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Airfoil Wake and Linear Theory Gust Response Including

Sub- and Superresonant Flow Conditions

Gregory H. Henderson™ and Sanford Fleetert
Purdue University, West Lafayette, Indiana 47907

The unsteady aerodynamic gust response of a high solidity stator vane row including the effects near an
acoustic resonance are investigated experimentally for the first time. This is accomplished by means of a series
of experiments performed in the Purdue Annular Cascade Research Facility, with gusts generated by rotors
comprised of perforated plates and airfoils. The perforated-plate generated forcing functions closely resemble
linear-theory vortical gusts. However, the airfoil wake generated forcing functions are much more complex and
exhibit characteristics far from linear-theory vortical gusts. The response of the instrumented symmetric airfoil
stator vane row to the linear theory gusts are in excellent agreement with linear theory predictions for exper-
imental conditions not in the immediate neighborhood of an acoustic resonance. The response of the stator vane
cascade to airfoil-cascade forcing functions correlates poorly with linear-theory gust predictions, with the un-
steady lift and moment coefficients controlled by the characteristics of the forcing function. For both the
perforated plate and airfoil wake generated gusts, the unsteady pressure responses do not agree with the linear-
theory gust predictions near an acoustic resonance, but the effects of the acoustic resonance phenomena are
clearly evident on the airfoil surface unsteady pressure responses. The transition of the measured lift coefficients
across the acoustic resonance from the subresonant regime to the superresonant regime occurs in a simple linear

fashion.
Nomenclature

C = stator aitfoil chord length

C, = steady surface pressure coefficient
C,, = steady differential pressure coefficient
C, = unsteady surface pressure coefficient
C,, = unsteady differential pressure coefficient
k = gust propagation wave number vector
k, = reduced frequency based on semichord
k. = reduced frequency based on chord
S = airfoil spacing
U = absolute velocity
u* = streamwise gust amplitude
v* = transverse gust amplitude
W = relative velocity
W, = plate width
W, = inlet mean-relative velocity
W, = rotor exit mean relative velocity
w* = gust amplitude
a = angle of attack
a, = rotor inlet mean absolute flow direction
@, = rotor exit mean absolute flow direction
B, = gust amplitude angle

', = gust velocity vector angle
B, = rotor inlet mean-relative flow angle
B, = rotor exit mean-relative flow angle
po = freestream density
o = interblade phase angle
o, = resonant interblade phase angle ===
Q = rotor velocity
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Introduction

ERODYNAMICALLY induced structural failures of

blade components pose significant problems in the de-
velopment of turbomachines. Dynamic blade stresses result
from the transfer of energy from the flowficld to blade motion
and strain energy. The cumulative effects of repetitive vibra-
tory stresses lead to fatigue failure in blade materials. Finite
element techniques accurately predict the blade structural
characteristics. However, specifying the blade row unsteady
aerodynamic loading has not reached the same predictive ca-
pabilities.

In a multistage turbomachine, downstream blade rows are
periodically in the wakes generated by upstream airfoils. As
aresult, the inlet flowfield to the downstream blade row varies
periodically with time. Such blade-row-wake interactions are
the most common and least understood source of unsteady
aerodynamic excitation causing high-cycle blade fatigue. The
a priori prediction of flow-induced vibration stresses cannot
be made with current technology due to the inadequacy of
unsteady aerodynamic models. Thus, costly redesigns are nec-
essary when engine development testing reveals unacceptable
blade stress levels.

Blade row vibratory response induced by the relative mo-
tion of adjacent blade row wake and potential field flows is
termed forced response. The forced response unsteady aero-
dynamics problem is often simplified by assuming linear su-
perposition of two types of blade unsteady aerodynamic load-
ings: 1) the aerodynamic forcing function response results
from the interaction of rigid blade-rows with wakes; and 2)
motion-induced unsteady aerodynamic response or aerody-
namic damping results when the blade row undergoes har-
monic motion. This article is focused upon the aerodynamic
forcing function response.

State-of-the-art unsteady aerodynamic analyses are essen-
tially limited to two-dimensional linearized perfect-fluid the-
ory models. In the absolute reference frame, the steady flow
past flat plate airfoil cascades is uniform, with a small per-
turbation unsteady flow resulting from the upstream rotor
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blade wake flowfield resolved into streamwise and transverse
components. Advanced analyses which allow the potential
field of the downstream airfoils to distort the wake by lin-
earizing about the nonuniform mean flow near the blade row,
instead of the much simpler upstream uniform mean flow, are
currently being developed.?-3 In all of these models, the wake
is-defined in terms of its harmonics, with each harmonic forc-
ing function modeled as a gust forcing function boundary
condition in the prediction of the resulting blade row unsteady
aerodynamics. Thus, even though forcing functions can be
generated by a wide variety of fundamentally different phe-
nomena, all forcing functions are modeled as being equiva-
lent, with the resulting predicted blade row response inde-
pendent of the particular wake generator.

