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ABSTRACT

The overall objective of this experimental program was to
quantify the effects of rotor-stator axial spacing on the
fundamental time-variant aerodynamics relevant to forced
response in turbomachinery. This was accomplished in a large-
scale, low-speed, single-stage research compressor which per-
mitted two rotor-stator axial spacing ratios representative

of those found in advanced design compressors to be investi-

gated.

At each value of the axial spacing ratio, the aerodynamically
induced fluctuating surface pressure distributions on the
downstream vane row, with the primary source of excitation
being the upstream rotor wakes, were measured over a wide
range of compressor operating conditions. The velocity
fluctuations created by the passage of the rotor blades were
measured in the non-rotating coordinate system. Data ob-
tained described the variation of the rotor wake with both
loading and axial distance from the rotor as parameters.

This data also served as a reference in the analysis of the

resulting time-variant pressure signals on the vane surfaces.

The individual vane surface data were investigated to

determine the effect of rotor-stator axial spacing on the




overall unsteady pressure magnitude as well as to determine
the dynamic pressure coefficient and aerodynamic phase lag
for the unsteady pressure differential across the vane.
These unsteady pressure differential data, with incidence
angles ranging from + %° to -12%° and reduced frequency from
6.795 to 20.20, were correlated with predictions from a

state-of -the-art flat plate cascade transverse gust analysis.
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INTRODUCT | ON

The failure of rotor and stator airfoils as a result of aero-
dynamic excitations has been and yet remains a serious design
consideration throughout the gas turbine industry. The discovery
of a forced response problem, and the subsequent need to affect

a viable solution, results in increased unit cost, delays in
delivery schedules, and decreased flight readiness. As early

as 1955 the need to develop a fundamental understanding of

these ''forced response' problems was recognized and noted in

the open literature by Whitmore, Lull, and Adams('). In the
ensuing time period significant advancements have been made in
solution techniques, aerodynamic theory, and computing capability.

However, today forced response still ranks as a significant

problem area for gas turbine engines.

The ability to accurately predict a priori the structural
resonances of turbine engine blading has been greatly enhanced
through the development and application of finite element
techniques. Thus, prior to rig or engine operation, the
designer is now provided detailed information regarding the
location of the critical resonant response regions of operation
for a given blade row. However, the severity of these resonant
response regions to the various upstream or downstream excita-
tions is not known until complete engine envelope conditions

have been tested.
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The identification of a highly stressed resonance of an air-
foil during testing necessitates modifications to reduce the
stress. For a component test, the stress can be reduced by
simply avoiding the resonance. For an engine in the develop-
ment phase, schemes such as increased axial spacing, re-
designed blading, and changes in the excitation are used.
Similar procedures are used for problems identified in flight

engines as longer operational times are established.

One method which has been successfully used to alleviate
aerodynamically forced response problems involves increasing

the axial spacing between the excitation source and the respond-
ing airfoil. This method has generally been applied when an
upstream airfoil row is the excitation source. |In this case

the wakes can be the mechanism which create the time-variant
pressures along the chord of the downstream airfoil row,

thereby driving the airfoil response. An increase in the

axial spacing is then regarded as a reduction in the wake
velocity deficit and, correspondingly, as a decreased level

of unsteady pressure loading on the responding airfoil,

To identify the type of analysis needed for forced response
problems and, consequently, the type of data necessary to
assess that analysis, the following example is presented.
Following the performance evaluation of an advanced design

compressor, the routine teardown inspection of the unit

L T SRS

|
:




~——

po—

a——_g

revealed cracked blades and vanes. |In four rows of blades and
two rows of stators, tip cracks were identified. A frequency-
speed diagram for one of the rotor blades in which a crack was
noted is presented in Figure 1. Along the excitation frequency
line (created by the upstream vane row) the blade resonance at
which maximum stress was noted is identified. Figure 2 presents

the calculated mode shape for the particular resonance.

Thus, from this example of a typical forced response problem,
it can be seen that an appropriate analysis and, consequently
the data to assess that analysis, must reflect the chordwise
variation in the unsteady pressure. Without this chordwise
variation, the excitation of the complex mode shape illustrated

in Figure 2 could not be determined.

The time-variant aerodynamic response on an airfoil surface

is comprised of two parts. One is due to the upstream distur-
bance being swept past the non-responding fixed airfoils. The
second arises when the airfoil responds to this disturbance.

The unsteady pressure distribution on the airfoil surfaces, i.e.
the driving force for the airfoil response, 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 airfoils to
each harmonic of the disturbance. An analysis wherein the

airfoll cascade is assumed to be harmonically oscillating is
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then used to predict the additional aerodynamic effect due to
the blades responding. Superpositioning of these two effects
can be performed only with knowledge of the amplitude of
response of the blading because the magnitude of the pressure
field resulting from the motion of the responding airfoil is
dependent on the amplitude of the motion. Thus, an iterative
solution containing the gust analysis, the oscillating airfoil
analysis, and the airfoil structural dynamics analysis as key
elements is necessary to predict the total response of an air-

foil subjected to an upstream generated periodic disturbance.

The aerodynamic gust analysis, as well as the case of harmonic
airfoil oscillations, are areas of fundamental research inter-
est. Linearized unsteady aerodynamic small perturbation gust
analyses for isolated and cascaded airfoils are appearing in
the open literature with regularity. For a single, zero thick-
ness, flat plate airfoil, Sears(z) predicted the fluctuating
forces due to a sinusoidal transverse gust. Horlock(3) treated
the generalized gust by considering a longitudinal gust and
combining his results with those of Sears. Naumann and Yeh(u)
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. Goldstein and Atassi(S) developed a
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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 con-
sidered. Of more direct application are the unsteady aero-
dynamic analyses for cascaded airfoils. Whitehead(®) con-
sidered a cascade of flat plate airfoils moving through a
transverse gust in an incompressible flow field as well as the
case of harmonic airfoil oscillations in a uniform flow field.
This analysis was extended to include the effects of compressi -
bility by Fleeter(?) and smith(8), |t should be noted that
the above analyses by Whitehead, Smith and Fleeter, also con-
sider the case of harmonic airfoil oscillations in a uniform

flow field.

In the transonic flow regime, emphasis has been placed upon
the case of harmonically oscillating flat plate airfoils, al-
though it should be noted that these flat plate analyses can
be modified relatively easily to include the case of a trans-
verse gust, as per Reference 9. Recently a number of solu-
tions to the basic inviscid, small perturbation, flat plate
model involving various mathematical techniques have been
developed, as noted and discussed by Chadwick, Bell and
Platzer('o).

[ —————
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There are many mathematical and physical assumptions inherent
in these models, yet only a limited quantity of appropriate
fundamental experimental data exists with which to assess the
range of validity of the models or to indicate refinements

necessary to develcp a valid predictive design model.

For the case of gusts, Commerford and Carta(ll) simulated an
unsteady inlet flow 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(lz) developed a subsonic cascade wind tunnel capable
of generating variable inlet flow direction. The wind tunnel
inlet, which included guide vanes, was oscillated by a motor
driven crank. This system is currently limited to very low
frequencies of oscillation and, hence, very low reduced
frequency values. Bruce and HenderSOn(IB) directly measured
the unsteady normal force and pitching moment on a chordwise
element of a subsonic 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 compressor. Fleeter, Jay and Bennett(,h)
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determined the incompressible aerodynamically induced fluc-
tuating pressure distribution in a stationary vane row of
realistic geometry, with the primary source of excitation being
the wakes from the upstream rotor blades. In the supersonic
flow regime, Fleeter, Novick and Riffel(g), measured the
fluctuating pressure distribution on an airfoil cascade result-
ing from an unsteady inlet flow generated by an oscillating

upstream wedge.

For the case of harmonically oscillating airfoils in a uniform
inlet flow field, Carta(IS) tested a cascade of torsionally
oscillating airfoils at low frequencies and low speeds.

Fleeter has been extensively involved in obtaining time-variant
aerodynamic measurements in harmonically oscillating rectilinear
cascades. References 16 through 18 describe the time-variant
aerodynamic data and correlation with the analysis of Reference
19 obtained from torsion mode oscillations of a single airfoil,
a classical airfoil cascade, and a multiple circular arc (MCA)

airfoil cascade in a supersonic inlet flow field, respectively.

The overall objective of the experimental research program
described herein is to obtain fundamental unsteady forced
response aerodynamic data necessary to quantify the effect of
rotor-stator axial spacing. This is accomplished by measuring
the aerodynamically induced fluctuating pressure distribution

in a downstream vane row of realistic geometry, with the primary




source of excitation being the wakes from the upstream rotor
blading. Two rotor-stator axial spacing ratios, representa-
tive of those found in advanced design compressors, are in-
vestigated over a wide range of reduced frequency values and
compressor steady-state operating conditions. This research
effort furnishes data not only for the designer, but also for
the analyst whose requirements include a detailed breakdown
of the unsteady pressures on both the suction and pressure
surfaces of the vane. This individual vane surface data is
necessary to validate the assumptions and the adequacy of
existing analyses, and to direct the development of advanced

analyses.




SINGLE -STAGE RESEARCH COMPRESSOR

The wakes from the upstream rotor blades are the source of

the aerodynamically induced time-variant vane surface pres-
sures, i.e., the rotor wakes define the forcing function to

the downstream stator vanes. Hence, it is desirable to ex-
perimentally model 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. To meaningfully investigate rotor-stator
axial spacing effects, it is also necessary to have representa-
tive values for the rotor-stator axial spacing to upstream
axial chord ratio. These features can all be simulated in the
Detroit Diesel Allison (DDA) large-scale, low-speed, single-
stage research compressor facility. A schematic of the overall
facility is presented in Figure 3 and a view of the assembled

test rig in Figure 4,

This 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 physically large enough to provide for substantial
quantities of instrumentation. Table | presents the airfoil
mean section properties as well as the compressor design point

conditions. As is indicated, the airfoils are relatively
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large; the rotor and stator chords are equal to 4.589 and 5.089

inches (11.66 and 12.93 cm), respectively.

