. Expanding this determinant leads to the fol-
lowing characteristic equation, which has two families of so-
lutions:

[(w + aU + BV)* — a*(a® + B)|[e + aU + BV] = ?)
5

When [w + aU + BV] = 0, the solution corresponds to
vorticity waves that are simply convected with the mean flow,
with no associated pressure perturbations. The axial wave
number « for this vorticity wave solution is

a = [(e + VB)U| (6)

The solution family for the case when [(w + aU + BV)?
— a(a® + B)] = 0 corresponds to a pair of irrotational
pressure waves, with one propagating upstream and the other
downstream at the speed of sound. The axial wave numbers
«a for these pressure waves are

Ulw + VB) £ aV(o + VB — (@ — U)B
a = : ; (™)
a — U?

The propagation of the unsteady pressure perturbations,
described by the values of @, depend on the values of the
arguments under the radical. Three possibilities exist.

If (w + VB)> — (a> — U*)B*? = 0, there is one axial wave
number that is real. Only one wave is created that propagates
in the tangential direction. This is an acoustic resonance con-
dition also known as cutoff. When (0 + VB)* ~ (&* — U*)B?
> (), two waves propagate without decay, one going upstream
and the other downstream. This behavior is termed super-
resonant for a subsonic mean flowfield. The case with (w +
VB)* — (a*> — U?)B* < 0is termed subresonant and the waves
decay exponentially with axial distance.

The unsteady aerodynamic loading on the blading is mod-
eled by replacing the airfoils with bound vortex sheets. The
vorticity distribution is then expanded in a Fourier series in
the tangential direction, with the various harmonics specified
by the index r. Unsteady cascade periodicity requirements
then specify B

B=(o—2m)S, r=0, =1, +2 L (8)

where r is the mode number.

S . expli(ady + BAy)]
S1 -
2 W expli(edr + BAY)]

K =

Tuned Cascade Kernel Function

The airfoil surface boundary condition specifies the normal
velocity component, i.e., the upwash. Thus, it is necessary to
determine the bound vortex distribution that satisfies the spec-
ified upwash distribution. This is accomplished by determin-
ing an integral equation that relates the bound vortex distri-
bution to the upwash specified at a particular point.

Determined by the three solutions determined previously,
a bound vortex row produces three waves, upstream and
downstream going pressure waves and a downstream going
vorticity wave. As defined, the bound vorticity is zero off the
blade and proportional to the unsteady surface pressure dif-
ferential. ‘

The upwash at a particular point on the reference airfoil is
given by the velocity perturbation in the tangential and axial

+ Z wsexpli(a,Ax + BAY)]

directions. The upwash on the airfoil upstream of a bound
vortex row due to the upstream going pressure wave is

w) = T2 S G eplitar + gan)] ©)

where (x, y) and (x,, y,) are the locations of the upwash and
the vortex on the reference airfoil, respectively, w, is the
complex magnitude of the disturbance caused by an upstream
going pressure wave as given by Smith,* w is the specified
upwash perpendicular to the chordwise axis, Ax = x — x, <
0and Ay = y — y, < 0 are the components of the distance
from the location of the vortex (x,, y,) to the location where
the upwash is specified (x, y) (Fig. 3). Note that the speci-
fication of Ax and Ay is the key point in the development of
the kernel function for the detuned cascade.

The upwash downstream of the vortex row, with both the
downstream going pressure wave and the convected vorticity
wave, is

we) = T2 S o explifente + pAY)]

+ w, expli(a;Ax + BAY)]} (10)

where W, and w, are complex magnitudes for the disturbance
caused by a downstream going pressure and vorticity waves
as given by Smith.®

Equations (9) and (10) are valid for a single vortex row.
To determine the upwash due to a vortex distribution along
the airfoil chord, these equations are integrated over the air-
foil chord:

F=—x

v = |, {L(;—) S s expli(asdr + BAY)]

+ 3 s explifandr + ﬁAy)]} dz,

. [% > b, explifa Ax + BAY)] dz

r=—=

(11

where z, is the chordwise vortex location, and z is the chord-
wise upwash location (Fig. 3).
The kernel function is defined such that

W) = | TeoK@r, ay) az, (12

Comparing Egs. (11) and (12), the kernel function is

z, <z

F=—%

(13)

Zy > Z

Specifying the upwash w(z), and calculating the kernel func-
tion, Eq. (12) can be solved for I'(z,), which is related to the
unsteady pressure differences across the airfoil chord line.