A number of experiments have been directed at the veri-
fication of unsteady aerodynamic models appropriate for blade
row forced response prediction and the determination of their
applicability and limitations.4~? In these, the unsteady airfoil
row response comparisons with linear theory were made with-
out considering the fundamental gust modeling assumptions.
However, it has been found experimentally that the harmonic
gust response generated by different—but equivalent—forc-
ing functions are dependent on the particular forcing func-
tion.!®!! Also, the fundamental gust modeling assumption for
a very low solidity symmetric airfoil cascade has been inves-
tigated.’>'3 These data quantitatively showed that airfoil wakes
are not able to be modeled with the vortical gust boundary
conditions of current state-of-the-art linear unsteady aero-
dynamic theory, with the forcing function generator signifi-
cantly affecting the resulting gust response.

In this article, the unsteady aerodynamic gust response of
a high solidity stator vane row, including the effects of op-
erating in the subresonant and superresonant flow regimes,
i.e., acoustic resonances, are investigated experimentally in
terms of the fundamental gust modeling assumptions for the
first time. Therefore, these high solidity cambered airfoil data
are of direct interest to turbomachine designers, with these
unique data significantly extending previous results. This is
accomplished by means of a series of experiments performed
in the Purdue Annular Cascade Research Facility. Linear
theory gust forcing functions are generated by a rotating row
of perforated plates, with the compressor and turbine blade
wakes associated with a rotor blade row. The stator vane row
is comprised of instrumented symmetric airfoils.

Linear Theory Gust Characteristics

In classical linear perfect-fluid theory, the wake flowfield
is composed of a uniform mean flow and a superimposed
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Fig. 1 Turbomachine gust propagation.

sinusoidal vortical gust w propagating according to k. The
resulting blade-row flowfield schematic is presented in Fig. 1.

In the stationary reference frame of a downstream airfoil
row, the propagation of the harmonic wake velocity field is
defined by considering periodicity requirements in the axial-
circumferential coordinate system. As a consequence of this
periodicity, the downstream mean-relative flow W, and k are
perpendicular.

The stator row flowfield is modeled as being compressible
and isentropic, and is analyzed by superpositioning of rota-
tional and irrotational flowfields which satisty continuity in-
dependently.' The unsteady aerodynamic loads on an airfoil
are determined by solving the velocity potential equation us-
ing standard techniques subject to the Kutta condition and
the solid boundary condition at the airfoil surface. The flow-
field pressure distribution is obtained by integrating the lin-
earized Bernoulli Equation with the known velocity poten-
tial.

Two constraints are imposed by continuity on the down-
stream rotational forcing function wake flowfield. The pri-
mary constraint is the requirement that ¢,, be either 0 or 180
deg. If this primary constraint is satisfied, then the secondary
constraint stipulates that the gust-component amplitude vec-
tor must be parallel to the downstream mean-relative flow
w*|W,. When the primary constraint is satisfied, the gust
amplitude simplifies to w* = Vy+2 + y+2, with the periodic
velocity vectors parallel over the entire periodic cycle.

Gust profiles are completely defined by specifying k, w™,
B., and ¢,. If the primary gust constraint is violated, B, is
distinct from S, the angle of any velocity vector, and w* is
not equal to V2 + y+2. Note that B, is the angle of any
velocity vector and varies with time and space, whereas 8, is
the angle of the maximum gust magnitude or gust amplitude
w*, and is a constant. For a gust that violates the primary
constraint, the gust amplitude and gust-amplitude angle are
found by maximizing the velocity vector magnitude.

Acoustic Resonance

Linear subsonic compressible cascade theory predicts the
existence of pressure waves emanating from the airfoil sur-
faces and propagating in two modes. When pressure distur-
bances propagate away from the cascade unattenuated, the
flowfield is superresonant. The flowfield is subresonant when
the pressure waves are atténuated exponentially with distance
from the cascade. These two regimes are separated by the
acoustic resonance condition.

Forced response acoustic resonance conditions are related
to the cascade o, a constant which describes the unsteady
aerodynamics between adjacent blades. It is specified by the
ratio of the number of upstream blades to the number of
downstream blades

o= —277M + 27l 1)
N downstream

where the parameter / is any integer value which puts o in
the desired range.

