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NOMENC LATURE

b Airfoil semi-chord

C Airfoil chord

Cp Dynamic pressure coefficient

RC Compressor pressure ratio

Vv Absolute velocity

wJ373 Corrected mass flow

T Blade pass period

k Reduced frequency (k = wb/V)

u Longitudinal perturbation velocity
v Transverse perturbation velocity
t Time

@ Phase lag

P Inlet air density

Dimensionless time

W Blade passing angular frequency

Subscripts
| First harmonic
2 Second harmonic

axial Axial




ABSTRACT

An experimental investigation was conducted to determine
the fluctuating pressure distribution on a stationary vane
row, with the primary source of excitation being the wakes
from the upstream rotor blades. This was accomplished in

a large scale, low speed, single stage research compressor.
The forcing function, the velocity defect created by the
rotor wakes, was measured with a crossed hot-wire probe.

The aerodynamic response on the vanes was measured by means
of flush mounted high response dynamic pressure transducers.
The dynamic data were analyzed to determine the chordwise
distribution of the dynamic pressure coefficient and aero-
dynamic phase lag as referenced to a transverse gust at the
vane leading edge. Vane suction and pressure surface data
as well as the pressure difference across the vane were
obtained for reduced frequency values ranging from 3.65 to
16.80 and for an incidence angle range of 35.5°, The pressure
difference data were correlated with a state-of -the-art
aerodynamic cascade transverse gust analysis. The correla-
tion was quite good for small values of incidence. For the
more negative incidence angle data points, it was shown that

a convected wake phenomena not modeled in the analysis existed.
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Both the first and second harmonic unsteady pressure differen-
tial magnitude data decrease in the chordwise direction.

The second harmonic magnitude data attains a value very nearly
zero at the vane trailing edge transducer location, while

the first harmonic data is still finite, albeit small, at

this location. That the magnitude of the unsteady pressure
differential data approaches zero near to the trailing edge,

particularly the second harmonic data which has reduced

frequency values to 16.8, is significant in that it reflects

upon the validity of the Kutta condition for unsteady flows.
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INTRODUCT | ON

Aerodynamically induced vibrations of rotor and stator air-
foils are one of the more common sources of high cycle
fatigue failure in turbine engines, Destructive aerodynami-
cally induced vibrations can occur in fan, compressor, or
turbine blading. These failure level vibratory responses
occur when a periodic aerodynamic forcing function, with
frequency equal to a natural blade resonant frequency, acts
on a blade row. The rotor speeds at which these aero-
dynamically induced vibrations are possible can be predicted
using frequency-speed diagrams which display the natural

frequency of each blade mode versus rotor speed and, at the

same time, the forcing function frequency versus rotor speed,

Wherever these curves cross, aerodynamically induced vibra-
tions are possible, but no measure is put on the amplitude

of the stress.

Because it is rarely possible to eliminate all vibration ex-
citation from the operating range of turbomachine blade rows
and not possible to predict the amplitude of the stresses
with present day technology, the resonant stresses are not
known until the first build-up test of engine components.
when excessive stresses or failures are discovered, the
result can be an expensive redesign, a delay of the project,

and an extensive and costly re-test program.
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One of the primary excitation sources for this type of reson-
ant stress problem is the spatially periodic variations in
pressure, velocity and flow direction in the exit field of

an upstream element, which appear as temporally varying in a
coordinate system fixed to the downstream blade row. As a
result, individual blades are subject to a time-dependent

forcing function which can induce high vibratory stresses,

Procedures currently available to predict the aerodynamically
induced vibratory behavior of a blade row require a definition
of the unsteady forcing function in terms of its harmonics.
The time-variant aerodynamic response on the blade surfaces

to each harmonic of this forcing function is then assumed

to be comprised of two parts. One is due to the disturbance
being swept past the non-responding fixed blades. The second
arises when the blade responds to this disturbance., The un-
steady pressure distribution on the blade surface is the sum
of these two effects. Analytically, these effects are modeled
by means of two analyses. A gust analysis is used to predict
the time-variant aerodynamics of the fixed non-responding
blades to each harmonic of the disturbance, An analysis
wherein the blades are assumed to be harmonically oscillating
is then used to predict the additional aerodynamic effect due
to the blades responding. Superposition of these two effects