The solution for the unsteady bound vorticity distribution
is found by the method of collocation and matrix inversion
subject to the Kutta condition at the trailing edge using stan-
dard methods.

Aerodynamically Detuned Cascade Kernel Function

The kernel functions derived for the tuned cascade are
applied to aerodynamically detuned cascades. This is accom-
plished through the geometric factors Ax and Ay. Namely,
the values of Ax and Ay are determined by the spacing ratio,
the chord ratio, and the offset that specify the detuned cascade
geometry.

The geometric factors Ax and Ay become more complicated
for a detuned cascade, but are found in the same manner as
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upwash location: (x,y)
p) vortex location: (Xo,Yo)

/ AX= X-Xo
Ay=y-Yo
Fig. 3 Tuned cascade with vortex at (x,, y,) and upwash specified at
(x, y)

for the tuned cascade (Fig. 4). The upwash is specified at
location (x, y). For the vortex located at (x,, y,) on cascade
A, Ax and Ay take the form Ax = x — x,and Ay =y — y,
for upwash at (x, y) on cascade A, and Ax = x" — (x, — os
cos ) and Ay = y' — (y, — S, — os sin ) for upwash at
(x', y') on cascade B. Similarly for the vortex located at
(x¢. ¥() on cascade B, Ax and Ay take the form Ax = x" —
x,and Ay = y' — y|, for upwash at (x', y') on cascade B,
and Ax = x — (x) + oscos¢)and Ay =y — (v, + S, +
os sin ) for upwash at (x, y) on cascade A. These factors
must be specified for each case: the upwash specified on cas-
cade A with a vortex on cascade A or cascade B given by
kernel functions K, , and K,,, respectively, and the upwash
specified on cascade B with a vortex on cascade A or cascade
B given by kernel functions K, and K., respectively.

The kernel functions for a detuned cascade are given below.
For z, < z, the kernel function represents the downstream
going pressure wave and the vorticity wave that has been
replaced by an analytical expression:

Kii = % Z/ W, expli[an(x — x,) + B(y — yo)l}t

sinh (k S cos 1,/;) e k)
Ca

ci k
+ = —
S 2 s S
cosh <k — €Os 11/) — oS <o- + k— sid/)
Ca Ca
Cp = .
Kpi = f 2 W, exp(z{az[x — (xg + os cos )]

+ B[y - (y(,) + Sn + os sin df)]})

cp ik . , kos S,
— o — —_ —_ — —_— + _
5 1 SXP {z l: k(z Zy) o T3

S,
—irym -2
exp[ ir, (1 S)]

sin 71,

. s,
exp [—tr,ﬂ- <1 - ZE‘)]

sin 7rr,
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upwash at {x,y)

vortex at (Xo,Yo)
AX =X - Xo
Ay=y-Yo

upwash at (x'y')
vortex at (Xo',Yo')
AX =X - X'
Ay=y'-yo
Fig. 4 Detuned cascade showing possible upwash and vortex location
combinations.

upwash at (x,y)
vortex at (Xo',Yo')
AX=X - (Xo' + 0S COS V)
Ay =Y - (Yo + So + 0s sin y)

upwash at (x,y")
vortex at (Xo,Yo)
AX = X' - (Xo - 05 COS )
Ay =Y'- (Yo - Sp - 05 sin y)

=

C _ . ' ’ ’ '
Kop = f 2 W explila(x’ — x3) + By — y)I}
sinh <k s cos dt) e TG )
LGk e
S 2

S
cosh <k —5; cos df) — COs <0’ + k — sin Lp)
Cg Cp

S
—irml1 —-22
exp[ 7, ( >]

sin 7rr,

. So
—irgm |1 —2—
exp [ ir, ( S)]

- (14)

sin 7rr,

where K, , is the effect of the upwash of cascade A on cascade
A, K, is the effect of the upwash of cascade A on cascade
B, Kz is the effect of the upwash of cascade B on cascade
B, and K, is the effect of the upwash of cascade B on cas-
cade A.

For z, > z, the kernel function represents the upstream
going pressure wave

K., = % :21 w, explila,(x — x,) + B(y ~ yo)l}

Ky, = % 2 W, eXP(i{a;[x ~ (xy + 0s cos )]
+ Bly — (yy + Sy + os sin 'ﬁ)]}) (15)
Cp

Koo = ¢ 3wy explila’ = ) + B0~ vl

— %

' )

K.s = ,; 2 W exp(i{a,[x’ — (x, — o0s cos )]

+ Bly" — (yo — Sy — o0s sin lr,/)]})
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where K, , is the effect of the upwash of cascade A on cascade
A, K, is the effect of the upwash of cascade A on cascade
B, K, is the effect of the upwash of cascade B on cascade
B. and K, is the effect of the upwash of cascade B on cas-
cade A.