An expression for o, has been derived'® and presented here
as Eq. (2). This equation specifies two resonant interblade
phase angles, o, and o, which are associated with the sign
in the denominator. Figure 2 illustrates subsonic cascade be-
havior in terms of the wave propagation regimes. The positive
and negative resonant interblade phase angles bracket the
superresonant regime which always includes o = 0, with the
acoustic regimes repeating with a period of 27. For a flat plate
cascade in a subsonic mean flow, the resonant interblade phase
angles are given by the following:

o kM(S/CY ‘o ,
" VI - M?sin’y + Mcosy @)
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Fig. 4 Instrumented stator airfoil profile.

where vy is the stagger angle, M is the Mach number, and
C/S is the cascade solidity.

Research Facility

The Purdue Annular Cascade Research Facility is an open-
loop draw-through type wind tunnel, capable of test section
velocities of 70 m/s (220 ft/s). The inlet flow, conditioned first
by a honeycomb section and then a settling chamber, accel-
erates into the annular test section via a bellmouth inlet. The
test section exit flow is diffused into a large plenum. The 224-
kW (300-hp) centrifugal fan located downstream of the plerium
draws the air through the facility, with the guide vanes at the
fan inlet allowing flow rate adjustment through the facility.
The annular test section (Fig. 3) houses a rotor independently
driven by a 7.5-kW (10-hp) A-C motor controlled by a var-
iable frequency drive to create the desired unsteady flowfield
together with a downstream stator row. The separate drive
motors on the rotor and system fan uncoupled the rotor speed
from the through-flow velocity. Thus, independent control
over unsteady aerodynamic parameters, i.e., the reduced fre-
quency, is possiblé since the system flow rate is independent
- of the rotor speed and rotor configuration.

Stator Vane Row

Figure 4 presents the symmetric NACA 65A012 stator air-
foil profile. The airfoil chord and span are equal at 0.152 m
(6.0 in.). This stator cascade is comprised of 18 airfoils, re-
sulting in a solidity of 0.78. The 12 chordwise instrumentation
locations shown in Fig. 4 provide highly detailed spatial res-
olution of the midspan chordwise steady and unsteady pres-
sure distributions. These high solidity stator cascade experi-
ments were conducted with 20 wake generators, with the rotor
speed setting used to adjust the reduced frequency. Also, it
should be noted that an acoustic resonance is predicted by
linear theory within the operating range of the facility for this
ratio of the number of wake generators to stator airfoils.

Data Acquisition and Analysis

The unsteady data defining the gust forcing function are
determined from the unsteady velocity and static pressure
fluctuations. The rotor-exit flowfield unisteady total pressure
1s measured with a total pressure pitot tube fitted with an
unsteady pressure transducer. A cross hot-wire anemometer
located on the downstream stator vane row leading-edge line
is used to measure the stator cascade inlet flowfield.

Static pressure taps and high-response pressure transducers
embedded ini the stators are used to obtain the detailed airfoil-
surface steady and unsteady pressure data. Four instrumented
airfoils are required, two to obtain static pressure distributions
on each airfoil surface and two to obtain the periodic pressure
distributions on each surface.

The stator-cascade steady and unsteady velocity fields are
measured with the cross hot-wire probe; with these measured
wake velocity deficits then decomposed into streamwise and
transverse components. The estimated uncertainties of the
velocity magnitude and direction are +5% and +1 deg, re-
spectively. The total pressure fluctuations downstream of the
rotor are measured with the unsteady total pressure probe,
with the static pressure distribuitions calculated by subtracting
the dynamic pressure p,U2/2 from the total pressure.

The stator vane row airfoil unsteady surface pressures are
measured with PCB Piezotronics model 103A piezoelectric
pressure transducers. The transducers have a nominal sensi-
tivity of 0.22 mV/Pa (1500 mV/psi), and a natural frequency
of 13 kHz. The estimated uncertainty of the unsteady pressure
measurements is +3%. After the transducers were installed
in the airfoil, the dynamic response of each airfoil transducer-
passage system was experimentally determined to correct for
any passage effects.

The time variant signals are digitized over one rotor rev-
olution using approximately 2000 samples. Ensemble-aver-
aging the hot-wire and pressure transducer signals 150 and
100 times, respectively, produces very clean periodic time
traces with the random fluctuations averaged away. The Fou-
rier components of the ensemble-averaged time traces are
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numerically determined with fast Fourier transform software.
The sample frequency is set and the number of samples is
adjusted to produce time records of exactly one rotor rotation
period to eliminate frequency leakage problems in Fourier
transform analysis.

The stator vane chordwise unsteady pressure response data
are correlated with a compressible flow analysis which ac-
counts for the cascade stagger angle v, solidity C/S, reduced
frequency k., and ¢.'¢ This linear analysis assumes subsonic,
inviscid two-dimensional flow past flat plate airfoil cascades.