The rotor blades, shown in Figure 5, are designed to have
aerodynamic loading levels representative of aft stages of
modern multi-stage compressors. At the design point, approxi -
mately 27° of turning is accomplished near the blade hub,
diminishing to about 13° near the tip. The geometric char-
acteristics of the rotor blades include high camber, with
fairly large deviation angle near the hub region, and a maxi -
mum thickness-to-chord ratio which varies from nearly 7% at
the hub to 4J 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, Figure 6, results in an axial exit
flow direction. Again, the airfoil loss and aerodynamic load-
ing levels are typical of those of aft stages of modern multi -
stage compressors. The vane features a large camber angle
variation in the hub region, a radially constant maximum
thickness -chord distribution, and design point incidence that
varies from about zero to minus one degree. Vane solidity

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

Table || presents a description of four advanced design com-

pressors in which excitations created by an upstream blade row

10
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caused serious concern for the life of a particular airfoil.
For each compressor, the ratio of the rotor-stator axial
spacing to the upstream axial chord has been determined and
averaged with respect to the number of stages. As indicated,
the range of interest for this axial spacing ratio is on the
order of 0.15 to 0.49. Also included in Table || are the
nominal and the decreased value for this ratio investigated
in the above described research compressor. As indicated,
these two values span the range of interest of advanced com-

pressor design experience.

Figure 7 shows a view of the rotor and stator spacing in

the nominal position. Figure 8 indicates the modifications
necessary to achieve the decreased rotor-stator axial spacing.
A casing spacer was used to move the stator row forward such
that the rotor-stator spacing was reduced to the desired
value. A thin spacing shim was then used to precisely locate
the rotor relative to the stator. A forward spacer was used
to minimize leakage along the forward face of the rotating

disk.

it should be noted that the above described research com-
pressor and blading were previously used in the experimental
program described in Reference 4. The rig configuration
for the current program features a stationary inner endwall

whereas the previous investigation had a rotating inner endwall,
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The research compressor steady-state instrumentation, indi-
cated schematically in Figure 9, permits the inlet and
exit flow fields to be defined and the compressor map
determined. The inlet temperature is measured by means of
four thermocouples equally spaced circumferentially in the |
large stagnation chamber. The rotor inlet velocity profile

is determined from the pressure measurements obtained from

three equally circumferentially spaced eleven-element total

pressure rakes 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 circum-

ferentially at the center of the vane passage. The overall
compressor aerodynamic performance is evaluated by examin-
ing 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 wakes, and the
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resulting chordwise distributions of the complex time-
variant pressure distribution on the downstream stator

vane pressure and suction surfaces.

The blade surface dynamic pressure measurements are
accomplished by means of a pair of the NACA Series 65
stator vanes instrumented with flush mounted Kulite thin-
line design dynamic pressure transducers. These vanes are
located in the stator row such that one flow passage is
instrumented. Table I|Il presents a tabulation of the vane
coordinates describing the airfoil shape along the stream-
'ine which was instrumented. Figure 10 shows a view of the
airfoil surfaces with the embedded transducers clearly
visible. The suction and pressure surface transducers are
mounted at identical percent vane chord locations, identi-

fied in Table 1IV.

The time-variant wake measurements are obtained by means

of a cross-wire probe which is calibrated and linearized to
200 feet per second and * 25° angular variation. The

mean absolute exit flow angle from the rotor is determined
by rotating the cross-wire probe until a zero voltage
difference is obtained between the two linearized hot -wire

signals. This mean angle is then used as a reference for

b v
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calculating the instantaneous absolute and relative flow
angles. The output from each channel is corrected for

tangential cooling effects and the individual fluctuating
velocity components parallel and normal to the mean flow

angle calculated from the corrected quantities.

As schematically depicted in Figure 1], the cross-wire

probe is located axially immediately upstream of the leading
edge of the stator row at mid-stator circumferential spacing
in a passage adjacent to the one instrumented with dynamic
pressure transducers. The probe holders for the cross-
wire probe and also for a dynamic total pressure probe are
shown in Figure 12. The machined pads mounted on the casing
exterior surface provide for angular references for the
measurement of air angles and also for radial and axial
location of the probes. Figure 13 is a view looking aft

and shows the relative locations of the cross-wire probe

and the instrumented vane suction surface. The cross-wire
probe and the instrumented vane suction surface with the

rotor installed are seen in Figure 1&,

14
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DATA ACQUISITION AND ANALYSIS

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

meter generated signal.

Figure 15 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 opera-
tion can be performed at a time. The steady-state corrected
data is output on the teletype at the rig site as well as

on a line printer. The time-variant data acquisition is
controlled through the CRT terminal. On-line monitoring of
this time-variant data is accomplished by means of a dual
beam storage oscilloscope synchronized to the speed of the
rotor by an optically generated square wave pulse, while the

unsteady data is presented on a high speed line printer.

15
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The steady-state data acquisition follows the standard com-
pressor evaluation procedure. At a selected corrected
speed, the compressor is stabilized for approximately 5
minutes. Following this period, the on-line computer is
used to initiate the acquisition of the temperatures and
pressures necessary to generate the corrected mass flow
rate, overall pressure ratio, and corrected speed. A
scanning of the reduced data is then made to assure data

uniformity and to ascertain the operating point.

The time-variant data acquisition and analysis technique
used is based on a data averaging or signal enhancement
concept. The key to such a technique is the ability to
sample data at a preset time. For this investigation the
signal of interest is generated at the blade passing frequency.
Hence, the logical choice for a time or data initiation
reference is the rotor shaft. An optical encoder which
delivers a square wave voltage signal having a duration of
1.5 microseconds was mounted on the rotor shaft for this
purpose., The computer analog-to-digital converter is
triggered from the positive voltage at the leading edge of
the pulse, thereby initiating the acquisition of the time
unsteady data at a rate of up to 100,000 points per second.

The data is sampled for N blade passages and over M rotor

16
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revolutions. These rotor revolutions are not consecutive
because a finite time is required to operate on the N blade
passage data before the computer returns to the pulse
acceptance mode which initiated the gathering of the data.
For this experimental program, 80 to 100 digitized data
points are obtained for each of three blade passages aver-

aged over 400 rotor revolutions (N = 3, M = 400).

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

A dual beam storage oscilloscope is 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 are added to the wave forms already existing on the
face of the scope from previous revolutions, thereby yield-
ing a time consistent overlay of the unsteady signals.
Figure 16 presents an example of such an overlay. The

upper and lower signals correspond to the leading edge
pressure and suction surface dynamic pressure transducer

signals respectively.

At each steady operating point an averaged time-variant data
set, consisting of the two hot-wire and the 22 Kulite signals
are obtained. Photographs of these signals are made on-

line as previously described. Each of these signals is

digitized and Fourier decomposed into its harmonics.

17
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In this investigation only the first two harmonics of the
data are examined through the entirety of the data analysis
process. 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
magnitude and phase angles referenced to the data initia-
tion pulse are obtained. To then relate the wake generated
velocity profiles with the surface dynamic pressures on the
instrumented vanes, the rotor exit velocity triangles are
examined. Figure 17 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 indi-
cated. This velocity change is measured via the crossed
hot-wires. From this instantaneous absolute angle and veloc-
ity, the rotor exit relative angle and velocity as well as
the magnitude and phase of the perturbation quantities are

determined.

As noted previously, the hot-wire probe is positioned immedi -
ately upstream of the leading edge of the stator row. To
relate the time based events as measured by this hot-wire
probe to the pressures on the vane surfaces, the assumptions

are made that: (1) the wakes are identical at the hot-wire

18
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and the stator leading edge planes; (2) the wakes are

fixed in the relative frame. Figure 18 presents a sche-
matic of the rotor wakes, the instrumented vanes, and the
hot-wire probe. The rotor blade spacing, the vane spacing,
the length of the probe, and the axial spacing between the
vane leading edge plane and the probe holder centerline

are known quantities. At a steady operating point the hot-
wire data is analyzed to determine the absolute flow angle
and the rotor exit relative flow angle. Using the two
assumptions noted, the wake is 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 is determined. The
incremented times between occurrences at the hot-wire and
the vane leading edge plane are then related to phase
differences between the perturbation velocities and the

vane surface.

To simplify the experiment-theory correlation process, the
data is adjusted in phase such that the transverse perturba-
tion is at zero degrees at the vane suction surface leading
edge. From the geometry indicated in Figure 18, the time

at which this would occur is calculated and transposed into

a phase difference. This difference is then used to adjust
the pressure data from the suction surface. A similar opera-

tion is performed on the pressure surface data so that the

19




surfaces of the vanes are time related; i.e., time relating
the data results in data equivalent to that for a single

instrumented vane.

Following this procedure the pressure differences across
an equivalert single vane at each transducer location is
calculated. These data, along with the individual surface
pressure data, are normalized with respect to the inlet

flow parameter: (p - V2

. %) where p is the inlet air
density, V is the stator inlet absolute velocity, and v is
the transverse perturbation velocity measured by the cross-

wire probe.

Any potential phase lag errors created by the above described
time adjustment procedure would be constant for each trans-
ducer, i.e., the difference in phase between any two surface
pressure transducers is unaffected by a potential error.

The only area of concern would be the correlation of the
reduced data with appropriate analytical predictions for the
phase difference between the transverse gust and the measured
response of a particular transducer. This experiment-prediction
correlation of the chordwise variation of the phase angle
could be compared by aligning the phase angle for the lead-
ing edge (2.47% chord) transducers with the phase angle
predicted by the prediction to eliminate the effect of any

20
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potential measurement inaccuracies, although it should be

clearly noted that this was not done herein.

Several potential sources of error can be identified with
regard to the above outlined data analysis and reduction
procedure. Table V presents the most likely potential

sources of error together with the corresponding possible
resulting errors in the aerodynamic phase lag data. As indi-
cated, the most critical parameters with regard to accurate
phase lag measurements are the axial and circumferential loca-

tions of the cross-wire probe together with the probe length.

The data presented herein are subjected to the forementioned
reduction and analysis procedure. Variations in the leading
edge phase angle adjustment of up to + 25° are felt to be
within experimental accuracy. Table VI presents repeated
data for 100% loaded and unloaded conditions. For the un-
loaded conditions, the pressure magnitude and phase data are
compared for the first four transducer locations on each
surface. For the loaded condition, various transducer magni -
tude and phase angles are compared. The data presented in
this table have not been adjusted for time as previously
described. As can be noted from the data, close agreement in

phase angle is obtained, although some scatter is present.