Solution Method

The unknown vortex distributions on cascades A and B are
found by solving the upwash integral equation, analogous to
the tuned cascade solution. The integral is evaluated numer-
ically using the trapezoidal rule. A variable transformation is
used to resolve the high gradients near the leading edge. This
yields a linear system of equations with the upwash specified
and the vortex strength unknown. A polynomial curve fit that
implicitly satisfies the Kutta condition is determined to ap-
proximate the vortex strength. The coefficients of the curve
fit are determined by solution of the linear system of equa-
tions. With the coefficients determined, the vortex distribu-
tion is calculated and the unsteady lift and moment coeffi-
cients are determined.

The relationship between the unknown vortex strength and
the known kernel function and upwash is

1 e
wa(z) = f() Ca(z)Kaa dzy + J;) I'5(z0)Kp4 dzg

] . (16)
we(z) = f() Iy(z)Kap dzy + J;) I'p(20)K gz dz,
Consider the general case where
1
w@) = [ Teok(x, by) dz, (7)

To improve the accuracy of the numerical integration by
better handling the high gradients near the leading edge, a
transformation from the (z, z,) domain to the (¢, 6) domain
is utilized. Transforming Eq. (17) and evaluating the integral
using the trapezoidal rule leads to

ar n, 1 — Zu n—1 .
W(Z[) = E 2 — I:IEU 51(2(),)1] K(Ax’ Ay)i.j sin 0/'

j=0 Zoj
where

(2 — 1)

PR i=1,2,Ln

Z; = %(1 —cos ¢), ¢ =

1 .
zj=5(1—cosé)j), 0»:%], j=0,1,Ln

7

17 n=l
— 2 81(2(),‘)1
i i=0

Z()/

I'(zy) =

Note that at the trailing edge I'(1) = 0. Thus, the Kutta
condition is implicitly satisfied.
In matrix form this equation is

¢y L ¢, 4,7
[W'] = |:M Cim M:| |:M:| (18)
cnl L cnn 8n

where

n—1

o , 1 - Zy; 21 .
Cim = 57 (Zo,')m K(Ax, AY):‘,/ sin 6;
2n =0 Zo;

and the unknown is now 6 rather than I'.

Extending this to the solution of the detuned cascade

[fwal 0 _ | leand lesal [8aa]l [854l
[ 0 [WB]:l a I:[C/\R] [CBB]] [[8/\/2] [533]] (19)

where the first subscript on é denotes which cascade oscillates
or has a convected harmonic gust, with the second subscript
denoting which cascade the vortex is on. For example, §,,
represents the coefficients for a vortex on the reference airfoil
of cascade B due to upwash on the reference airfoil of cascade
A. The unsteady aerodynamics of cascades A and B are spec-
ified by means of an influence coefficient technique.

To solve the upwash integral equation, the upwash is spec-
ified to be an airfoil oscillating in torsion

w = Wall + i(z — ea)k]e’ (20)

where « is the magnitude of the oscillation and & = wc/W is
the reduced frequency. ‘

The relationship between the bound vorticity and the un-
steady pressure is

p. —p-=pWEL

Thus, the unsteady aerodynamic lift L and moment M are

L = —p,W J:‘ I'(z,) dz,
(21)

M= —p,W L I'(zy)(z, — ea) dz,
where ea denotes the elastic axis location.

Torsion Mode Flutter Stability

A single-degree-of-freedom model is developed for the two
reference airfoils of the detuned cascade. Figure 5 shows the
reference airfoils and the unsteady aerodynamic moments act-
ing on them. The airfoil inertial properties are given by the
moment of inertia about the elastic axis, with the elastic re-
storing forces modeled by a torsion spring acting at the elastic
axis. The equations of motion, determined using Lagrange’s
technique, are

- A Apic
L, + K, = Mje™

B picwr
MZe

(22)
Ié, + Kopoy =

where 1, ; is the moment of inertia, @, ; is the angular ac-
celeration, a,  is the angular deflection, K, ;; is the torsion
spring constant, and M# represents the unsteady aerody-
namic moment due to the torsional motion of the airfoils.

The unsteady aerodynamic moments are determined from
the nondimensional moment coefficients, with harmonic air-
foil motion considered

A
M3

I

2 2 AA BA
meip W, Ot + azCRR

B o 2 2 AB BE
ME = mwcipoWHa Ol + apCiE

where a, 5, = a, ze™.