The unsteady periodic signals are Fourier decomposed and
each pressure harmonic nondimensionalized by calculating an
unsteady surface pressure coefficient

¢ () = 2
where p and ¥ represent the harmonic surface pressure and

transverse gust component, respectively.
The harmonic differential pressure coefficient is defined by

CAp = Cp,l - Cp,u (4)

Direct comparison of the experimental and theoretical un-

steady lift coefficients is accomplished by integrating the ex-

perimental and theoretical chordwise differential pressure
coefficients over the airfoil chord:

1 0.95C

CL = CAp dx (5)

C Jo.ozsc

The trapezoidal rule is used to evaluate the integral from
the discrete differential pressure coefficient data and theo-
retical predictions. The differential pressure distributions were
integrated from the leading-edge tap location, 0.025C, to the
trailing edge tap location, 0.95C. In a similar manner, ex-
perimental and theoretical quarter-chord moment coefficients
are calculated.

The complex valued unsteady vane surface pressure data
contain both amplitude and phase angle information. These
quantities are referenced to the transverse gust sinusoid mea-
sured by the cross hot-wire on the airfoil leading-edge plane.
To obtain pressure coefficients for a single equivalent airfoil,
the pressure signals are phase corrected to account for the
circamferential locations of the instrumented airfoils.

Forcing Functions

The unsteady periodic forcing functions are generated with
rotating rows of perforated plates and NACA 0024 airfoil
cascades, Fig. 5. A constant axial velocity corresponding to
a Mach number of 0.15 was maintained in all experiments.
The perforated plates were fabricated from 56% porosity alu-
minum sheet mounted on the rotor such that the plate width
was normal to the rotor axis. The airfoils have a 7-deg twist
from thé hub to the tip to achieve a constant spanwise angle
of attack, and are mounted on the rotor at 35% chord and
set to stagger angles measurable to within +0.5 deg. The
twist was necessary to maintain a two-dimensional unsteady
flowfield. ‘

A spanwise survey of the stator cascade inlet flowfield,
generated independently by eight perforated plates and eight
airfoils, was performed to insure proper two-dimensionality.
This survey showed excellent two-dimensionality of the time-
averaged flowfield for both wake generators. From 20 to 80%
span, the absolute velocity magnitude and flow angle were
within 2% and 1 deg, respectively, of the midspan value. The
perforated plate generated fundamental harmonics were also
highly two-dimensional near the midspan, with the gust am-
plitude within 5% of the midspan value from the 33% to the
67% span. The twisted rotor blades also produced a two-

PERFORATED PLATE

INSTRUMENTED
AIRFOIL
(NACA 65A012)

NACA 0024 AIRFOIL

RFOIL
(NACA 65A012)
ROTOR

Fig. 5 Forcing function generators.

dimensional fundamental harmonic, with the gust amplitude

within 5% of the midspan value from 33 to 67% span.
Fundamental compressor, neutral and turbine rotor forcing

functions are generated. This is accomplished by changing the

" rotor-airfoil steady loading by changing the angle of attack.

Three rotor-airfoil angles of attack were investigated, pro-
duced by changing the stagger angle while maintaining the
same f;.

For the neutral-loading condition, power to the rotor motor
was switched off, allowing the rotor to freely rotate in the
flow provided independently by the large downstream cen-
trifugal fan. The friction opposing the rotor rotation is very
small, with the rotor mounted directly to the motor shaft
which turns in ball bearings. Thus, the only friction producing
components in the drive system are the motor ball bearings.
A frictionless rotor fitted with flat plate airfoils rotates at the
speed required to align the chord line with the inlet meéan-
relative flow, i.e., the no-load condition. Thus, the stagger
angle determines the free-rotation speed in a constant speed
flow.

To achieve compressor-loading conditions, the stagger an-
gle was set lower than the neutral-case stdgger angle. Power
to the drive system was applied to increase the rotor speed
to the neutral-load rotor speed. Thus, shaft energy input was
required for this rotor loading condition—hence, the descrip-
tion ‘“‘compressor’’ loading.

To achieve turbine-loading conditions, the stagger angle
was set higher than the neutral-case stagger angle. The rotor
motor and speed controller were set to slow the rotor rotation
to match the neutral-load rotor speed. Thus, the rotor drive
system dissipated energy from the flow, hence, the description
“turbine” loading.

The rotor speed ratio {2,/€), the ratio of the free-rotation
rotor speed, i.e., rotor motor off, to the rotor speed under
loaded conditions, is used to characterize the degree of rotor
loading. This ratio is less than unity for compressor loading
since the free-rotation speed is less than the loaded speed,
whereas for the turbine-loading condition, the rotor speed
ratio is greater than unity. Under all loading conditions, the
rotor speed was constant within 0.5%.

