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FOREWORD

This report contains the results of a dissertation which was prepared for
the Mechanical Engineering Department of The Ohio State University. The effort
was performed in the Computer Branch of the Turbine Engine Division of the Air
Force Aero Propulsion Laboratory, Air Force Systems Command, Wright-Patterson
AFB, Ohio, under Project 3066, Task 04, and Work Unit 18. A low speed
atmospheric inlet cascade wind tunnel was constructed to obtain a flow which
has a sinusoidal variation in flow direction. A stationary five-blade cascade
was studied while varying flow velocity, oscillation frequency and mean angle
of attack. This effort was conducted by Francis R. Ostdiek during the period
November 1969 to June 1975.
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INTRODUCTION

Unsteady flows in turbine engine compressors have been receiving
an increasing amount of attention during the past decade. There has
been a continuing demand for higher performance aircraft which undergo
violent maneuvers and this has forced the designer to consider all
types of flows which may exist in a turbine engine compressor and, in
particular, to give a great deal of attention to the unsteady aspects
of the flow throughout the engine. This has resulted in a great deal
of research on all aspects of the problem, both experimental and ana-
lytic, which ranges from considering the whole compressor to detailed
flow mechanisms.

In general, the throughflow in an axial compressor is unsteady in
both magnitude and direction. This unsteadiness is caused by rotating
stall cells, stationary distorted pressure profiles at the compressor
inlet face, secondary flow effects at the hub and casing, and blade
wakes of the preceding row. The result is often a variation in both
magnitude and direction of the flow; however, the unsteadiness in
direction would seem to have a more abrupt effect on performance and,
thus, research in this area would have a more direct application in
future compressor designs.

Most flows in a compressor are turbulent and in the strictest
sense are unsteady, but the scale of the turbulence is several orders

of magnitude less than the airfoil dimensions. Also, the operating
1




point of the compressor varies slowly and in this case the wave length
of the disturbance is much greater than the airfoil dimensions. How-
ever, between these two extremes there is a class of flows with dis-
turbances wave lengths from 0.01 to 5 times the airfoil dimensions
which can have drastic effects on compressor performance.

In the present work the variable flow caused by a distorted total
pressure profile at the inlet face, which has a wave length on the
order of the circumference of the face, will be considered. This vari-
ation in total pressure results in a variable axial velocity into the
compressor. When the constant rotor speed is added vectorially, there
results a relative flow into the rotor which has a variation in magni-
tude and a variation in flow direction. This is shown in Figure 1
where the axial velocity, Vz4, corresponds to the minimum total pres-
sure on the compressor face and then AVax is a result of a positive
increment in total pressure and the resulting angle chance is Ag. It
can be shown that for typical aircraft operational requirements, the

total pressure distortion is bounded by

PT,Max - P1,Mi
R er et
H

Depending on the average inlet axial velocity and blade angles, the
flow direction can change as much as 10-15° from the average, and the
magnitude can change by +20%. These are extreme cases which would cer-
tainly lead to flow separation and should not be considered in an
initial investigation. However, it does indicate that the problem is

not in the range of small perturbations. Although the problem of a




stationary total pressure distortion pattern has been used to illus-
trate flow with a variable direction in a rotor, a rotating stall cell
could be considered to create much the same problem in a stator row.
Indeed, the rotor wakes of a large diameter fan could be included in
this type of flow.

In a basic research program, it is desirable to consider the
effects of variable magnitude and variable direction separately to
quantitatively assess their effects on airfoil performance. Therefore,
this experimental research was directed towards obtaining pressure dis-
tributions and pressure histories on one airfoil of a stationary cas-
cade which had an oncoming flow of oscillating direction but nearly
constant amplitude. Then the pressure fluctuations could be attributed
to a directional change only. The oncoming flow has unsteady compo-
nents embedded in it and the assumption of two-dimensional flow is made
so that a staggered cascade of airfoils can be used to represent a row

of compressor blades that has been unwrapped.




CHAPTER I. BACKGROUND

In this chapter, some of the past work on unsteady flow will be
reviewed to show its relevance to the present experimental investiga-
tion which involves a turbulent stream of sinusoidally varying direc-
tion through a stationary cascade. The literature abounds with unsteady
laminar work and while it may give us clues as to the proper investiga-
tive direction, it will not be reviewed here.

A. Analytical Studies

Unsteady airfoil flows have been the subject of a considerable
amount of analytical work starting from a paper by von Karman and Sears
(1938) who used the theory of thin airfoils in two-dimensional flow to
analyze the non-uniform motion of an airfoil. This work assumes small
motions and a Tightly loaded airfoil so that the oncoming flow, the
airfoil which is represented by a vorticity distribution, and the air-
foil wake all lie on the X-axis. Generalized expressions for the 1ift
and moment on the airfoil were obtained for translatory and rotational
oscillation of the airfoil. Sears (1940) later extended this work, and
using the same basic linearized theory, analyzed the unsteady 1ift gen-
erated on an isolated airfoil moving through an upstream disturbance.
The flows were assumed to be steady potential flows with a transverse
gust superimposed on the mean flow. Kemp and Sears (1953) used this

first-order theory of small fluctuations to study the aerodynamic




interference between a stator and a rotor in a turbomachine. The study
was limited to cascades of blades wherein the effects of the unsteady
parts of the circulation of other blades was neglected while the steady-
state parts were retained. The blades were modeled as 1lightly loaded
thin airfoils in an incompressible inviscid fluid. Later, Kemp and
Sears (1955) added the effects of a viscous wake which was modeled as

an inviscid shear flow but the presence of vorticity in the oncoming
flow was neglected.