21
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It is felt that with reasonable care taken to establish a
particular aerodynamic condition, phase variations of + 15°
wou ld adequately represent the scatter band at a particular

measuring location.

22

e

S




RESULTS

Two studies were undertaken in the course of this experi -
mental program: (1) a qualitative study of the rotor wake
velocity profile as a function of both compressor loading

and downstream axial distance; (2) a quantitative investiga-
tion of the resulting time-variant surface pressures induced
on the stator vanes by these upstream generated rotor wakes
as they are convected downstream. The objective of the
qualitative wake study was to obtain a physical understand-
ing of the variations of this aerodynamic forcing function
and thereby aid in the analysis of the resulting measured
vane surface unsteady pressure distributions. The individual
unsteady vane surface pressure data were used to determine
the unsteady pressure difference across a single vane and
this difference data then correlated with appropriate predic-
tions from a state-of -the-art cascade transverse gust

analysis.

Wake Investigation

The velocity is the fundamental quantity used to define the
wake and was measured with the cross-wire probe as previously
described. This measurement, made in the absolute or non-

rotating reference frame, together with the absolute flow
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angle and rotor speed were used to calculate the velocities

in the relative or rotating frame of reference.

Figures 19 and 20 show the variations in the profile and

the centerline velocity of the rotor wake, respectively, as

a function of axial distance as measured from the rotor
trailing edge for two values of loading (compression ratio)
along the 100% speed line. At a constant axial distance

from the rotor, an increase in the pressure ratio (a decrease
in the mass flow rate) can be seen to result in an increase
in both the width and velocity deficit of the wake. As the
axial distance from the rotor is increased, the wake decays
and the difference between the wake centerline velocity, Ues
(the minimum velocity) and the freestream velocity, Ugs
decreases. At the high level of loading this trend is very

pronounced, but is much less significant at the lower level

of loading.

The effect of loading on the wake velocity profile is more
completely demonstrated in Figure 21. The increase in both
the width and the velocity deficit of the wake is vividly
illustrated therein. The <hift seen in the position of the
minimum wake velocity is felt to be due to the angular
change of the absolute velocity vector and to a change in
location of the wake separation point on the surfaces of

the generating rotor blades.
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In this qualitative wake study, a dynamic (time-based) data
acquisition system was used to acquire data generally
relegated to a steady-state system. Rather than indexing

a probe over a single passage width, the passages were
rotated past the probe in this application. Dependent upon
computer storage, any number of rotor blades could be

assessed for averaged quantities in wake definition.

Unsteady Surface Pressures

The primary goal of this experimental investigation was to
obtain the time-variant pressures on the downstream stator
vane surfaces due to the aerodynamic excitation created by
the wakes from the upstream rotor blades for two rotor-
stator axial spacings over a range of steady-state com-
pressor operating conditions. To accomplish this goal
dynamic data were obtained at each of sixteen steady-state
operating points: eight at each of the two rotor-stator
axial spacings. The eight points for each spacing include
four along both the 100% and the 70% compressor corrected
speed lines. On-stand monitoring was used to assure that
the data points obtained at the second axial spacing were
at similar flow and pressure ratio conditions as those ob-

tained at the first axial spacing. Figure 22 presents the
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locations of the sixteen steady-state operating points
along the 70% and 100% corrected speed lines in terms of
overall pressure ratio and corrected mass flow rate for
both axial spacings. Data points | through 8 were obtained
at an axial spacing measured at mid-span equal to 0.719
inches (1.826 centimeters) and data points 9 through 16
were obtained with an axial spacing of 1.304 inches (3.312
centermeters). In terms of the ratio of the rotor-stator
axial spacing to the upstream axial chord, these become

0.2374 and 0.4305 respectively, as noted in Table II.

The time-variant pressure data acquired in this program are
presented for ease of discussion using three formats: (1)
the measured dimensional magnitude of the unsteady pressure
on each surface of the vane; (2) the dimensionless unsteady
pressure magnitude and phase relation on the individual
vane surfaces; (3) the dimensionless unsteady pressure
differential across the vane and its phase relation to a
transverse gust at the leading edge. The dimensionless
pressure data is presented in the form of a dynamic pressure
coefficient and an aerodynamic phase lag. As previously
noted, the dynamic pressure coefficient is normalized with
respect to inlet steady-state properties of the flow and

the magnitude of the transverse gust: Cp =p/p- V2. % .
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The aerodynamic phase lag is referenced to a transverse gust

at the leading edge of the instrumented vane.

Individual Vane Surface Unsteady Pressures

The magnitudes of the measured unsteady pressures on the
individual vane surfaces obtained along the 100% corrected
speed line of the compressor for both values of axial spacing
ratio at equivalent loadings are presented in Figures 23
through 26. As indicated, the overall level of the unsteady
pressure magnitude on both surfaces of the vane increase
with loading at approximately the same rate for each value of
the axial spacing ratio. This increase is particularly pro-
nounced for the small value of the rotor-stator axial spacing
ratio (0.2374), being less significant for the large spacing
ratio (0.4305). [t is of interest to note that this differ-
ence in the rate of increase of the overall level of the sur-
face pressure magnitudes with axial spacing ratio is not
manifested in the resulting differential pressure magnitude
data determined from these individual surface data. |In

fact, the dimensionless differential pressure magnitude and
aerodynamic phase lag data show extremely good correlation

between the two sets of rotor-stator axial spacing data.
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Along the 70% speed line, the overall levels of the un-
steady pressure magnitude on both surfaces also increase

J with loading at about the same rate, as seen in Figures 27
through 30. However no noticable difference with loading
is apparent between the data for the two rotor-stator

spacings along this speed line.

The fundamental measured quantities are the individual

surface unsteady pressures, with the unsteady pressure

f differential data across the vane calculated from these
individual surface measurements. As state-of-the-art cas-
cade gust analyses only predict this unsteady pressure
difference, this difference data is presented and discussed
in depth. However, the first and second harmonics of the

unsteady pressure on the vane pressure and suction surfaces

are presented in the Appendix in tabular form to serve as
( an experimental baseline which can be used in the develop-

ment of advanced analyses.

Unsteady Pressure Differential Data-Theory Correlation

Figures 31 through 62 present the dynamic pressure coeffi -
cient and aerodynamic phase lag data for the first and

’ second harmonics of the unsteady pressure difference across
the vane as a function of percent vane chord. Also included

in these figures are the incompressible predictions obtained
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from the state-of -the-art cascade transverse gust analysis of
Reference 7 for the flow conditions as specified in Table VII.
The key parameters included in this analysis are the reduced
frequency, the interblade phase angle, the Mach number, and

the cascade solidity and stagger angle.

This cascade analysis considers the two-dimensional, un-
steady flow past a rectilinear flat plate cascade. The
basic assumptions are: the fluid is a perfect gas; the flow
field is irrotational; and the thin airfoil approximations
are appropriate. The flow model assumes a basic uniform
compressible flow field past an airfoil cascade, with small
unsteady normal velocity fluctuations superimposed. The
source of the fluctuations is located upstream with the
oscillations in the velocity normal to the airfoil surfaces

convected downstream with the uniform flow.

The thin airfoil assumptions taken together with the approxi -
mation of small unsteady, harmonic, compressible perturba-
tions on the basic uniform flow leads to the linearized un-
steady potential equation. The airfoil surface boundary
conditions are determined from the upstream velocity fluctua-
tions which are mathematically equivalent to prescribing
normal relative velocities (or upwash) on each of the air-
foils in the cascade. Three possible normal velocity per-

turbations are considered: (1) an imposed sinusoidal
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transverse gust velocity imbedded in the freestream, appro-
priate for the experiment described herein; (2) translation

of the airfoils; (3) torsion about an axis of the airfoil.

The chordwise dependence of the unsteady perturbation pressure
across the airfoil is determined in integral form by obtain-
ing the solution to the linearized unsteady potential equation
with appropriate boundary conditions by means of complex
Fourier transform theory. The unsteady pressure differen-
tial is then calculated by means of a straightforward inver-
sion of the resulting integral equation in matrix form, with

the leading edge singularity accounted for analytically.

The effects on the time-variant pressure distributions asso-
ciated with the changes in the rotor-stator axial spacing
ratio were discussed in some detail in the presentation of
the individual vane surface data. As the objective of this
subsection is to present and discuss the correlation of the
unsteady pressure differential data with the predictions
from the transverse gust and analysis, the difference data
have been nondimensionalized by the parameter p - v2 . %
evaluated at the stator inlet, The differences associated

with the changes in the rotor-stator axial spacing ratio are

thus inherent in this nondimensionalizing parameter. Hence,
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the dimensionless time-variant pressure differential data
for the two axial spacing ratios should, and indeed do,
superimpose upon one another. It should be noted that
significant variations with axial spacing in the nondimen-
sionalizing parameter begin to become significant only at
the highest pressure ratios attainable in the research com-

pressor, as indicated in Table VII.

The first and second harmonic dimensionless pressure difference

data together with the appropriate predictions are arranged
and presented in terms of the value of the incidence angle
on the vane. The relatively low incidence unsteady pres-
sure differential results on the compressor 100% corrected
speed line are presented in Figures 31 through 34, and
those on the 70% speed line in Figures 35 through 46. The
intermediate negative incidence angle results on the 100%
and 70% speed lines are presented in Figures 47 through 52
and Figures 53 and 54, respectively. The large negative
incidence angle results are found in Figures 55 through 58
on the 100% corrected speed line and in Figures 59 through
62 on the 70% speed line. The axial reduced frequency for
these unsteady data based on the first and secord harmonic

frequencies range from 6.795 to 20.20.
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The relatively low incidence angle dynamic pressure coeffi -
cient data generally exhibit very good correlation with
the predictions over the entire vane chord, as seen in

Figures 31 through 46.

The low incidence first harmonic (reduced frequencies from
8.885 to 10.100) dynamic pressure coefficient data and theory
decrease in the chordwise direction, although the data
attains a finite, albeit non-zero, value at the vane trail-
ing edge transducer location (97.0% of the chord). Also,

at the 10% vane chord, this first harmonic data generally
appears to be too low, to varying degrees, with respect

to its neighboring data and also the prediction.