Results
To investigate linear theory and compressor, neutral and
turbine type wake generated gusts, and the resulting unsteady
aerodynamic response of the downstream stator row—in-
cluding the effects of operating in the subresonant and super-
resonant flow regimes, i.e., acoustic resonances—a series of
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experiments were conducted in the Purdue Annular Cascade
Research Facility.

Forcing Functions

A low rotor speed perforated-plate generated aecrodynamic
forcing function is presented in Fig. 6, obtained with the stator
row empty. The periodic velocity vector profile and static
pressure distribution define the forcing function. A complete
forcing function composed of N, harmonics is shown together
with the forcing function fundamental harmonic. The mean
velocity triangles represent the inlet and downstream steady
flowfields, denoted by subscripts 1 and 2. The mean velocity
triangles include the absolute U, relative W, and rotor
velocity vectors normalized by the mean axial velocity, and
the absolute and relative flow angles, & and 8. The inlet flow
enters the test section in a purely axial direction. Therefore,
the (rotor speed)-to-(axial velocity) ratio determines the inlet
mean-relative flow angle tan 8, = /U,. The inlet mean-
relative flow angle increases and decreases with rotor speed
and is characteristic of the operating point of the facility.

The unsteady velocity vector and static pressure measure-

ments are scaled so that an unsteady velocity vector of unit
length represents a velocity pressure fluctuation equal to a
unit pressure fluctuation. The velocity and static pressure scale
factors, W, and p,,,, for small perturbations are linearly re-
lated by

prms = pUZWrms (6)

where w,,,, is the root-mean-square of the velocity fluctuations
and p, is calculated from Eq. (6). Since w,,,, and p,,, are
linearly related by the constant pU,, scaling in this manner
allows the direct determination of the relative proportions of
the velocity and static pressure fluctuations.

Linear Gust Forcing Functions

The low rotor speed perforated-plate forcing function pre-
sented in Fig. 6 closely resembles a linear-theory vortical gust.
In particular, the periodic gust velocity vectors are parailel
to W,, and the static pressure distribution is very small, with
the fundamental-harmonic linear gust parameters ¢,, and 8,
very near the linear theory values, with ¢, = 182 deg, and
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TOTAL
(N, =20, Ww/U = 0.17)

1st HARMONIC b, =182

Unsteady Velocity
Vectors

Unsteady
Static

Fig. 6 Low rotor speed perforated plate forcing function.

Perforated-plate fundamental-harmonic linear-gust param-
eter data 8, and ¢,,, as a function of rotor solidity and inlet
mean-relative flow angle B, — B,, are presented in Fig. 7. In
the upper plots, the difference between the gust-amplitude
angle and downstream mean-relative flow angle 8, — 8, is
presented. For a linear vortical gust (8,, — B,) is zero. The
linear-gust parameters closely match the linear-theory values
indicating fundamental-harmonic profiles closely resembling
a linear-theory profile. The perforated plates generate linear-
theory vortical gust profiles independent of the inlet mean-
relative flow angle (i.e., rotor speed) and rotor solidity.

Airfoil-Cascade Forcing Functions

Low-solidity airfoil-cascade forcing functions illustrating the
effects of steady rotor loading are presented in Figs. 8—10.
Three rotor-airfoil angles of attack corresponding to com-
pressor, neutral, and turbine loading were investigated, pro-
duced by changing the stagger angle while maintaining the
same ;.

These forcing functions show gust characteristics far from
linear-theory vortical gusts. Not only are the wake region
velocity vectors misaligned with the downstream mean-rela-
tive flow B,, the freestream velocity vectors are nonparallel
and misaligned with the downstream mean-relative flow. In
contrast, the perforated-plate freestream velocity vectors were
parallel to B,. Also, the airfoil forcing functions exhibit sizable
static pressure fluctuations which are not considered in the
vorticity field of linear theory gusts and are not present in the
perforated-plate forcing functions.

The wake-region velocity vectors respond to the rotor load-
ing condition by slanting in the direction of the lift force. The
lift force is directed normal to the inlet mean-relative flow,
and under compressor-loading conditions pushes on the fluid
in the general direction of the gust propagation direction.
Under turbine-loading conditions the airfoil pushes on the
fluid in the opposite direction, since the lift force has reversed
direction 180 deg due to the change in sign of the rotor-airfoil
angle of attack. A large change in the direction of the wake-
region velocity vectors with rotor loading occurs, seen by
comparing the compressor and turbine forcing functions. The
effect of the changing lift force direction is reflected by the
large variation in the fundamental-harmonic 8,,. The value of
B.. changes from a value much greater than the linear-theory
value, B, =~ 41 deg, under compressor-loading conditions,
B.. = 101 deg, to a value much less than the linear-theory
value under turbine-loading conditions, 8,, = 6 deg.