can be performed only with knowledge of the amplitude of
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response of the blading because the magnitude of the pressure
field resulting from the blade's motion is dependent upon

the amplitude of the motion. Thus an iterative solution
containing the gust analysis, the oscillating blade analysis,
and the blade structural dynamic analysis as key elements is
necessary to predict the total response of a blade subjected

to an upstream generated spatially periodic disturbance.

The aerodynamic gust analysis, as well as the case of harmonic
airfoil oscillations, is an area of fundamental research
interest, Linearized unsteady aerodynamic small perturba-
tion gust analyses for isolated and cascaded airfoils are
appearing in the open literature with reqgularity. For a
single zero thickness, flat plate airfoil, Sears(]) pre-
dicted the fluctuating forces due to a sinusoidal transverse

gust. Horlock(z)

treated the generalized gust by considering
a longitudinal gust and combining his results with those of
Sears. Naumann and Yeh(3) considered the effects of camber
by partially accounting for some of the coupling between the
angle of attack of the airfoil and the unsteady flow. Gold-
stein and Atassi(u) developed a second order analysis which
accounts for all of the coupling effects. These analyses

are currently of limited value to turbomachinery design in

that only isolated airfoils are considered., Of more direct
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application are the unsteady aerodynamic analyses for cas-
caded airfoils. Whitehead(S) considered a cascade of flat
plate airfoils moving through a transverse gust in an in-
compressible flow field as well as the case of harmcnic air-
foil oscillations in a uniform flow field. This analysis
was extended to include the effects of compressibility by
Fleeter(6) and Smith(7). Henderson and Daneshyar(s) con-
sidered a cascade of thin, slightly cambered airfoils moving
through a sinusoidal disturbance in an incompressible flow

field.

There are many mathematical and physical assumptions in-

herent in these models, yet only a limited quantity of ap-
propriate fundamental experimental data exists with which to
assess the range of validity of the models or to indicate re-
finements necessary to develop a valid predictive design model.
Commerford and Carta(g) simulated an unsteady inlet filow
direction on a single airfoil by generating a Karman vortex
street from an upstream transverse cylinder, The flow field
created by the cylinder has a vertical velocity component

which varied in both directions. This is a serious drawback
for extension to airfoil cascades as it would result in the
velocity direction varying from blade to blade. Ostdiek(lo)

developed a cascade wind tunnel capable of generating variable

inlet flow direction., The wind tunnel inlet, which included

e ——— - i o A




guide vanes, was oscillated by a motor-driven crank. This
system is currently limited to low frequencies of oscillation
and hence low reduced frequency values. Bruce and Henderson(")
directly measured the unsteady normal force and pitching moment
on a chordwise element of a rotor blade, rather than the

detailed distribution of the unsteady pressure difference

across the blades, due to a circumferential inlet flow distortion
in a low speed axial flow compressor, In the supersonic flow
regime, Fleeter, Novick and lefel(lz), measured the fluctuating

pressure distribution on an airfoil cascade resulting from an

unsteady inlet flow generated by an oscillating upstream wedge,

The objective of the experimental research program described
herein is to determine the aerodynamically induced fluctuating
pressure distribution in a stationary vane row of realistic
geometry, with the primary source of excitation being the

wakes from the upstream rotor blades, This research is of
primary importance for blading characterized by subsonic axial
and relative Mach numbers, and moderate values for turning

and solidity. The fundamental time-variant data obtained is
correlated with the flat plate cascade transverse gust analysis

of Reference 6.
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SINGLE-STAGE RESEARCH COMPRESSOR FACILITY

The wakes from the upstream rotor blades are the source of
the aerodynamically induced fluctuating surface pressure
distributions on the stator vanes, i.e., the rotor wakes
define the forcing function to the downstream stator vanes.
Hence, it is necessary to experimentally model all of the
significant features which define this forcing function.
These include the variation of incidence, the wave form,

the velocity (pressure) variation, and the reduced frequency

(k = wC/2V ) which defines the order of magnitude of

axial
the unsteadiness. (Forced vibration problems in turbo-
machines typically have first harmonic values of the

reduced frequency in the approximate range of 0.2 to 8.0.)