The airfoils are modeled as cantilevered beams, thereby
specifying the ratio of the natural frequencies of the cascade
A and B reference airfoils. Hence, the ratio of the natural
frequencies given by the chord ratio specifies the structural
detuning of the cascade:

wlglwi, = c /ey (23)
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~ MB
o~
B=0
~
Ksa
~ MA
(XA [~
A=0
~
Ksa

Fig. 5 Single degree-of-freedom model of detuned cascade.

The equations of motion thus become

5
'

p(r k) (“’: - 1) —Cy
=

B
- C.wu

AR
"CM”

y [a_\:| 0
Ay

where

wir kC)? (2— - 1) - ci

Map

Map = 5
TCH 5P

is the mass ratio and

r — / 1/\.[5’

“«an 2
\/ me,

is the nondimensional radius of gyration.

This matrix equation represents a standard eigenvalue
problem. For a nontrivial solution, the determinant of the
coefficient matrix must be zero. The determinant of the coef-
ficient matrix is a quadratic in the square of the frequency
ratio w/w,. The eigenvector ay/a, represents the complex
vibrational amplitude of cascade B relative to cascade A. The
phase angle of the eigenvector represents the interblade phase
angle (nominally half of the specified detuned interblade phase
angle for a tuned cascade). The stability criterion requires
that the real part of the exponent iw is less than zero so that
a disturbance will decay.

real (z’ —“i> <0 for stability

n

Unsteady Aerodynamic Model Verification

The validity of this unsteady aerodynamic model is dem-
onstrated by correlating predictions from the model devel-
oped herein to the corresponding predictions from the un-
steady aerodynamic model for tuned cascades in compressible
flow and detuned cascades in incompressible flow.

In general, the phase angle between the reference airfoils
of cascade A and cascade B is not known. However, for a
tuned cascade, the phase angle between the reference airfoils
of cascade A and cascade B must be one-half the detuned
interblade phase angle:

CM — C;C/IA + Cﬁ’/\e— iorf2 or CM — Cﬁ\/[l?eirr/z + C?/IB

where C,, is the tuned cascade moment coefficient, Ci*,
Wt Cif, and CBF are the detuned cascade moment coef-
ficients and o is the detuned interblade phase angle.
The model developed by Smith® considers uniformly spaced
tuned flat plate cascades. This is a special case of the detuned

S

[=)

s
§

B

-0.06

A Sawyer & Flester
©  Smith®

-0.08
g

=
© -0.10

|4

-0.12

Imaginary

-0.14

bt FRVENTEN R SRS R A

-0.16 o
o o
-0.18 e s B S
0.10 0.14 0.18 0.22 0.26
Real (CMa)

Fig. 6 Aerodynamic model verification for a tuned cascade in torsion.
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] e o ©  Sawyer & Flester
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2 ]
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g 0024 4
g 1 a
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i o afo
] 2
-0.06 | e @
' 1 & B, ol
]
+0.08
-0.05 0.00 0.05 0.10 0.15 0.20
Real (C,, )

Fig. 7 Aerodynamic model verification for a detuned cascade in tor-
sion.

cascade model developed here, specified by S/c = 1.0, M =
0.5, ¢ = 45 deg, k = 0.8 and ea = 0.5, with corresponding
detuned cascade geometry given by S/c = 2.0, C, = 1.0,
S, =05, 058 =00, M=205,¢ = 45 deg, k = 0.8, and
ea, = ea, = 0.5.

Figure 6 shows the correlation of the real and imaginary
components of the torsion mode moment coefficients from
the tuned cascade analysis of Smith and the detuned analysis
developed herein. Clearly, there is very good correlation of
these predictions.

An incompressible-flow detuned-cascade model was de-
veloped by Henderson.® The correlation of the incompressible
torsion mode moment coefficients and those obtained with
the compressible flow model developed herein is obtained by
setting the Mach number equal to zero (Fig. 7). In particular,
this figure shows this correlation of the real and imaginary
components of the influence coefficients for a detuned cascade
geometry of S/c = 2.0, C, = 0.7, S, = 04,05 = 0.2, ¢ =
45 deg, k = 0.8, and ea, = ea, = 0.5. All influence coeffi-
cients show excellent agreement.

Results

The effect of aerodynamic and structural detuning on flutter
is demonstrated by applying the model developed herein to
a baseline 12-bladed rotor and detuned variations of this rotor.
The baseline tuned cascade depicted in Fig. 8 has a solidity
of 1.0, a 45-deg stagger angle, a midchord elastic axis, and a
Mach number of 0.5. The mass ratio and the radius of gyration
are specified as 193 and 0.4, respectively, values typical of
compressor blading.