Figure 11 shows the effect of rotor solidity on the funda-
mental-harmonic linear-gust parameters of airfoil-cascade
forcing functions. The rotor speed, i.e., inlet mean-relative
flow angle, was constant. The difference between the gust-
amplitude angle and the downstream mean-relative flow angle
{B. — B) is plotted, with zero being the linear-theory value.
The linear-gust parameters respond to rotor loading and rotor
solidity with definite trends. On a vertical constant-rotor-so-
lidity line (8,, — B,) is greatest with compressor loading, and
decreases with neutral and turbine loading conditions. For
similar loading conditions (B, — B,) decreases with rotor
solidity for the lower solidity values then increases at the
higher-solidity values such that the data is near the linear-
theory value, or showing the tendency of approaching the
linear-theory value at the high-rotor-solidity values. The trends
of the gust-component phase angles also show that increasing
the rotor solidity tends to produce linear-theory results. Under
neutral and turbine-loading conditions, ¢,, decreases with ro-
tor solidity to values below 180 deg, then increases to the
linear-theory value at the intermediate-solidity values. Under
neutral-loading conditions, ¢,, correlates well with linear the-
ory for rotor solidities above 0.35. Under compressor-loading
conditions, ¢, decreases uniformly with solidity until the lin-
ear-theory value is reached at the higher-rotor-solidity values.
Thus, high-solidity rotors tend to generate linear-theory vor-
tical gust velocity profiles.
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Fig. 7 Solidity and rotor speed effect on first harmonic perforated plate linear gust parameters.
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Fig. 8 Compressor loading effect on airfoil forcing function.

Stator Row Response—Linear Theory Gust

The response of the symmetric-airfoil cascade to perfo-
rated-plate forcing functions is presented in Fig. 12 in terms
of the fundamental-harmonic unsteady lift and quarter-chord
moment coefficients. The correlation with linear-theory is very
good in both the subresonant and superresonant regimes away
from the acoustic resonance. Near the acoustic resonance no
evidence of the discontinuity predicted by linear theory is
evident. The response data connect the subresonant regime
with the superresonant regime by a simple linear trend. Thus,

Fig. 9 Neutral loading effect on airfoil forcing function.

the acoustic resonance has little effect upon the airfoil un-
steady loading.

Evidence of the acoustic resonance is clearly seen, however,
in the chordwise surface responses (Fig. 13). In the sub-
resonant regime the surface responses are similar to the results
of the low-solidity symmetric-airfoil cascade experiments. The
lower-surface response magnitude decreases monotonically
from the leading edge to the trailing edge. The upper-surface
response magnitude decreases rapidly over the front quarter
chord, and a dip in the data trend is evident near the quarter
chord. Near the trailing edge the response magnitudes are
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small. Near the leading edge the response phase angles are
approximately 180-deg apart and in phase near the trailing
edge.

%he acoustic resonance condition was found by maximizing
the unsteady surface pressures at the midchord by adjusting
the rotor speed. Dramatically different airfoil surface re-
sponses result at resonance. At resonance, the upper-surface
response magnitude dramatically increases from the sub-
resonant levels over the entire chord except near the leading
edge. The lower-surface response magnitude decreases greatly
near the leading edge, and increases greatly near the trailing
edge so that the trailing-edge magnitude is higher than the
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Fig. 12 First harmonic lift and moment coefficients—perforated plate
forcing functions.

leading-edge magnitude. The phase angles of each surface
merge toward the same value and the chordwise trend is very
flat. Thus, the propagating pressure waves arrive along the
chord at approximately the same time. In the superresonant
regime the surface response magnitudes return to decreasing
trends and the leading-edge response magnitudes are greater
than the trailing-edge response magnitudes. The response phase
angles near the leading edge are once again 180-deg apart.

Stator Row Response— Airfoil Wake Gust

The response of the symmetric-airfoil stator vane cascade
to airfoil-cascade forcing functions is demonstrated in terms
of the unsteady fundamental-harmonic lift and quarter-chord
moment coefficients in Fig. 14. The rotor solidity was held
constant and the reduced frequency was increased by increas-
ing the rotor speed. The linear theory gust parameters are
given in Fig. 11.