The above described features can be simulated in the Detroit
Diesel Allison (DDA) large-scale low speed single stage
research compressor. A schematic of the overall facility

is shown in Figure |1 and a view of the assembled test rig

in Figure 2.

This 48.01 inch inlet diameter research compressor features
blading (42 rotor blades and 40 stator vanes, NACA 65
Series) that is aerodynamically loaded to levels that are
typical of advanced multi-stage compressors and is also
large enough to provide for large quantities of instru-

mentation., Table | presents the airfoil mean section




properties as well as the compressor design point con-
ditions. As is indicated, the airfoils are relatively
large; the rotor and stator chords are equal to 4.589 and
5.089 inches (11.66 and 12.93 cm), respectively. In this
facility the flow, the rotor speed and the pressure ratio
can be varied independently. The capability to ram the
compressor by means of a blower also exists and was used
in the program described herein to vary the value of the
reduced frequency, i.e., the rotor speed and hence the
blade passing frequency were varied independent of the

axial velocity.

The rotor blades were designed to have aerodynamic loading
levels representative of aft stages of modern multi-stage
compressors, At the design point, approximately 27° of
turning is accomplished near the blade hub, diminishing to
about 13° near the tip. The geometric characteristics of
the rotor blade include high camber with fairly large devia-
tion angle near the hub region, and a maximum thickness-
to-chord ratio which varies from nearly 7% at the hub to

Ly at the tip. The rotor solidity varies from about 1.6

at the hub to 1.3 at the tip.

The 40 vane stator row, shown in Figure 3, results in an
axial exit flow direction. Again, the airfoil loss and aero-
dynamic loading levels are typical of those of aft stages of

modern multistage compressors, The vane features a large




camber angle variation in the hub region, a radially constant
maximum thickness-chord distribution, and design point in-
cidence that varies from about zero to minus one degree,

vane solidity varies from 1.68 at the hub to 1.35 at the tip.

I NSTRUMENTAT | ON

The research compressor steady-state instrumentation, indi-
cated schematically in Figure 4, permits the inlet and exit
flow fields to be defined and the compressor map determined.
The inlet temperature is measured by means of four thermo-
couples equally spaced circumferentially in the large stagna-
tion chamber, The rotor inlet velocity profile is dei~rmined
from the pressure measurements obtained from three, eleven-
element total pressure rakes equally spaced circumferentially,
and the average of four hub and four tip static pressure taps.
The exit flow field downstream of the stator row is determined
from six total pressure rakes, uniformly spaced across an
equivalent vane passage together with hub and tip static
pressure taps. The exit temperature is measured with an
eleven element rake located circumferentially at the center of
the vane passage. The overall compressor aerodynamic perfor-
mance is evaluated by examining the stagnation tank and stator
exit temperature and pressure measurements, with the flow rate
computed from the stagnation tank static pressure and total

temperature and pressure measurements,




The time-variant quantities of fundamental interest in this
experimental investigation include the fluctuating aero-
dynamic forcing function — the rotor wake, and the chordwise
distributions of the complex time-variant pressure distri-

bution on the downstream stator vane.

The blade surface dynamic pressure measurements were accom-
plished by instrumenting a pair of the NACA Series 65 stator
vanes with flush mounted Kulite thin-line design dynamic pres-
sure transducers. These vanes were then located in the

stator row such that one flow passage was instrumented.

Table || presents a tabulation of the vane coordinates de-
scribing the airfoil shape along the streamline which was
instrumented, Figure 5 shows a view of the airfoil surfaces
with the embedded transducers clearly visible. The suction
and pressure surface transducers are mounted at the same

percent vane locations, identified in Table I11.