The second harmonic (reduced frequencies from 17.77 to 20.20)
dynamic pressure coefficient data and prediction also de-
crease along the vane chord, but both attain a value very
nearly equal to zero at the trailing edge transducer location.
The value of the dynamic pressure coefficient at the 10%
vane chord for this second harmonic data appears to be in
good agreement with both its neighboring data and the predic-
tion. This would tend to preclude the possibility of a
measurement error at this chordwise location in the first
harmonic data discussed above. It should be noted that the
finiteness of this trailing edge dynamic pressure coefficient

data and also its value reflect upon the validity and the
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application of the Kutta condition for unsteady flows to these
high reduced frequency values. It should be emphasized that
this data was normalized with respect to a vane inlet velocity
and density parameter. Hence, an increase or decrease in Cp
implies a corresponding change in the magnitude of the measured

unsteady pressure.

The aerodynamic phase lag data for the relatively low incidence
angles generally correlates with the prediction, although the
data appears to be offset in level on the order of 60° as
compared to the prediction. The first harmonic phase lag data
is smooth over the front half of the vane, correlating with
the predictions, but almost always demonstrates a significant
negative jump in value at the 50% vane chord transducer loca-
tion. Aft of this location, this first harmonic data some-
times increases to the general level attained over the front
half of the vane, for example Figure 33, and other times
remains at the decreased level, as in Figure 39. Examination
of the individual vane surface data presented in the Appendix
reveals that the first harmonic differential data is gener-
ally dominated by the pressure surface over the front 40%

of the vane, and by either the pressure surface or the

suction surface data over the aft portion of the vane. At

the 50% chord location, where the negative jump in phase of
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the differential pressure is noted, the pressure and suction
surface fluctuating pressures are often equal. Whether the
phase jump is maintained over the aft portion of the vane ap-
pears to correlate with the cases when the suction surface
data is dominant. Similarly, the cases where the phase lag
jump increases over the aft portion of the vane correlates
with the pressure surface data being dominant. It should

be noted that the variation along the chord of the individual

pressure and suction surface data is smooth.

The second harmonic aerodynamic phase lag generally correlates
well with the predictions, although offset in level on the
order of 60°, as previously noted. The jump in phase noted
for the first harmonic data is not exhibited in this second

harmonic data.

The intermediate negative incidence angle data results are
presented in Figures 47 through 54. Deviation between the
prediction and the dynamic pressure coefficient and aero-

dynamic phase lag data herein begin to become very apparent.

The first harmonic dynamic pressure coefficient data-theory
correlation is good over the front 60% of the vane surface,
with both decreasing in value in the chordwise direction.
Over the aft 4OY% of the vane chord, the prediction continues

to decrease whereas the data generally begins to increase
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in value. Analogous to the relatively low incidence angle
results previously discussed, the 10% chord data appears to
be somewhat decreased in value when compared to the neighbor-
ing data and to the prediction. However, the magnitude of
this apparent decrease is much smaller than for the low
incidence angle results. The second harmonic data-theory
correlation is quite good over the entire vane, with both
decreasing in value along the chord. As per the low incidence
angle results previously discussed, the value of the trailing
edge dynamic pressure coefficient data is finite, approaching
a zero value for the second harmonic (reduced frequencies
ranging from 14.536 to 15.114) and a non-zero value for the

first harmonic (reduced frequencies from 7.268 to 7.557).

For these intermediate negative incidence angles, this aero-
dynamic phase lag generally correlates with the predictions
over the front 50% of the vane, although offset in level on
the order of 75°. Over the aft portion of the vane, and
sometimes over some of the front portion as well, this phase
lag data (particularly the first harmonic results) indi-
cates that a wave related phenomena is becoming significant.
This is evidenced by the fact that over these portions of
the vane, the aerodynamic phase lag data is seen to increase
in a linear fashion as, for example, seen in Figure 47.

Such a linearly increasing phase lag means that an event

occurring at one location on the vane occurs at a later time
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at a downstream location. Relating this time and distance
results in an apparent wake convected speed, as is discussed

at some length in Reference 14,

The relatively large negative incidence angle results are
presented in Figures 55 through 62. The dynamic pressure
coefficient data-prediction for these points is similar to
that for the intermediate negative incidence angle points.
The first harmonic data and prediction generally decrease in
value over the front half of the vane, with the prediction
continuing to decrease to the vane trailing edge. The data,
however, increases in value over the rear half of the chord.
The second harmonic data-theory correlation is generally
quite good over the entire vane chord, with both decreasing
with increasing chord. Again, the value of the trailing
edge dynamic pressure coefficient data (97.0% chord) is non- 4
zero but finite for the first harmonic data (reduced frequency
values from 6.795 to 9.86) and approaches zero for the second
harmonic data (reduces frequencies from 13.59 to 19.72).

Also, the value of the 10% chord dynamic pressure coefficient
data is substantially reduced in value as compared to both

the neighboring data points and the prediction not only for
the first harmonic data as was previously noted for the low
incidence data, but also for the second harmonic data for the

first time.
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The aerodynamic phase lag data at the vane leading edge
transducer location (2.94% chord) correlates extremely well
with the prediction for both the first and second harmonic
data. However, a wave related phenomena, as evidenced by

the linear increase in phase along the chord as seen in
Figure 55, for example, is now generally present over the
entire vane chord for these large negative incidence angles.
This is contrasted to the appearance of a wave phenomena over
the aft portion of the vane for the intermediate negative
incidence angle, and no evidence of a wave phenomena for the

low incidence angle results.
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SUMMARY AND CONCLUSONS

The fundamental time-variant aerodynamics relevant to forced
response of a downstream vane of realistic geometry, with
the primary source of excitation being the wakes from up-
stream rotor blades, were experimentally determined for two
representative values of the rotor-stator axial spacing
ratio. The vane incidence angle ranged from + %° to - 12%

and the reduced frequency from 6.795 to 20.20. The dynamic

data provided qualitative information describing the rotor

wake velocity as a function of both compressor loading and
downstream axial distance as well as a quantitative descrip-
tion of the resulting time-variant pressures induced by

these wakes on the surfaces of the downstream stator vanes.

This vane pressure and suction surface unsteady data was

used to determine the unsteady pressure difference across a
single vane and this difference data correlated with appropriate

predictions from a state-of -the-art cascade transverse gust

analysis.

The rotor wake data demonstrated that at a constant axial

distance from the rotor blades, the wake width and velocity
deficit increase with loading. As the axial distance from
the rotor increases, the wake decays much more rapidly for

high values of compressor loading than for low values.
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The overall levels of the time-variant pressure on the vane
pressure and suction surfaces were found to increase with
loading at approximately the same rate for each value of

the rotor-stator axial spacing ratio. On the 100% speed
line, this increase in overall level was particularly pro-
nounced for the small value of the spacing ratio. No overall
differences with spacing ratio were apparent on the 70%
speed line. Thus, from this data it would appear that in-
creasing the rotor-stator axial spacing is not a universal
method to be used to alleviate forced response problems, a

result in agreement with experience.

The correlation of the dynamic data describing the unsteady
pressure difference across the vane with the flat plate cas-
cade transverse gust analysis was generally good for low
incidence angles, becoming less acceptable as the incidence
became increasingly negative. This decreased correlation
was seen to be due to the appearance of a wave related
phenomena coming into existence on the vane as the incidence

angle was decreased.

The low incidence angle aerodynamic phase lag data always
correlated with the prediction over the front 40% of the
vane. However, at 50% of the chord, a significant negative
jump in phase was generally noted. Over the rear half of

the vane, the phase lag data sometimes remained at this level

39




and other times increased to the level found over the front

of the vane. Examination of the individual surface un-

steady data revealed that these results correlated with the
domination of the unsteady pressure differential by either

the pressure or suction surface data. This type of correla-
tion clearly demonstrates the necessity for acquiring individual
surface unsteady data and then calculating the pressure
difference as opposed to measuring this pressure differential

directly.

The first and second harmonic dynamic pressure coefficient

data generally decreases in the chordwise direction and is
finite at the trailing edge transducer location (97.0% chord).
The value of this trailing edge coefficient for the first
harmonic data (reduced frequencies from 6.795 to 10.1) was
non-zero whereas the second harmonic value (reduced frequencies
from 13.59 to 20.20) approached zero. The fact that this
trailing edge value is finite, as well as its value, reflects
upon the validity and the application of the Kutta condition

for unsteady flows at these high reduced frequency values.
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Type of Airfoil

Numbe r

Chord, C-in. (Cm.)
Solidity, o = C/S
Camber, ¢ - Deg.
Aspect Ratio, AR = S/C
Leading Edge Radius/C
Trailing Edge Radius/C
Inlet Angle, B, - Deg.
Exit Angle, BZ - Deg.
Loss Coefficient

Diffusion Factor

Rotor-Stator Axial Spacing-in.(Cm.)

Flow Rate

Tip Speed

Rotational Speed
Stage Pressure Ratio
Inlet Tip Diameter
Hub/Tip Radius Ratio

Stage Efficiency, Percent

TABLE |, AIRFOIL MEAN SECTION CHARACTERISTICS AND

ROTOR

65 Series

L2
4.589(11.66)
1.435

20.42

1.046
0.0044
0.0028
59.38

L2.4]

0.043

0.449
1.485(3.772)

STATOR

65 Series
Lo
5.089(12.93)
1.516
4L8.57
0.943
0.0049
0.0030
37.84
0.00
0.056
0.410

31.02 Ib/sec. (14.07 Kg/Sec)
183.5 ft/sec. (5593.1 Cm/Sec)

876.3 rpm
1.0125

48.01 in. (121.95 Cm)

0.80
88.1

COMPRESSOR DESIGN POINT CONDITIONS
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COMPRESSOR
A
B
C
D

Research Build #1
Research Build #2

NUMBER OF AVERAGE ROTOR-STATOR AXIAL SPACING*

STAGES ROTOR AXTAT CHORD
11 0.4909
6 0.4619
10 0.3318
5 0.1534
] 0.2374
1 0.4305

*Measured at mid-span.