The unsteady aerodynamic coefficients are a strong func-
tion of rotor loading at the lower reduced frequencies, dem-
onstrated by the large variations in the responses. The coef-
ficients are weak functions of rotor loading at the higher reduced
frequencies and tend to merge to the linear-theory prediction
as the reduced frequency is increased. The linear-gust param-
eters are widely scattered at the lower rotor speeds and merge
to the linear-theory values as the rotor speed is increased.
Thus, the responses are tied to the behavior of the linear-gust
parameters. Still, it is unclear how to use linear-gust param-
eters which deviate from the theory as a tool to predict the
response.

The stator cascade responses show definite trends based
upon the rotor-loading conditions which are reflected in the
(B, — B,) values. For constant reduced-frequency values
above the lowest value, the response increases as the rotor-
loading changes from compressor to turbine conditions. This
pattern_corresponding to the forcing function results shows
(B., — B,) values decreasing as the rotor-loading changes from
compressor to turbine conditions. At the lowest reduced fre-
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Fig. 14 First harmonic lift and moment coefficients—airfoil forcing
functions.

quency, the neutral response is greater than the turbine re-
sponse. This break in the response behavior due to rotor-
loading may be tied to the much higher gust-component phase
angle for the turbine case. Above the lowest reduced fre-
quency, the compressor, neutral, and turbine gust-component
phase angles are similar, and the predominant trend of the
response increasing as the rotor-loading changes from com-
pressor to turbine conditions is recovered.

The effect of rotor-loading condition on the chordwise un-
steady pressure response of the stator cascade is presented in
Fig. 15 for a subresonant reduced frequency (i.e., the lowest
reduced frequency of Fig. 14). The upper-surface response
magnitude trends are similar for neutral and turbine loading
conditions over the leading half-chord. The response mag-

and lower-surface response phase angles are approximately
180-deg apart at the leading edge, and approximately in phase
near the trailing edge.

Rotor loading affects the response of each surface. The
upper-surface response magnitude increases greatly near the
leading edge, remains relatively constant near the 17% chord
position, and increases near the midchord as the rotor loading
changes from compressor to neutral conditions. The response
magnitudes decrease slightly from the neutral values when
turbine-loading conditions are considered. The increase in the
response magnitudes due to rotor-loading affects a larger por-
tion of the chord on the lower-surface. The response mag-
nitudes increase greatly from compressor to neutral-loading
conditions, then decrease slightly for turbine-loading condi-
tions. Changing the rotor loading from neutral conditions to
turbine conditions shifts the response phase angles of each
surface upwards by approximately 120 deg. The upper and
lower-surface response magnitudes and phase angles are ap-
proximately equal near the trailing edge.
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Fig. 16 Rotor loading effect on chordwise surface response—superresonant airfoil cascade forcing function.

The unsteady. differential-pressure-coefficient magnitudes
follow the general behavior of the predictions, but are a func-
tion of rotor-loading conditions. Under compressor-loading
conditions, the unsteady differential-pressure-coefficient
magnitudes are the lowest. A dramatic increase occurs for
neutral loading, followed by a slight decrease under turbine-
loading conditions. The behavior of the unsteady differential
pressure coefficients is dominated by the response of the lower
surface to the rotor-loading condition. The unsteady differ-
ential-pressure-coefficient phase angles are relatively weak
functions of chordwise position, but strong functions of rotor-
loading, demonstrated by the drastic increase in unsteady
differential-pressure-coefficient phase angle under turbine-
loading conditions.

The effect of rotor loading on the chordwise unsteady pres-
sure response of the stator cascade is presented in Fig. 16 for
a superresonant reduced frequency. The upper-surface re-
sponse magnitudes exhibit similar sinuous chordwise trends
which are large at the leading edge and 65% chord and small
at the quarter chord and trailing edge. The upper-surface
response phase angles are approximately equal near the lead-
ing edge. The response phase angles increase near the quarter
chord with the increase greatest for rotor compressor loading.

The response phase angles then decrease with chord to the
75% chord and then increase.

The lower-surface response magnitude trends are similar
for compressor and neutral loading, and are approximately
equal to the upper-surface values. The dip at the quarter
chord, evident in the compressor and neutral-loading re-
sponses, is not present in the turbine-loading response. The
lower-surface phase angles are approximately equal at the
leading edge and approximately 180 deg out of phase with
the upper-surface values. From the quarter chord to the mid-
chord the response phase angle trends are functions of the
rotor-loading condition. From the midchord to 75% chord
the response phase angles are approximately equal and de-
crease with chord. Over the aft quarter chord the response
phase angle trend is a function of rotor loading.

The upper-surface response magnitudes are relatively weak
functions of rotor loading over the leading half chord. Over
the aft half chord, the response magnitudes are stronger func-
tions of rotot loading. The lower-surface response magnitudes
are greater functions of rotor loading over the entire chord
as compared to the upper surface. From the quarter chord to
the midchord the response phase angles are strong functions
of rotor loading on both surfaces.
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Fig. 17 Chordwise surface response near an acoustic resonance—
airfoil cascade forcing function.