The time-variant wake measurements were obtained by means of

a cross-wire probe calibrated and linearized up to 200 feet
per second and + 25° angular variation. The probe was located
at mid-stator circumferential spacing with axial location
corresponding to mid rotor-stator axial spacing in a passage
adjacent to the pressure instrumented one, The mean ab-
solute exit flow angle from the rotor was determined by rotat-

ing the probe until a zero voltage difference was obtained between




the two hot-wire channels. This mean angle was then used

as a reference for calculating the instantaneous absolute
and relative flow angles. The output from each channel was
corrected for tangential cooling effects and the individual
fluctuating velocity components parallel and normal to the
mean flow angle calculated from the corrected quantities,
Figure 6 schematically indicates the location of the dynamic

instrumentation,

DATA ACQUISITION AND ANALYSIS

In this investigation, both steady and time-variant data
were acquired. The steady state data defined the points of
compressor operation, in terms of overall pressure ratio and
corrected mass flow rate, at which the unsteady velocity and
surface pressure measurements were obtained. Both the
steady and time-variant data acquisition were controlled by
an on-line digital computer. The rotor speed was manually
controlled by varying the power to the DC drive motor; a
digital readout of the rotor speed was provided via a tacho-

meter generated signal.

Figure 7 presents a schematic of the steady state and time-
variant instrumentation modules as related to the on-line
digital computer. Only one mode of data acquisition operation
could be performed at & time, The steady state corrected

data was output on the teletype at the rig site as well as

10
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on @ line printer, The time-variant data acquisition was
controlled through the CRT terminal. On-line monitoring of
this time-variant data was accomplished by means of a dual
beam storage oscilloscope synchronized to the speed of the
rotor by an optically generated square wave pulse. The un-
steady data were presented on the line printer, and stored in
digital form on a magnetic disk and/or punched paper tape

for off-line analysis.

The steady state data acquisition followed the standard com-
pressor evaluation procedure, At a selected corrected speed,
the compressor was stabilized for approximately 5 minutes.
Following this period, the on-line computer was used to
initiate the acquisition of the temperatures and pressures nec-
essary to generate the corrected mass flow rate, overall pres-
sure ratio, and corrected speed. A scanning of the reduced
data was then made to assure data uniformity and to ascertain

the operating point.

The time-variant data acquisition and analysis technique used
was based on a data averaging or signal enhancement concept,

(13,14,15,16)

consistent with other investigators The key to
such a technique is the ability to sample data at a preset
time. For this investigation the signal of interest was

generated at the blade passing frequency. Hence, the logical

11




choice for a time or data initiation reference was the rotor
shaft and an optical encoder was mounted on the rotor shaft
for this purpose. This encoder delivered a square wave volt-
age signal having a duration of 1.5 microseconds. The computer
analog-to-digital converter was triggered from the positive
voltage at the leading edge of the pulse, thereby initiating
the acquisition of the time unsteady data at the rate of up to
100,000 points per second. The data was sampled for N blade
passages and over M rotor revolutions. These rotor revolu-
tions were not consecutive because a finite time was required
to operate on the N blade passage data before the computer
returned to the pulse acceptance mode which initiated the

gathering of the data.

For the experiments described herein, eighty to one hundred
digitized data points were obtained for each of three blade
passages averaged over two hundred rotor revolutions (N = 3,

M = 200). These quantities were determined as follows.

Preliminary Fourier analysis of the wake data at the blade
passage frequency indicated that the fifth harmonic had a
content approximately 0,2 of that of the first harmonic (blade
passage frequency). In order to accurately preserve the
digitized signal, the number of points per cycle at the maxi-
mum rotor speed was set by operating the analog-to-digital

converter on only two channels of date at its maximum rate of




100,000 points per second. For a blade passage frequency of
625 Hertz, an A/D converter rate set at 100,000 points per
second, and two channels of data, the resulting number of

points per cycle acquired is 80.