TABLE 11,

DESCRIPTION OF FOUR ADVANCED DESIGN
COMPRESSORS AND RESEARCH COMPRESSOR
ROTOR-STATOR AXIAL SPACING RATIOS

L6
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PRESSURE SURFACE

X/C*

45.04
44,08
42.30
L0.45
38.01
35.95
33.77
30.90
28 .48
25.94
22.60
19.81
16.15
13.10
9.93
5.61
2.37
1.17
5.77
9.58
14,50
18.57
22.75
28.12
32.53
37.04
42.80
L7.47
53.39
54,58

Y/C*

8.102
8.550
8.182
7.70]
7.029
6.465
5.889
5.166
L.594
4.038
3.368
2.863
2,274
1.847
1.460
1.045
0.778
0.576
0.432
0.413
0.525
0.739
1.077
1.698
2,376
3.232
b.594
5.940
7.984
8.446

*Expressed in percent

TABLE 111,

STATOR MEAN PROF|ILE COORDINATES

L7

SUCTION SURFACE

X/C*

55.01
54,82
53.68
47.96
L3.4]
37.76
33.28
28.85
23 .40
19.12
14.91
9.79
5.81
.98
2.75
6.35
10.67
13.98
17.16
20.93
23.79
27.18
29.74
32.16
34.99
37.11
39.10
41.39
43.06
L4 .57

Y/C*

8.184
7.895
7.324
L.655
2.749
0.656
0.784
2,018
3.272
L.052
L.64]
5.125
5.317
5.341
5.197
L.926
L.417
3.893
3.278
2.401
1.631]
0.595
0.273
1.171]
2,323
3.258
4,205
5.402
6.382
7.442
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PRESSURE SURFACE AND SUCTION SURFACE

TABLE

Iv.

PERCENT VANE CHORD

2.94
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
97.0

CHORDWISE LOCATION OF DYNAMIC
PRESSURE TRANSDUCERS

48




NOMINAL QUANTITIES:

Vel "

ﬂABS = 37.5°

R = 21.6 in.
RPM = 876

BREL = 43.,20°
LproBE = 0.317 in

PERTURBAT | ON

0.1 in. (.25 cm

|+

| +

o]

2° Bpps
5% Vags
10% L

|+

|+

PROBE

I+

0.1 in. (.25 cm

I+

0.1 in. (.25 cm.

(54.9 cm.)

. (0.805 cm.)

.) Radial

) Axial

.) Circumferential

122 feet/second (37.18 meters/second)

RESULTING PHASE
LAG ERROR

2 1
4
3o
4.5°
10°
1°

I+ 1+ 1+

1+

TABLE V. POTENTIAL SOURCES OF ERROR

L9

Ve o S e
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UNLOADED CONDITION

FIRST HARMONIC PHASE(DEGREES) SECOND

% CHORD RUN 1

2.94 P -
10.0 P .
20.0 P -
30.0 P e
2.94 S

10.0 S

20.0 S 4
30.0 S

2.94 P
20.0
40.0
60.0
80.0
97.0

2,94 S -
20.0 S -
40.0 S -
60.0 S
80.0 S
97.0 S

- e e %
]

TABLE VI.

210
17
176
269
33
25
242
271

223
228
224
230
231
233

10
260
225
236
234

62

RUN 2

211
25
175
272
27
8
244
278

LOADED CONDITION

224
229
225
231
233
233
8
259
229
237
235
55

HARMONIC PHASE ( DEGREES)
RUN | RUN 2
- 9k - 108
N < 10
- 218 - 218
- 63 - 65
- 176 - 184
- 124 ot
- 159 - 170
- 23 - 23
- 84 - 86
- 99 - 98
- 157 - 159
- 182 - 188
- 204 - 200
- 186 L ¢
- 265 - 268
38 51
< 128 - 316
- 176 - 175
- 193 - 189
- 184 - 192

AERODYNAMIC PHASE LAG DATA REPEATABILITY FOR
LOADED AND UNLOADED CONDITIONS ON THE
100% SPEED LINE
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FIGURE 1. FREQUENCY-SPEED DIAGRAM FOR A ROTOR BLADE
IN WHICH A CRACK WAS FOUND
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FIGURE 5. SINGLE-STAGE RESEARCH COMPRESSOR ROTOR
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F1GURE

3.

VIEW
VANE

OF CROSS-WIRE PROBE AND INSTRUMENTED
SUCTION SURFACE
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FIGURE

16.

EXAMPLE OF ON-LINE ANALOG
AVERAGED S IGNALS
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VELOCITIES WITH NOMINAL FLOW

—— - —— VELOCITIES IN WAKE REGION

329458

IGURE 17, REDUCTION IN RELATFVE VELOCITY GENERATED
BY BLADE WAKE CREATES CORRESPONDING VELOCITY
AND ANGULAR CHANGE IN ABSOLUTE FRAME

68




SISATUNY ViVA JIWVNAQ NI @3Sn 47314 MOT4 40 JILVW3HOS "8l 3¥N9l4

(194 741
AL12073A
11X3
$30V4¥nS
Q3LNIWNYLSN | _ ‘e _
N\ b ﬂl N
N // \
// \ y /
// N QA/A\ ﬁ
. 4
N INIT¥IINTD \ s /._u¢> sav,
\
N DivM % A LT
N\ \ ¢
NO I 1V10¥
zohom
AL120713A
13N

am— ] R vav - — e K o— ——— —— - , ’ - -

69




L IR, 4

ON1QV0T 40 ST3A37 OML ¥04 3IONVLSIC
TVIXY HLIM 371404d 3XVM ¥0L0Y 3HL 40 NOILVIYVA °61 3¥nN9i4d

0z
08

(GN023S/1334)AL12073A
(ANO23S/SYHILIW)ALIOZOTIA

o
~
—MWN O et Q 3
i 091 0S
¢U\x ozl ¢

9°8€ = _ 08l ss

(GN023S/1334)ALI120173A
(ANODJ3S/SYILIAW)ALIJ0TIA

e ] SR ) I — — —— — el e R




B e e

RPN

U

NOND [MENS | ONAL WAKE DEFICIT (1 -UE)
e

0.8

O ﬂo‘/j= 26.7

O ﬁﬁl/—t 38.6

5
\‘
[}

“‘.Q
“.‘\\
\.\
0‘...
0...
"Q
Q....

5 o,

~

.
e

D\\ T

0.5
DISTANCE FROM ROTOR (X/CR)

ROTOR CHORD

FIGURE 20. VARIATION OF ROTOR WAKE DEFICIT
WITH AXIAL DISTANCE
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AXI1AL SPACING RATIO = .2374
O PRESSURE SURFACE

O SuUCTION SURFACE

AXIAL SPACING RATIO = .4305
/\ PRESSURE SURFACE

{ SUCTION SURFACE

UNSTEADY PRESSURE MAGNITUDE (KILOPASCALS)
UNSTEADY PRESSURE MAGNITUDE (PSIA)

PERCENT VANE CHORD

FIGURE 23. UNSTEADY PRESSURE MAGNITUDE ON THE
VANE SURFACE FOR DATA POINTS 1 AND 9.
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FIGURE 24. UNSTEADY PRESSURE MAGNITUDE ON THE
VANE SURFACE FOR DATA POINTS 2 AND 10.
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UNSTEADY PRESSURE MAGNITUDE (KILOPASCALS)

UNSTEADY PRESSURE MAGNITUDE (PSIA)

AXIAL SPACING RATIO = .2374
O PRESSURE SURFACE

0O SUCTION SURFACE

AX1AL SPACING RATIO = .4305
/\ PRESSURE SURFACE

< SUCTION SURFACE

PERCENT VANE CHORD

FIGURE 25. UNSTEADY PRESSURE MAGNITUDE ON THE
VANE SURFACE FOR DATA POINTS 3 AND 11.
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FIGURE 26. UNSTEADY PRESSURE MAGNITUDE ON THE
VANE SURFACE FOR DATA POINTS 4 AND 12.
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FIGURE 27.

AXIAL SPACING RATIO = .2374
O PRESSURE SURFACE

O SUCTION SURFACE
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/\ PRESSURE SURFACE

& SUCTION SURFACE

100
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UNSTEADY PRESSURE MAGNITUDE ON THE
VANE SURFACE FOR DATA POINTS & AND 13.
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FIGURE 28. UNSTEADY PRESSURE MAGNITUDE ON THE
VANE SURFACE FOR DATA POINTS 6 AND 14.
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FIGURE 29. UNSTEADY PRFSSURE MAGNITUDE ON THE
VANE SURFACE FOR DATA POINTS 7 AND 15.
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FIGURE 30. UNSTEADY PRESSURE MAGNITUDE ON THE
VANE SURFACE FOR DATA POINTS 8 AND 16.
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DYNAMIC PRESSURE COEFFICIENT(CD)

FIGURE 31,

AERODYNAMIC PHASE LAG (DEGREES)

500.

CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FR.OM REFERENCE 7 FOR POINT 3 FOR

AN AXIAL SPACING RATIO OF 0,2374
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DYNAMIC PRESSURE COEFFICIENT (C

FIGURE 32,

AERODYNAMIC PHASE LAG (DEGREES)

500.

CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY

PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 3
FOR AN AXIAL SPACING RATIO OF 0,2374
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DYNAMIC PRESSURE COEFFICIENT (Cp)

FIGURE 33,

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE. DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT &4
FOR AN AXIAL SPA%&PG RATIO OF 0,2374
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NAMIC PRESSURE COEFFICIENT (C

FIGURE 34,

AERODYNAMIC PHASE LAG (DEGREES)

500.

CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT &4

FOR AN AXIAL SPACING RATIO OF 0,2374

85




| e

LR

[

o

DYNAM!C PRESSURE COEFFICIENT (C

FIGURE 35.

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 11
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (Cp)

FIGURE 36,

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 11
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (C

AERODYNAMIC PHASE LAG (DEGREES)

500.

FIGURE 37. CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 12
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (C_)

FIGURE 38,

EE,

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 12
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (Cp)

FIGURE 39.

Eaks

AERODYNAMIC PHASE LAG (DEGREES)

500.

CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURFE. DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 7
FOR AN AXIAL SPACING RATIO OF 0,2374
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DYNAMIC PRESSURE COEFFICIENT (C

FIGURE 40,

AERODYNAMIC PHASE LAG (DEGREES)

500.

CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 7

FOR AN AXIAL SPACING RATIO OF 0,2374
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DYNAMIC PRESSURE COEFFICIENT (C )

FIGURE 41,

AERODYNAMIC PHASE LAG (DEGREES)

500.

CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 8
FOR AN AXIAL SPACING RATIO OF 0,2374
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DYNAM|C PRESSURE COEFFICIENT (Cp)

FIGURE 42,

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 8

FOR AN AXIAL SPACING RATIO OF 0,2374
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DYNAMIC PRESSURE COEFFICIENT (Cp)

.0

FIGURE 43,

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 15
FOR AN AXIAL SPACING RATIO OF 0.4305
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DYNAMIC PRESSURE COEFFICIENT (C

FIGURE &4,

AERODYNAMIC PHASE LAG (DEGREES)

CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 15
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (C

FIGURE 45,

AERODYNAMIC PHASE LAG ( DEGREES)

500.

CHORDWISE DATA FOR FIRST HARMON{C UNSTEADY
PRESSURE DJFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 16
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (C

AERODYNAMIC PHASE LAG (DEGREES)

o

500.

FIGURE 46, CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 16
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (Cp)

FIGURE 47,

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDW4SE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 2
FOR AN AXJAL SPACING RATIO OF 0,2374
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DYNAMIC PRESSURE COEFFICIENT (Cp)

AERODYNAMIC PHASE LAG (DEGREES)

500.

FIGURE 48. CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 2
FOR AN AXIAL SPACING RATIO OF 0,2374
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DYNAMIC PRESS

FIGURE 49,

P=iSE LAG (DEGREES)

-

AERODY NMIC

500.

CHORDW SE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 10
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (Cp)

FIGURE 50,

el . .

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 10
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (cp)

T.E.

AERODYNAMIC PHASE LAG (DEGREES)

500.

FIGURE 51. CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 6
FOR AN AXIAL SPACING RATIO OF 0.2374
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DYNAMIC PRESSURE COEFFICIENT (Cp)

AERODYNAMIC PHASE LAG (DEGREES)

500.
FIGURE 52, CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FGR POINT 6
FOF. AN AXIAL SPACING RATIO OF 0,2374
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DYNAMIC PRESSURE COEFFICIENT (C

FIGURE 53.

3.31

T.E.

AERODYNAMIC PHASE LAG (DEGREES)

500.

CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 14
FOR AN AXTAL SPA%&H? RATIO OF 0.4305
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DYNAMIC PRESSURE COEFFICIENT (C

FIGURE 54,

AERODYNAMIC PHASE LAG (DEGREES)

o

500.

CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 14
FOR AN AXIAL SPACING RATIO OF 0,4305
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DYNAMIC PRESSURE COEFFICIENT (C

AERODYNAMIC PHASE LAG (DEGREES)

500.

FIGURE 55, CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY |
PRESSURE DIFFERENCE ACROSS THE VANE AND |
PREDICTION FROM REFERENCE 7 FOR POINT 1 |
FOR AN AXIAL SPAC{gg RATIO OF 0,2374 ‘
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DYNAMIC PRESSURE COEFFICIENT (Cp)

FIGURE 56.

-

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT |

FOR AN AXIAL SPACING RATIO OF 0,2374

107




B

2

3.0

=,

DYNAMIC PRESSURE COEFFICIENT (C

FIGURE 57.

AERODYNAMIC PHASE LAG (DEGREES)

500 .

CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 9
FOR AN AXIAL SPACING RATIO OF 0.4305
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DYNAMIC PRESSURE COEFFICIENT (C

AERODYNAMIC PHASE LAG (DEGREES)

500.

FIGURE 58, CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 9
FOR AN AXIAL SPACING RATIO OF 0,.4305
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DYNAMIC PRESSURE COEFFICIENT (Cp)

FIGURE 59,

AERODYNAMIC PHASE LAG (DEGREES)

500. -

CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 5
FOR AN AXIAL SPACING RATIO OF 0.,2374
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DYNAMIC PRESSURE COEFFICIENT (Cp)

FIGURE 60,

AERODYNAMIC PHASE LAG (DEGREES)

500.
CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT §

FOR AN AXIAL SPACING RATIO OF 0.2374
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DYNAMIC PRESSURE COEFFI!CIENT (Cp)

FIGURE 61,

T.E.

AERODYNAMIC PHASE LAG (DEGREES)

500.

CHORDWISE DATA FOR FIRST HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 13
FOR AN AXIAL SPACING RATIO OF 0.4305
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DYNAMIC PRESSURE COEFFICIENT (Cp)

FIGURE 62,

AERODYNAMIC PHASE LAG (DEGREES)

500 .

CHORDWISE DATA FOR SECOND HARMONIC UNSTEADY
PRESSURE DIFFERENCE ACROSS THE VANE AND
PREDICTION FROM REFERENCE 7 FOR POINT 13
FOR AN AXIAL SPACING RATIO OF 0,4305
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APPENDI X

PRESSURE AND SUCTION SURFACE
TIME-VARIANT PRESSURE DATA




DATA POINT 1 — FIRST HARMONIC

AAL, L asd ni U LU Sahick AV | R T SN A VI
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o i 1.iue - luts, L - A
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Je U Hehle -4, U, Fithy -5,
AUouUV )eb31 -152, e ahb -4/,
C U IV 1 e304 -171, Loould -172,
S06JV U.140U 206, U,u4d =144,
eU.UU 0,091 =221, U,235 =132,
0.0V 04,1088 469, u,17Y -473,
6HlelVV Neode -lel, U132 -1b8,
90,00 0,644 =209, v,076 -254,
97,40 U442 =208, v,01v -341,
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DATA POINT 1 — SECOND HARMONI|C

AXLIAL LUCAYION SUCTIUN SUKRFACE PRESSURE SURFACE
PERCENT OF CHORD AMPL I TULE PHASE AMPLITUUE PHASE
2o 94 0.739 =922, 2,699 -404,
10,0V 0.221 =470, u,97v =312,
20.UU 0,229 -505. 0,185 -523,
S0.0U 0.0062 -3569. u,26U =373,
40,0U 0.2¢7 -458, v,012 =253,
50,00 0,095 =585, U,066 -420.
60,00 0,179 =414, 0,035 =420,
70,0V 0,117 =536, V,0%2 -488,
80,00 0,083 =463, vu,063 =502,
90,00 0.092 =540, v,085 -537-
97,00 0,069 -471, u,082 -551.
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|
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1
5
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DATA POINT 2 — FIRST HARMONIC

AXIAL LUCATION
PERLENT UF CHORU

2e94
10.00
20,00
SV.0uU
4040V
20,400
60sUU
70,0V
8U.0UV
90,0U
97.0U

SUCTIUN SUKRFACE

AMPLATULE

1,388
0.498
1,030
0,854
U544
0,338
0.334
0,523
0,536
0,394
0,299

PHASE

-153,
-461,
-440,
-450,
456,
-437,
-406,
-428,
-135,
-184,
-153,

A-3

PRESSUKRE SURFACE

AMPLITULE

2,880
U,888
U,648
V,6Ub
U,927
V,508
V,295
U,302
U.l66
U,122
VU,069

PHASE

-423,
-420,
-419,
W16
-427.
-435,
414,
426,
-118,
-518,
-429,
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DATA POINT 2 — SECOND HARMONIC
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CHie s

SUL T U

AMPL L TUL

LelUC
eA09
Dedld
Uesl4u
De.81/0b
0,095
0,284
0,073
0,153
0,095
0,147
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Pathisht
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-lgaty g
47/
-ul5,
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=385,
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=36/,
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-367,
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VhinSt
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=857,
-5/4,
=350,
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=322,
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DATA POINT 3 — FIRST HARMONIC

AXIaL LUCATIQON SUCTIUN SURFACE PRESSURE SURFACE
PEKLENT OF CHORD AMPLITUUE PHASE AMPLITUULE PHASE
294 0,896 =415, 1.950 -381.
1u.00 0.848 -417, 1,175 =378,
2V0.0u 1.1/5 -423, 1,144 =382,
50,00 0,942 =422, U,895 =584,
40.UV U.b93 =409, U,856 -381.
50,0V VU.786 -388., 0,765 =381,
60,0V 0,883 -396, V.,625 =384,
70,00 0,935 =409, V,5386 =377,
60,00 V0,310 =396, 0,584 -378,
90,0V 0,269 =428, 0,281 =376
97.00 0.337 -113, v,101 -384,
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DATA POINT 3 — SECOND HARMONIC

AXLAL LUCATI1ON
PEKLENT UF CHORD

2e94
10.00
20.00
30.0U
40.0U
20.0U
6U.U0U
70,00
80,00
90.00
97.0UV

SUCTIUN SURFACL

AMPLITULLE PHASE
1,110 =483,
0.126e -48Y.
0.220 =500,
0.101 =370,
0,193 454,
0,185 -412.
U237 437,
0,208 -436,
0.254 =445,
0,245 =456,
0,234 -458,

A-6
ng—

PRESSURE SURFACE

AMPLITUDE

U,81¢e
Vo404
0,288
v.,242
V.,191
0,201
V0,259
V.12
U,179
0,175
0,147

PAASE

-514,
-316.
=358,
-366,
=363,
-38%.
=398,
=399,
=418,
-429,
443,




DATA POINT 4 — FIRST HARMONIC

ARLAL LuCallon SUCTIUN SURFACLE PrE S SUKE SUREFACL

PERUE T UF LHGRDU ALl Tuut PHASE AP TULE PHASL

2o Celkl =182, L4120 -2/7,

LU.U0 ) ,926 -599, ) s =3/5,

2U. UV l.1/72 =432, 1,041 =382,

SU.ul Qe /U =454y, U,794 -381,

4UeUU U.b4d =391, U, 785 -5/8.

bUl.UUL Ue785 =595, v,687 -383,

l 60,UU 0,665 =408, U,632 -384,

70.0UU 0,467 -394, 0,583 =378,

l 80,00V 0,445 =406, U, 440 =389,

90,0V 0,294 -435, u,386 -377,

' 97,0V 0,232 -110, 0,272 -387,
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DATA POINT 4 — SECOND HARMONIC