The unsteady differential-pressure-coefficient magnitudes
follow the general trend of the linear-theory prediction, but
increase as the rotor loading changes from compressor to
turbine conditions. The compressor-loading unsteady differ-
ential-pressure-coefficient magnitudes display a relative min-
ima at the quarter chord not predicted by the theory. The
unsteady differential-pressure-coefficient phase angles vary
widely as a function of rotor-loading condition over the aft
half chord, even though the surface response phase angles are
relatively weak functions of rotor loading from the midchord
to the 75% chord. Note that the upper and lower surface
responses are approximately equal in magnitude and in phase
from the midchord to 75% chord. The large variations in the
differential pressure coefficient phase angles result from small
differences in the surface response magnitudes when surface
response magnitudes and phase angles are approximately equal.

The effect of the acoustic resonance condition is strongly
evident in the airfoil-cascade-generated surface response data
of the stator cascade experiments. The subresonant and su-
perresonant regime surface responses were presented in Figs.
15 and 16, respectively, with the suiface response data very
near the acoustic resonance presented in Fig. 17. The trends
are similar to the perforated-plate-generated responses. In
the subresonant regime, the leading-edge surface response
magnitudes are high and the trailing-edge surface response
magnitudes are small. The surface response phase angles are
180 deg out of phase near the leading edge, and in phase near
the trailing edge. At the acoustic resonance conditiosn, the
lower-surface response magnitude decreases from the sub-
resonant values near the leading edge and now increases with
chord position. The surface response magnitudes increase
greatly at the trailing edge so that the lower-surface response
magnitude is larger at the trailing edge than.at the leading
edge. The upper and lower-surface phase angles become flat
in the acoustic resonarice results and merge toward a common
value over the entire chord except near the leading edge. In
the superresonant results (Fig. 16), the surface response mag-
nitudes return to large values at the leading edge and low
values at the trailing edge. The surface response phase angles
diverge to vatues 180-deg apart near the leading edge, and
are once again functions of chord position.

Summary and Conclusions

The unsteady aerodynamic gust response of a high solidity
stator vane row, including the effects of operating in the sub-
resonant and superresonant flow regimes, i.e., acoustic res-
onances, have been investigated experimentally in terms of
the fundamental gust modeling assumptions for the first time.
This was accomplished by means of a series of experiments
performed in the Purdue Annular Cascade Research Facility.
Linear theory gust forcing functions were generated by a ro-
tating row of perforated plates, with the compressor and tur-
bine blade wakes associated with a rotor blade row. The stator
vane row was comprised of instrumented symmetric airfoils.

The perforated-plate forcing functions closely resemble lin-
ear-theory vortical gust forcing functions, with the static pres-
sure fluctuations small and the periodic velocity vectors par-
allel to the downstream mean-relative flow angle over the
entire periodic cycle. Unfortunately for the turbomachine de-
signer, airfoil-cascade forcing functions are much more com-
plex and exhibit characteristics far from linear-theory vortical
gusts.

The response of the stator vane row to the linear theory
vortical gusts generated by the perforated-plate forcing func-
tion pressure responses are in excellent agreement with linear
theory predictions for experimental conditions not in the im-
mediate neighborhood of an acoustic resonance. The un-
steady pressure response correlation is consistent with the
excellent corrélation of the linear-gust parameters. The pres-
sure responses do not agree with the linear-theory predictions
near an acoustic resonance, but the effects of the acoustic
resonance phenomena are clearly evident on the airfoil sur-
face unsteady pressure responses. The transition of the mea-
sured lift coefficients from the subresonant regime to the su-
perresonant regime occurs in a simple linear fashion. Thus,
linear theory unsteady load predictions of a discontinuity be-
tween the subresonant and superresonant regimes are not
valid.

The response of the stator vane cascade to airfoil-cascade
forcing functions correlates poorly with linear-theory vortical
gust predictions. The poor response correlations correspond
to the poor linear-gust parameter correlations and high static
pressure fluctuations, but no clear trend emerges which relates
the linear-gust parameter values to the unsteady pressure re-
sponse values. No effect of acoustic resonances were dem-
onstrated in the airfoil-cascade-generated unsteady lift and
moment coefficients, consistent with the perforated-plate gen-
erated coefficients. The unsteady lift and moment coefficients
were controlled by the characteristics of the forcing function.
However, the surface responses were obviously affected by
the acoustic resonance and exhibited behavior similar to the
perforated-plate-generated responses.
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