A slight variation in wake profile existed from blade to blade,
as determined by examining the averaged data for up to 12

blade passages. At the reduced frequencies of these experi-
ments, the vane surface was influenced primarily by three

blade wakes. Hence data was acquired for three blade passages.
Also, it was found that the unsteady data was essentially
unchanged when averaged for 100, 200, or 4OO samples. Based

on this, 200 rotor samples were used for the dynamic data

acquisition.

The basic concept of this time-variant data averaging techni -
que was used in an on-line analog mode throughout the test.

A dual beam storage oscilloscope was triggered by the encoder
pulse and the time unsteady signals of interest preserved on
the scope. For each rotor revolution one series of wave forms
were added to the wave forms already existing on the face of
the scope from previous revolutions, thereby yielding a time
consistent overlay of the unsteady signals. Figure 8 presents
an example of such an overlay. The upper signal corresponds
to one of the hot-wire voltage signals and the lower to a
surface pressure transducer, The distance between the hot-

wire pulces represents a blade passage width,

13




At each steady operating point an averaged time-variant

data set, consisting of the two hot-wire and the 22 Kulite
signals, were obtained. Each of these signals were digi-
tized, stored on a punched paper tape, and Fourier decom-
posed into its harmonics. Figures 9 through 12 illustrate
the Fourier analysis of the leading and trailing edge dynamic

pressure signals on the pressure and suction surfaces.

Figure 9 presents the averaged signal for three blade pass-
ages for the leading edge pressure surface transducer.

The digitized data points are also indicated. Figure 10
presents only the center passage of the three seen in
Figure 9, presenting the digitized data and the first three
harmonics of the signal. Each of these harmonics has been
summed with the zero term of the Fourier series. As can be
seen, the addition of the first three harmonics yields a
qgood approximation to the signal, indicating that this
signal is primarily composed of the first three harmonics

of blade passage frequency.

Figure 11 presents the average three passage signal for

the suction surface trailing edge transducer. As indicated,
it has a higher harmonic content than the pressure sur-

face signal. Figure 12 presents the first two passages

of this signal as well as the first two harmonics of the

Fourier decomposition. The addition of these two harmonics
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yields the indicated reconstructed signal. A comparison of
the original signal with its harmonic reconstruction indicates
that this signal is primarily composed of only the first two

harmonics of blade passage frequency. .

In this investigation only the first two harmonics of the data
were examined through the entirety of the data analysis pro-
cess. The reduced frequencies of these data are in the range

of turbomachinery experience with forced response problems.

From the Fourier analyses performed on the data both the magni -
tude and phase angles referenced to the data initiation pulse
were obtained. To then relate the wake generated velocity
profiles with the surface dynamic pressures on the instrumented
vanes, the rotor exit velocity triangles were examined. Figure
13 shows the change in the rotor relative exit velocity which
occurs as a result of the presence of the blade. A deficit

in the velocity in this relative frame creates a change in

the absolute velocity vector as indicated. This velocity
change is measured via the crossed hot-wires, From this
instantaneous absolute angle and velocity, the rotor exit
relative angle and velocity and the magnitude and phase of

the perturbation quantities are determined,

As noted previously, the hot-wire probe was positioned at mid

rotor-stator axial spacing. To relate the time based events

15




as measured by this hot wire probe to the pressures on the
vane surfaces, the assumptions were made that: (1) the wakes
were identical at the hot-wire and the stator leading edge
planes; (2) the wakes were fixed in the relative frame.