AXLAL LUCATION SUCTIUN SUKRFACE PRESSUKE SURFACE

T e

S S ey e e e ey

-

o

A

PERLENT UF CHOROD AMPLITULE PHASE AMPL I TULE PHASE
2e94 2.000 =530, VU, 796 =313,
10,0V 0,617 =420, 0,397 =315,
V.00 0,221 =22/, u,202 =328,
$0.0U 0,080 -502, U,1686 =362,
40.0U 0,044 -390, 0,168 =586 .
S0.0U 0,121 =459, v,202 =406,
60.0U 0,250 =441, 0,286 =411,
70.00 0,218 460, 0,252 =434,
8U.0U0 0.26¢& -458, 0,271 -433,
90,0v 0,249 =451, 0,258 -429,
97.0v 0,243 =449, 0,233 =415,
A-8




DATA POINT 5 — FIRST HARMONIC

AXlAL LOCATION SUCTIUN SUKRFACL PRESSURE SURFACE

A SO T

J———

PEKCENT UOF CHORD AMPLITULE PHASE AMPLITUDE PHASL
2494 1.75%4 =195, 6,446 =398,
10,00 0,8¢<9 -211, U,936 =251,
20,0vV 0,298 =154, 0,762 -334,
S0.UU 0.,460 =171, v,085 =416,
40,00 U.596 =217, v,2860 =245,
20,00 0,291 =256, 0,265 -297.
60,00 0,358 =301, U,158 =311,
70,00 0323 =364, 0,146 =291,
0,0V 0,198 =460, v,224% -288,
9V, 00 0,299 =254, v,118 -292,
97,0V 0,402 -327, 0,052 =364,
A-9
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DATA POINT 5 — SECOND HARMONJC

AXLAL LULATION
PERCENT UF CHORUD

2494
10.00
20400
30,00
40,90

 50,.0U
60400
70.00
80,00
90.00
97400

SUCTIUN SURFACL

AMPLITULE

0.815
0.241
00259
0,091
-2-1))
0.110
0312
0.062
0,201
0,091
0.194%

PHASE

=520,
“485,
=512,
=366,
=455,
-604,
412,
=608,
=424,
=356,
=411,

A-10

PRLSSUKE SURFACE

AMPL1TUULLE

<., 689
0.776
0,152
0,262
v,052
0,155
0,103
v,110
0,108
0,097
v, 077

PHASE

-4035,
=507,
=510,
=371,
=401,
=390,
=379,
=379,
-380,
-388,
=395,
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DATA POINT 6 — FIRST HARMONIC

AXLIAL LUCATLON
PLERCENT OF CHORUL

2eI4
10.,0uU
2U.0u
$0.00
40,00
S0.0v
6U.0U
10,00
80,00
Yu.U0
Y7.00

SUCTIUN SURFACLE

AMPLITULL

1.608
0.481
0,3¢b
0.207
O.12V
0.266
0.776
0,667
0.229
0.599
0,9%9

PHASL

-181,
-186,
-433,
=134,
=26/,
=306,
=322,
=360,
=379,
=310,
=335,

A-11

PRESSURE SURFACE

AMPL TULE

2,423
V,866
u,796
U.,621
0,352
U,378
0,535
Vo247
v,21v
V,176
V0,261

PHASL

-387.
=340,
=326,
=524,
-329.
-31%,
=925,
-348,
=349,
-403,
-405,
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DATA POINT 6 — SECOND HARMON]C

AALAL LULA
PERLENT OF

2e 94
l0.00
2U.0U
SU0e.VU
40,00
S0.U0U
ole.UU
70,00
bUe.Ul
90,00
97,00

TIOoN
CHOKUD

SUCTLIUN SUKRFACE

AMPLITUUE

0828
0.166
0.224
NelHd
0,121
Ue224
04187
0.,1U1
0.16/
0,157
0,22V

PHASLE

=524,
=490V,
=526,
=264,
-466,
=26/,
=429,
=316,
-4e7,
=421,
-452,

A-12

PRESSUKE SURFACE

AMPLLITUUL

U.616
U,345
U.124
vu,12u
v,067
0,106
U, 074
0,079
v, 058
u,10u
0,095

PHASE

-3/6.
=296,
-281,
924,
264,
=543,
=552,
=393,
=400,
-413,
479,

T
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DATA POINT 7 — FIRST HARMONIC

AXLAL LUCATION
PERKCENT UF CHORD

Ze94
10.00
20,00
S0.0U
40.0U
SU0.0U
60,0V
70,00
80,00
90.00
97,00

SUCTIUN SURFACc

AMPLITUDE

0.931
0.372
0,198
0,1U5
0,384
0,685
0,983
0,56¢
0,702
0.851
0.899

PHASE

=243,
=212.
=370,
=307,
304,
=307,
=335,
=336,
-314,
=338,
=344,

A-13

PRESSURE SURFACE

AMPL : TUUE

1,946
1,298
1,173
U,756
U,736
0,709
0,673
0,489
0,455
0,237
0,133

PHASE

=339,
-327.
-523,
-316.
=308
=316,
=315,
-300,
=297,
=285,
=286,




T ——.

DATA POINT 7 _ SECOND HARMONI C

AXIAL LUCATION SUCTIUN SURFACE PRESSURE SURFACE
PERCENT UF CHORD AMPLITUVE PHASE AMPLITUDE PHASE
2e94 0,715 -450, 0,585 =507,

10.00 0,197 474, 0.244 -296.
20,00 0.275 =499, U.174% =279,
0.0V 0.067 =246, U,052 -288.
40,00 0,094 =495, U.117 =291,
50.00 0.076 =294, 0,065 -289,
60.0V 0,019 -258, 0,097 =310,
70,00 0,0%6 -382, vu,076 -508,
80,00 0,057 =433, 0,033 -3969,
90.00 0.061 =429, 0,094 -531,
97,00 0,062 -410, 0,095 -337,
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DATA POINT 8 — FIRST HARMONIC

AXliaL LOCATION
PERCENT OF CHORD

294
10.00
20,00
30,00
40.00
50,00
60,00
70.00
80,00
90.00
97,00

e et st e

SUCTIUN SURFACE

AMPL ITULE

20380
0.419
0.5uU8
0.088
U.540
0,720
0,764
0,698
0,842
0.760
0,924

PHASE

=196,
=359,
=426,
-399,
-339,
=356,
=360,
=350,
=357,
=357,
-353,

PRESSURE SURFACE

AMPLITUUVE

1.985
1,355
1,099
0,832
0,778
v, 702
0,737
0,569
0,559
U, 434
0,377

PHASE

‘5500
=344,

'-3“5.

-341,
-340,
-344,
-342,
-342,
-34S,
-342,
~344,
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DATA POINT 8 — SECOND HARMONIC

AxlIaL LOCATION

PERCENT OF CHOROD

294
10.00
20.00
30,00
40.00
50.00
60,00
70,00
80.00
90,00
97,00

SUCTION SURFACE

AMPLITULE

2.124
0,765
0,248
0.106
0.086
0,029
0.093
0,050
0,09V
0,096
0,095

PHASE

-528,
=434,
-213,
-497,
-297,
~244,
~365,
~340,
~414,
~407,
~414,

PRESSURE SURFACE

AMPLITUUE

0,685
0’ 288
0,169
0.132
0,122
0,105
0,117
0,102
0,107
v,130
0,145

PHASE

-317.
-309.
=302,
«304,
-307.,
=315,
=326,
-335,
-357.
-351,
=354,
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DATA POINT 9 — F4RST HARMONIC

AXIAL LOCATION
PERCENT OF CHORD

2494
10.00
20,0V
30.00
40.00
50.00
60.0V
70,00
80,00
90,00
97.00

SUCTIUN SURFACL

AMPLITULE

1.1%6
0,166
0,445
0,312
0.1¢6
0,185
0,188
0.226
0,343
0417
0,252

PHASE

-175.
-194,
~435,
~120,
-228,
-315,
-330,
<401,
-138,
-189,
~193,

PRESSURE SURFACE

AMPL 1 TUDE

6,457
U.914
0.844
U,288
v,102
U,174%
0,091
0,121
0,073
O.1le61
v,130

PHASE

-386.
=216,
=340,
=407,
=306
=356
=399,
=339,
=344
=343,
=352,
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DATA POINT 9 — SECOND HARMONIC

AXIAL LUCATION
PERCENT OF CHORUD

294
10.00
20.00
30.0V
40.00
50.00
60,00
70,00
80.00
90.00V
97.00

SUCTIUN SURFACE

AMPLITUDE

0.722
0,195
0,152
0,108
0,179
0,093
0,198
0,073
0.113
0.058
0,151

PHASE

-528,
~461,
-516,
=365,
-458,
=273,
~-413,
=552,
-473,
=527,
-468,

PRE SURE SURFACE

AMPLITUUE

2,181
0,898
V,021
vu,210
0.079
0,051
0,019
v,030
V.05V
vu,080
0,096

PHASE

-412,
=314,
-178,
=370.
=340,
=409,
=406,
=485,
=503,
=523,
-188,
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DATA POINT 10 — FIRST HARMONIC

AXIAL LOCATION
PERLCENT OF CHORD

2e94
10.00
20,00
30.00
40,00
50,00
60,0V
70,00
80,00
90,00
97.00

SUCTIUN SURFACE

AMPLITUULE

0,898
0,0/5
0,513
0,248
0,165
0,299
0,426
0,306
0,195
0,261
0.132

PHASE

=176,
=332,
-415,
=422,
-353,
-338,
=342,
=385,
-158,
=219,
=158,

A-19

PRESSURE SURFACE

AMPLITUULE

1,951
V.580
0,549
U.489
0 372
0.312
0,369
0,269
0,132
0,285
0,157

PHASE

-397,
-558,
-343,
-344,
-352,
-33g,
-339,
-352,
-324,
-328,
-179,
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DATA POINT 10 — SECOND HARMONIC

AXIAL LOCATION
PERCENT OF CHORD

294
10.00
20.00
50,00
40.0v
50.00
60,00
70,00
80,00
90,00
97,00

SUCTIUN SURFACE

AMPLITUOLE

0.816
0.291
0.2%9
0.098
0,285
0.151
0,300
0.121
0,169
0,128
0,232

PHASE

=520,
=494,
=505,
«386,
=433,
-372,
=412,
~386,
=450,
=451,
=478,

A-20

PRESSURE SURFACE

AMPLITULE

0. 45/
0,387
0,308
0,311
0,239
0,278
0,192
u.180
0,083
0,049
0,016

PHASE

=362,
-332,
=356,
-373,
-363,
-363,
-361,
-362,
-368,
=346,
=214,
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DATA POENT 11 — FIRST HARMONIC