Horlock (1968) added a chordwise gust to the Sears theory and
thus was able to consider gusts with components parallel and perpendic-
ular to the undisturbed flow. He obtained an estimate of the unsteady
flow effects of this type of flow on a rotor blade. Henderson and
Horlock (1972) continued this approach for airfoils in a cascade in an
inviscid flow and made provisions for the nearby blades. This study
was done for a cascade where the blade spacing was small compared to
the wavelength of the disturbance. Highly cambered blades were used
but the 1ift coefficient was kept Tow by choosing a low pitch-chord
ratio. The flow was assumed to be inviscid, and incompressible and the
equations of continuity and momentum were averaged across the pitch.

Henderson and Daneshyar (1972) used unsteady thin airfoil
theory to analyze the fluctuating 1ift of a rigid cascade of airfoils.
They replaced the reference blade by a continuous vorticity distribution
and the neighboring blades by concentrated vortices. Inviscid incom-
pressible flow with small disturbances was assumed. Osborne (1973a)

(1973b) provides an extension to the previous work on thin airfoils.




His work is restricted to subsonic flow, low reduced frequency, and
small perturbations with the resulting restrictions. A subsequent note
by Kemp (1973) provides some closed form expressions for 1ift and moment
for Osborne's theory.

Fleeter (1973) used the thin-airfoi” assumptions to consider
small unsteady compressible perturbations on a basic uniform two-dimen-
sional compressible flow. His results agreed with potential flow
results for both isolated airfoils and cascaded airfoils in incompress-
ible flow.

Graham (1970) used similarity rules to analyze a thin two-
dimensional wing at subsonic speeds which encountered gusts at an angle
to the leading edge. This is a linear analysis in which airfoil thick-
ness, incidence, camber and gust velocities are all assumed small.
Graham observes that the validity of linearization is vital to the
analysis of turbulent flows, since without it, Fourier analysis cannot
be used and the problem becomes intractable. This observation is par-
ticularly applicable to cascade flows with a large incidence and turning
angle since the mean flow, the airfoil, and the vortex sheet which is
shed from the trailing edge no longer lie close to one axis. In addi-
tion, if a flow has a variable direction it must have some vorticity in
the stream which impinges on the cascade. This effect has been neglect-
ed in the linearized thin airfoil approach.

Schorr and Reddy (1971) analyzed a cascade with a basic steady
state flow over which unsteady normal velocity fluctuations were super-

imposed. An incompressible inviscid flow is assumed with a thin airfoil




and only small flow disturbances are allowed so that linearization
becomes valid. They make the point that unsteady flow, due to a cascade
of airfoils oscillating about some pivot point in an otherwise uniform
flow, is not the same case as the flow through a rigid set of airfoils
when the upstream flow contains unsteady disturbances. The former is
important in flutter work while the latter more nearly describes flows
in turbomachinery. In either case, the problem can be linearized if the
analysis is restricted to small perturbations, thin airfoils, and small
camber and incidence.

Whitehead (1960) considered the incompressible inviscid case
of flat plate cascades with small amplitudes of vibration. The blades
and the wakes were regarded as vortex sheets and in one of the cases
considered, the blades were operating in the wakes of some kind of
periodic obstruction similar to a compressor blade row. In further
work, Whitehead (1974a) uses the unsteady velocity potential and con-
siders vorticity in the flow. This line of analysis has led to computer
calculations of the flow field and some results of this analysis have
been provided (Whitehead 1974b) for use in the present program and will
be presented later. .

There are some analyses presented in the past several years
which use turbulent flow as the point of departure. McDonald and
Shamroth (1971) did an analytical investigation of the time-dependent
integral turbulent boundary layer equations of mean motion. Their solu-
tion involved choosing a velocity profile family, a velocity-temperature

relationship, and a model for turbulent shear stress. The model is




presently restricted to small disturbances and is used to investigate
some shock wave-boundary layer interactions.

Rannie (1974) used one-dimensional flow in a duct and the
linearized equations of motion to consider upstream disturbances sinus-
oidal in time. He obtained solutions of acoustic-type waves moying
upstream and downstream at a speed which is not necessarily sonic. The
interaction of the compressor can thus change the oncoming disturbed
flow. Consideration is being given to extending the analysis to two-
dimensions.