Figure 14 presents a schematic of the rotor wakes, the instru-
mented vanes, and the hot-wire probe. The rotor blade spacing,
the vane spacing, the length of the probe, and the axial spac-
ing between the vane leading edge plane and the probe holder
centerline are known quantities. At a steady operating point
the hot-wire data were analyzed to yield the absolute flow
angle and the rotor exit relative flow angle. Using the two
assumptions noted, the wake was located relative to the hot-
wires and the leading edges of the instrumented vane suction
and pressure surfaces. From this, the times at which the wake
is present at various locations was determined. The incre-
mented times between occurrences at the hot-wire and the vane
leading edge plane were then related to phase differences
between the perturbation velocities and the vane surface

pressures,

To simplify the experiment-theory correlation process, the
data was adjusted in phase so that the transverse perturba-
tion was at zero degrees at the vane suction surface leading

edge, From the geometry indicated in Figure 14, the time at
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which this would occur was calculated and transposed into a
phase difference. This difference was then used to adjust
the pressure data from the suction surface. A similar opera-
tion was performed on the pressure surface data so that the
surfaces of the vanes were time related; i.e., time relating
the data resulted in data equivalent to that for a single

instrumented vane,

Following this prccedure the pressure differences across a
single vane at all transducer locations were calculated. These
data, along with the individual surface pressure data, were
normalized with respect to the quantity p . V2 . %; where p
is the density, V is the absolute velocity, and v is the

transverse perturbation velocity at the vane inlet.

RESULTS

Six steady state operating conditions were investigated in this
program. Two additional steady conditions, investigated as

part of a Detroit Diesel Allison Independent Research and Devel-
opment program, are also presented herein to yield definitive
data trend information. Table |V presents the detailed descrip-
tion of these data including the steady state definition for
data point identification and the necessary description of

the time-variant parameters. Figure 15 presents the data
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points acquired at 70% and 100% corrected speeds in terms of

overall pressure ratio and corrected mass flow rate,

As previously discussed, the final form of the data consists
of a dynamic pre55uré coefficient and an aerodynamic phase
lag at each of the chordwise transducer locations, The
dynamic pressure coefficient is normalized with respect to
steady state properties of the flow and the magnitude of the
transverse gust (Cp = P/pV2 %). The aerodynamic phase lag is
referenced to a transverse gust at the leading edge of the
instrumented vane. The data are presented in this form for
the unsteady pressure difference across the vane as well as
for the individual pressure and suction surface fluctuating
pressures, It should te noted, however, that it is only

possible to correlate the pressure difference data with state-

of -the-art analyses,

The first set of results, Figures 16 through 31, present the
dynamic pressure coefficient and aerodynamic phase lag for
the first and second harmonics of the unsteady pressure
difference across the vane as a function of percent airfoil
chord. Also included in these figures are the predictions
obtained from the flat plate airfoil cascade transverse gust
analysis of Reference 6 for the flow conditions as specified

in Table 1|V,
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Data points 1, 2, 3, 4 and 5 have small positive values of
incidence. The reduced frequency for these points ranges
from 7.13 to 16.80, based on the values of the first and
second harmonic frequencies. Figures 16 through 25 present
these dynamic data and the corresponding theoretical pre-
dictions. As can be seen, the dynamic pressure coefficient
data-theory correlation is quite good over the entire vane
chord for these low incidence values. The fact that the
magnitude of the unsteady pressure differential data
approaches zero at the vane trailing edge is indeed signi-
ficant in that it implies that the Kutta condition, imposed
in the analysis, is appropriate for unsteady flows to high
reduced frequency values. It should be noted that the
surface pressure data were normalized with respect to an
inlet density and velocity function. Thus an increase or
decrease in Cp implies a corresponding change in the magni-

tude of the unsteady pressure.

The aerodynamic phase lag data experiment-theory correlation
is good over the front portion of the vane but becomes less
favorable over the back. This correlation trend may be
attributed to differences between the actual vane and the
analytical model: the vane has approximately 49° of camber
whereas the analysis considers flat plate airfoils. Hence,
the good correlation over the front part of the vane chord

where the flow is aligned with the vane, and the poorer
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correlation for the back, where the camber effects become
important. Another possible explanation for this correla-

tion trend might be viscous and boundary layer effects.