AXLAL LOCATION
PERCENT UF CHORD

2.94
10.00
20.0v
30,00
40.00
50,00
60,00
70,00
80.00
90,00
97,00

SUCTIUN SURFACE

AMPLITUULE

0.526
0,080
0,482
0.296
0,191
0,394
0,393
0,150
0.172
0,107
0,177

PHASE

-164,
-93,
=73,
-74,

=365,

=356,
=381,
=377,
=364,

-81,
=131,

A-21]

PRESSURE SURFACE

AMPLITULE

1,122
v,76U
0,649
0,415
0,468
0,378
0,341
0,336
v,250
0,258
0,184

PHASE

-368,
-351,
-364,
-354,
-347,
-356.
-347,
-347,
-362,
-341,
~328,
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DATA POINT 11 — SECOND HARMONIC

AXIAL LOCATION
PERCENT OF CHORO

2094
10.00
20,00
50.00
40.00
50.00
60.0U
70,00
80.00
90.00
97.00V

SUCTIUN SURFACE

AMPLITULE

0,767
0.261
0.242
0,093
0,1/0
0.2%6
0.267
0.217
0.215
0,115
0,147

PHASE

-161.
=lel.
-161.,
-423,
-436.
=413,
-414,
=418,
=422,
-440,
-457,

A-22

PRESSURE SURFACE

AMPLITUUE

0.641
Vo412
0.302
0.302
0,307
v,330
v,.302
0,256
v,20U
0,153
0,131

PHASE

=345,
=351,
=357,
-366.
-371.
-380.
-379.
=382,
=387,
-392,
-399,
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DATA POINT 12 — FIRST HARMONIC

AXIAL LOCATIQON

SUCTIUN SURFACE

PRESSURE SURFACL

PERCENT OF CHORD AMPLITUVE  PHASE AMPLITULE  PHASE
2494 2,654 -189. 1,041 «B3b6s
10,00 0.321 -379, v’ 80U -345,
20400 0.418 -80., V.571 -351,
30,00 0.138 -399, V. 444 =336,
40,00 0,270 -347, 0,449 -337,
50400 0.374 -348, 0.358 -335,
60400 0.302 -356, 0,337 -331,
70.00 0,173 -346, 0,312 -333,
80,00 0.152 -354, v.228 -336.,
90,00 0,070 -47, 0,256 -334,
97.00 0,099 -102, 0,173 =330,
A-23
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DATA POINT 12 — SECOND HARMONIC

axlaL LOCATION

SUCTIUN SURFACL

PRESSURE SURFACE

{ PERCENT OF CHORD AMPLITUDE  PHASE AMPLITUUE  PHASE
2.94 1.416 -207, 0.611 -344,
| 10400 0,505 =149, V.394  -352,
j 20.00 0.163 -149, 0.302 -354,
} 30,00 0,088 -100, v,.289 364,
40400 0,172 -427, 0,292 -368.
i « 50400 0.231 -409, 0.288 -376.
{ 60.00 0.264% -411, 0.286 -377.
70.00 0,253 -413, 0.246 =384,
| 80.00 0.224 -423, 0,202 -392,
90,00 0,157 -426, v,183 -385,
J 97,00 0,105 ~444, 0,083 -418,
i
:
i
i
|
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DATA POINT 13 — FIRST HARMONIC

AXIaL LOCATION
PERCENT OF CHORD

SUCTIUN SURFACE
AMPLITUDE PHASE

PRESSURE SURFACE
AMPL : TUVE PHASE

A A

LA

&=

[—

——— —

2494 1.542 -179, 6,767 «370.
10.00 0.677 =196, 1,241 =244,
20,00 0,162 =132, 1,232 =313,
30.0V 0,301 =158, U,397 =326,
40,00 0.294% =250, 0,394 =280,
50,00 0,366 =290, 0,476 =299,
60,00 0,579 =301, 0,385 =309,
70,00 0,607 -333, 0,308 -287,
80,00 0.179 -361, 0,352 -300,
90,00 0.476 =272, 0,238 =310,
97,00 0,821 =307, v,220 =334y,

|
A-25




DATA POINT 13 — SECOND HARMONIC

AXLAL LULCANIONW SUCTIUN SUKFACE PRESSURE SURFACLL

P e e s e ey

ir" ; I"

PERLENT OF CHORU AMPLITUULE PHASE AMPLITUUL PHASE
1 2e'I4 Oe8LY =510, 2,119 -597.
’ 10.0U N,1745 501, U, 738 -208]1 ¢
200U 0,229 =516, V,19Y9 -516.
3 QOQUU U.OIU -281. u.156 -6“2.
: 40.0U 0.161 -466, 0,055 -211,
% 50,0V 0,200 =236, 0,025 377,
" onUU ”.2‘7 '40'0 U.Ol’ ‘éeb.
e TUeUV N.113 -234, u,019 -387,
s BU.U0U 0,150 439, 0,027 =349,
90,0V 0,0%e =328, 0,017 387,
g 97.0V 0,179 -411, 0,019 382,
;
|
|
r
)
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DATA POINT 14 — FIRST HARMONIC

AxlaL LOCATION SUCTION SURFACE PRESSURE SURFACE

s v —— e e mm— = oz — m— e e — ———— e

Pa—

e

PERCENT UF CHORD AMPLITULE PHASE AMPLITULE PHASE
2.94 1,492 =191, 1,892 -363.,
10.00 0,500 =201, 1,084 =316,
20,00 0,086 =392, 1,105 =308,
30,0V 0.128 =206, 0,867 -313,
40,00 0,306 =303, U,586 =310,
50,00 0,444 =312, 0,659 =294,
60,00 0,969 =324, 0,745 =309,
70,00 0,808 =352, U,423 =305,
80,00 0,376 =305, 0,395 =309,
90.00 0,982 -310, 0,276 =293,
97.0V 1.156 =332, 0,175 «330.
A-27




DATA POINT 14 — SECOND HARMONIC

— e s omm— e k]

AXIAL LOCATION SUCTIUN SURFACL PRESSUKE SURFACE
PERCENT OF CHORD AMPLITUVUE  PHASE AMPLITUUE  PHASL
2.94 0.758 876, 0.324 -214,
l 10,00 0,144 347, v.321 -142,
20,00 0,193 -379. v.106 -131.
g 50,00 0.135 -143, 0.165 =153,
] 5 40,00 00112 ‘505. 0.096 125,
; 50,00 0,250 -137, 0,066 -133,
t 60,00 0.155 -281, 0,091 <134,
: 70.00 0.173 w111, 0,075 -147,
i 80400 0,057 =327, 0,062  -157,
: 90,00 0,159 247, 0,060 -157,
i 97.00 0.131 310, 0,061  -168,
|
}
1
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DATA POINT 15 — FIRST HARMONIC

AXlaL LOCATION
PERCENT OF CHORD

294
10.00
20,0V
30,00
40.00
950,00
60,00
70,00
80,00
90,00
97.00

>

SUCTIUN SURFACE
AMPLITULE

1:0%6
0,510
0,085
0,086
0,394
0,641
0,711
0,489
0,688
0,564
0,657

PHASE

-240,
=236,
=335,
=241,
=301,
=322,
=340,
=328,
=331,
=351,
=344,

A-29

PRESSURE SURFACE

AMPL1TUUE

1,522
1,197
0.981
0,665
0,657
0,579
v,610
0,449
0,408
0,171
0,123

PHASE

-347.
=331,
=953,
=325,
-321.,
-323,
=315,
-313,
=315,
=317,
=315,

o
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DATA POINT 15 — SECOND HARMONIC

AXlaL LUCATION

SUCTIUN SUKFACE

PRESSURE SURFACE

PEKCENT UF LHORD AMPLITUUE PHASE AMPLITUDE PhASE
2494 0.546 =520, 0,538 =354,
10,00 Del/e =228, 0.23%7 =355,
20,00 0,205 =186, V.,138 =342,
30,00 0,027 -316. U.08% =343,
40,VU 0,044 =199, u,086 =346,
50,0V 0,041 =368, V,070 -345,
60,00 0,045 =349, V,009 =344,
70,0V 0,016 =465, 0,045 =379,
80,00 0,031 439, u,038 -394,
90,00 0,022 =458, 0,069 -406,
97.00 0,051 -484, U,065 -397.

A-30
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AXLIaL LOLATLION
? PLERLEMT OF CHORD

2.94

|
20400

g SU.Uu
40.00
50.0V
60.00
70,00
! 80.00
90.00

j 97,40

+ ———s

= =&

DATA POINT 16 — FIRST HARMONIC

SUCTIUN SURFaCt

AMPLITULE

2.1%6
0,515
0,341
0.473
0,59/
0,574
0,634
0,515
0,5%
0.50%
0,567

PHASE

=213,
-26%,
=224,
=239,
=282,
=501,
=307,
=307,
<312,
=322,
=325,

PRE >SUKE SUKRFACE

AMPLITUUE

1,246
1,02%
v,.823
0,697
U,017
0,557
0,586
0,436
0,579
U,25b
0,221

PHASE

-326.
=214,
=506,
-296.
-293,
-295,
-<94,
-290.,
-294,
-283,
-291.

B . < e




DATA POINT 16 — SECOND HARMONIC

AxiaL LOCATIQW SUCTIUN SURFACL PRESSURE SURFACE
PERLENMT OF CHORD AMPLITUUE PHASE AMPL I TUUE PHASEL
234 1.874 =220, Vo397 -368.

10.0v 0.5UL =1l61. U.,161 =566
2Uedv 0,127 =187, v,061 -363,
S$0.00 0.077 =206, 0,095 =951,
40,00 0,070 -181, V,026 =568,
50.00 0.0%v =310, 0,057 =942,
60.0V 0,025 =172, U,040 =370,
70.00 0,014 =3935, V,046 =367,
80,00 v.01v 472, v,037 =579,
90,00 0,010 =466, 0,071 277,
97.00 0,038 =181, 0,068 =385,
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