To demonstrate the effect of aerodynamic and structural
detuning on flutter, the baseline tuned cascade must be un-
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stable. For a reduced frequency of 0.525, the baseline tuned
cascade is unstable in a mode characterized by a detuned
interblade phase angle of 120 deg (Fig. 9).

Cascades with full chord airfoils, C, = 1.0, are detuned
through the variation of the spacing ratio S,, the offset os, or
the elastic axis location ea,,, from their baseline tuned values.

The effect on stability of aerodynamic detuning associated
with changing the spacing ratio of the baseline cascade is
shown by considering detuned cascades with spacing ratios of
0.3, 0.4, and 0.6, depicted in Fig. 10. Note that the detuned
cascades with spacing ratios of 0.4 and 0.6 are equivalent
representations of the same cascade with the upper and lower
passages interchanged. The stability of the detuned full chord
cascades is presented in Fig. 11. The detuned cascade with a
spacing ratio of 0.3 is stable for all modes. However, the
detuned cascades with the 0.4-0.6 spacing ratio are unstable
for a mode defined by a detuned interblade phase angle of
120 deg.
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Fig. 13 Stability of detuned cascades with chordwise offset.

Aerodynamic detuning is also incorporated into the base-
line cascade by changing the chordwise offset. Detuned cas-
cades with chordwise offset are depicted in Fig. 12. Detuned
cascades with offsets of 5, 10, and 15% chord (0os = 0.05,
0.10, and 0.15) are considered. The effect on stability of vary-
ing the chordwise offset is shown in Fig. 13. Increasing the
offset tended to increase the stability of the cascade. The
cascades with offsets of 0.05 and 0.10 are unstable for a de-
tuned interblade phase angle of 120 deg. However, further
increasing the offset to 0.15¢ resulted in a stable cascade for
all interblade phase angles.

Detuning the baseline cascade by varying the elastic axis
location, i.e., detuned cascades with ea, not equal to ea,, is
schematically depicted in Fig. 14. The effect on stability of
detuned cascades with eq, = 0.5 and ea, = 0.4 and 0.6 is
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shown in Fig. 15. Both detuned cascades exhibit increased
stability, being stable for all interblade phase angles. The
variation of the elastic axis location has a much larger influ-
ence on stability than changing either the spacing ratio or the
offset.

The effect on stability of detuning the baseline cascade with
splitters, i.e., replacing alternate airfoils with splitters, is also
considered. ‘In: addition to varying the splitter chord length
through C,, which was 1.0 for detuned cascades with: full chord
airfoils, the spacing ratio, the offset and the elastic axis lo-
cation of the full chord a1rf01ls or the splltter a1rf01ls are also
varied.

The effect on stablllty of Varymg the Splltter chord length
of the detuned cascade is accompllshed by, considering ‘cas-
cades with splitter chord lengths of 0.9, 0.7, and 0.5, depicted
in Fig. 16. The splitters are located at midpassage with the
midchord of the splitters and the full.chord blades aligned.
The effect-on stability is shown in: Flg*l?.} All-detuned cas-
cades with splitters are stable, with: st blllty mcreasm for
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Fig. 17 Stability of detuned cascades with splitter blades.

decreasing chord ratio. Also, note that the splitters oscillate
at near their natural frequency, with the splitter natural fre-
quency being the inverse of the square root of the chord ra-

tio (1/VC,).

Summary and Conclusions

A mathematical model has been developed to predict the
unsteady aerodynamics of a detuned two-dimensional flat plate
cascade in subsonic compressible flow. Aerodynamic detuning
was introduced by nonuniform circumferential spacing and
also chordwise oftset. Combined aerodynamic-structural de-
tuning was accomplished by replacing alternate airfoils with
splitter blades.

The effect of aerodynamic and combined aerodynamic-
structural detuning on torsion mode stability was demon-
strated by combining the unsteady aerodynamic model with
a single degree-of-freedom structural model. This flutter sta-
bility analysis was then applied to a baseline unstable 12-
bladed rotor and detuned variations thereof. Detuned cas-
cades with full chord airfoils and nonuniform circumferential
spacing or chordwise offset showed only a small improvement
in stability. However, detuned cascades with full chord airfoils
and unequal elastic axis locations showed a larger stability
improvement. In general, detuned cascades with splitter blades
showed great stability improvement. Thus, detuning is a vi-
able passive flutter control technique.
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