To obtain lower values of the reduced frequency, the com-
pressor was unloaded by ramming the inlet, forcing the
compressor to operate at a lower pressure ratio at a given
corrected speed. Data points 4, 6, 7, and 8 were obtained
in this manner. Figures 26 through 31 present the correla-
tion of the analytical and experimental results for points
6, 7 and 8. These correlations indicate that a significant
improvement is needed in the analytical model, namely the

ability to consider the effects of incidence angle.

The reduced frequency for data points 6, 7, and 8 ranges
from 3.65 to 12.34 and has an incidence range of 24°.

These figures of the dynamic data and the corresponding pre-
dictions give the general impression that the data is
scattered and unrelated: some data correlates, others

do not. However, examination of data along the 70% speed
line of the compressor in terms of decreasing values of
incidence angle (data points in the order of 3, 4, 5, 6, 7,
Figures 20 through 29) clearly explains the above described
data appearance and delineates the physical significance of

these dynamic data.
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As the incidence angle is decreased by 17° in going from

data point 3 (Fiqgures 20 and 21) to data point 7 (Figures 28
and 29), the first harmonic dynamic pressure coefficient data
begins to deviate from the prediction over the front portion
of the vane by ever increasing amounts. The second harmonic
dynamic pressure coefficient does not exhibit this same
trend; in fact, this higher frequency data correlates well
with the predictions. Both the first and second harmonic
unsteady pressure differential magnitude data decrease in

the chordwise direction. The second harmonic magnitude data
attains a value very nearly zero at the vane trailing edge
transducer location (97% chord), while the first harmonic
data is still finite, albeit small, at this location. Again
this reflects upon the appropriateness of the Kutta condition

for unsteady flows.

The aerodynamic phase lag data exhibits a significant trend
with decreasing value of incidence. This data correlates
with the prediction for positive incidence angle values

over the front portion of the vane. However, as the in-
cidence decreases to more and more negative values, the phase
lag data clearly indicates that a wave related phenomena has
become significant. For example, the phase lag for data
point 7 (Figures 28 and 29) are seen to increase linearly,
and an increasing phase laa neans that an event occurring

at one station occurs at a later time at some downstream
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station. Relating this time and distance results in an ap-

parent wave speed, as will be discussed.

In addition to this pressure difference dynamic data, the
local surface dynamic pressure coefficients and aerodynamic
phase lags were determined for the first and second harmonics
for each vane surface and are presented in Figures 32 through
63. This data is presented as an experimental baseline to

be used in the future development of an analysis which will
consider blade thickness, camber, and incidence angle. These
figures are arranged such that the first and second harmonic
data for the pressure surface of the vane are presented in
Figures 32 through 47 and the analogous suction surface data

in Figures 48 through 63.

To gain an insight into the possible physical pheno~ na which
could describe the disagreement between the theoretical and
experimental results at negative incidence angles, data point
7 was selected for detailed evaluation. After scanning all
of the data, this point was chosen because a clear under-
standing of the breakdown of the assumptions in the flat
plate analysis could be most easily identified. This evalua-
tion involved a detailed investigation and analysis of the

local pressure and suction surface unsteady pressure data.

Figures 64, 65 and 66 show the three blade passage averaged

pressure signals at the 20%, 30%, and 40% chordwise locations
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on the vane suction surface respectively, for data point 7.
Figures 67, 68 and 69 present the corresponding data for

the pressure surface. From these figures it is seen that the
peak pressures occur first at the 20% location, later in time
at the 30% one, and still later at the LOY% location. Convert-
ing this into an assumed wake front results in a convected wake
velocity of approximately 110 feet per second on the suction
surface and 60 feet per second on the pressure surface. Cal-
culating a convected wake velocity for the differential pres-
sure for both the first and second harmonics of data point 7,
Figures 28 and 29, indicates that the first and second har-
monics of the wakes are convected at different speeds: the
first is convected at approximately 60 feet per second and

the second at about 110 feet per second. As these velocities
are very close to those established from the transducer signals,
it would appear that the first harmonic of the pressure dif-
ference data is dominated by the pressure surface wake and the
second by the suction surface wake. To further document the
existence of these two convected wakes of different velocities,
the local surface data presented in Figures 44, 45,6 60, and 61

were investigated in detail.

To examine this data, the pressure signal was represented as,
f(t) = A} Sin(wt +¢,) +A, Sin (2wt +g,)

where w is the blade passing angular frequency, and ¢ and ¢, are

the phase lags for the first and second harmonics, respectively.
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The times for the occurrence of the zeroes for the first and

second harmonics are thus:

-¢]_‘|:2'"n
t] =
w
e - ¢2 + 2T n
2 2w

where n =0, + [, & 2, & o

Nondimensionalizing these zero occurrence times with respect

to the blade pass period, T:

-9 e
'T]= l:n
21
%
- ¢
2 n
T . +
Bt o3
where 7! and 72 denote the dimensionless time for the zero

occurrence of the first and second harmonics, respectively.

Figures 70 and 71 present the dimensionless zero occurrences
for the first and second harmonics, respectively, 7] and Tos
as a function of dimensionless time for the wake on the vane
suction surface. Figure 71 shows that straight lines result
in a close alignment of the points for the second harmonic
data. Allowing time to increase in this figure (moving

these lines right to left) gives a wake train which traverses

the vane chord at 105.6 feet per second. Transposing this
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slope onto the first harmonic data yields the lines seen in
Figure 70. Agreement then of the wake speed between the

first and second harmonics on the suction surface is attained
and, thus, the existence of a convected wake related phenomena
on the suction surface is shown. It is evident from the same
data that this wake motion does not predominate at the leading
and trailing edges of the vane. It should be noted that this
convected wake speed agrees well (within 57) with the mass

averaged axial velocity.

The results of this zero crossing analysis on the pressure
surface first and second harmonic data are shown in Figures

72 and 73. An excellent approximation of a wave front is

seen in the first harmonic of the signal. Transposing this
slope onto the second harmonic data, the lines indicated in
the second harmonic data of Figure 73 are obtained. Again,
wake motion can be seen in the signals which dominates the un-
steady pressure at points along the chord. The wake front
velocity on the pressure surface calculated from these data

is 62.2 feet per second.

The existence of convected wakes on the suction and pressure
surfaces of the vane has thus been clearly shown. Furthermore,
these wakes are convected at different velocities along the
vane chord., [Implicit in state-of-the-art gust models is the
assumption that the disturbances on the airfoil surfaces are

propagating at the same velocity. Thus, in order to accurately
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predict the pressure fields on an airfoil, careful considera-

tion must be given to each surface independently.

SUMMARY AND CONCLUS I ONS

The aerodynamically induced fluctuating pressure distribution
in a stationary vane row of realistic geometry, with the
primary source of excitation being tihe wakes from the up-
stream rotor blades, was measured for reduced frequency values
ranging from 3.65 to 16.80 and an incidence angle range of 35°.
The dynamic data for the pressure difference across the vane
was correlated with a state-of -the-art aerodynamic gust analysis.
The correlation was quite good for all reduced frequency values
for small values of incidence. For the larger negative values
of incidence angle, the experimental data correlated with the
data near the vane leading edge. For these data points it was
then shown that a convected wake phenomena not modeled in the
analysis existed. The dynamic pressure data were also presented
for the individual suction and pressure surfaces. Detailed
analysis of one of these negative incidence points demonstrated
that wakes convected at different velocities existed on the
pressure and suction surfaces. Current analyses do not con-
sider the possible existence of this type of wake phenomena.
Both the first and second harmonic unsteady pressure differen-
tial magnitude data decrease in the chordwise direction. The
second harmonic magnitude data attains a value very nearly

zero at the vane trailing edge transducer location, while the
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first harmonic data is still finite, albeit small, at this
location. That the magnitude of the unsteady pressure differ-
ential data approaches zero near to the trailing edge, parti-
cularly the second harmonic data which has reduced frequency
values to 16.8, is significant in that it reflects upon the

validity of the Kutta condition for unsteady flows.
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