B. Experimental Work

There has been verv little experimental work that is even
similar to the present experiment. Some experimental work has been
done on flat plates with imnulsive starts or oscillating motions paral-
lel to the direction of a steady flow stream. This will certainly
cause a marked change in the boundary layer but it does not simulate a
variable direction. In addition, there has been a considerable amount
of work using airfoils which oscillate in pitch in a steady stream.
This work is certainly applicable to helicopter rotors and flutter, but
it is not the fluid flow case of an oncoming stream which has a variable
flow direction and is not generally applicable to compressor flows.
Consider the flow schematic in Figure 2 of a flow of mean
velocity U and angle o directed on a flat plate. If the flow direction,
a, varies, the pressure at any point P in the upper boundary layer will
also vary. If the flow at the point is accelerated because of the angle

variation, the accelerations would be neither in the same direction,




nor of the same magnitude as the case where the airfoil is oscillated
in pitch. In addition, an airfoil oscillating in pitch may be doing
work on the fluid while a stationary airfoil cannot do work. Therefore,
the energy level of the fluid particles in the boundary layer would be
different for the two cases and both the separation point and the pres-
sure profile will be affected. Consequently, an airfoil oscillating in
pitch does not simulate a flow of variable direction.

Commerford and Carta (1974) simulated an unsteady direction on
a single airfoil by generating a Karman vortex street from a transverse
cylinder mounted upstream and below an airfoil. A three-inch chord,

% thick, symmetrical double circular arc airfoil was selected and five
pressure transducers connected to each surface. The tests were conduct-
ed at a Mach number of 0.25 and the cylinder diameter was chosen to give
a disturbance wavelength of one chord. The flow field thus created has
a vertical velocity component which varies in both directions, requiring
a little care in airfoil positioning to obtain the proper magnitude of
the fluctuation at the airfoil. However, this would not be a serious
drawback unless a cascade of airfoils were used in which case the veloc-
ity direction would vary from blade to blade. The results showed that
the amplitude of the pressure fluctuation exceeded the theoretical pre-
diction of Sears and had a chordwise variation in phase angle which was
not predicted by the Sears theory. The phase angle decreases from the
leading edge to mid-chord and then increases to the trailing edge. It

must be remembered that this test was for an isolated airfoil at a
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reduced frequency of 3.9, but a comparison can be made with the present
data and will be done below.

An unsteady flow wind tunnel was described by Horlock (1974)
in which the tunnel test section has flexible side walls. These walls
are constrained to form traveling sine waves by a system of cams and
springs. The wavy walls can travel in phase to produce a transverse
(Sears) gust or out of phase to produce a streamwise (Horlock) gust.
The sine waves must be made to travel at a speed different from the air
flow or there is no flow variation at all. This means that unsteady
flow disturbances convected at free stream velocity cannot be simulated
in this tunnel. Holmes (1973) reported on an experiment in the Horlock
tunnel with pressure taps on both surfaces of an isolated airfoil and
found good agreement with Kemp (1952) at zero incidence to a transverse
gust, but also found the airfoil to be subject to separation at inci-
dence to a streamwise gust so that thin airfoil theory could not be
applied.

Satyanarayana, Henderson and Gostelow (1974) reported on addi-
tional experiments in the Horlock tunnel on a cascade of airfoils for
reduced frequencies less than 0.1 based on free stream velocity. These
tests were run for a transverse non-convected gust with various solidi-
ties. They found that the unsteady pressure was sinusoidal near the
leading edge but departed completely from that as the trailing edge was
approached. They also found that separation always occurred on the
instantaneous suction surface but that the airfoil pressure profiles

were smooth at all times. In addition, there was a phase lag between
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the 1ift and the gust velocity. Their pressure measurements indicate
that the pressure difference across the trailing edge remained zero
throughout the cycle, but that the pressure Tevel itself may fluctuate.
Some of these results are not in agreement with the results in the
present test and will be discussed later.

There are several research programs underway at the present
which feature an instrumented rotor blade in a rotating rig with some
sort of disturbance mechanism at the inlet. Henderson and Bruce (1974)
describe a facility designed to obtain response of rotor blade elements
in incompressible unsteady flow. The unsteady flow is produced by
segmented screens in front of the inlet which has been shown to produce
a nearly sinusoidal axial velocity profile at reduced frequencies from
0.27 to 4.11. A midspan segment of one rotor blade is mounted to ob-
tain direct readings of 1ift and moment. Preliminary data was found to
have some agreement with the Sears and Henderson-Daneshyar models.

0'Brien and Moses (1974) have placed miniature pressure trans-

ducers on the blades of a Tow speed single-stage axial-flow rotor. The

research compressor is equipped with distortion-inducing screens immedi-
ately in front of the rotor, and with the help of hot wire anemometers
downstream of the rotor, they intend to study pressure fluctuations and
other changes during rotating stall. !
In a similar fashion, Peacock (1974) describes a lightly load-
ed single stage compressor which has 1.90 inch chord rotor blades in-
strumented at midspan to yield dynamic pressure measurements. Distor-

tion screens of 90° segmental area are positioned at the inlet and he
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found that the magnitude and shape of the generated distortion was
highly dependent, not only on the screen position but also upon the
operational point on the compressor characteristic map. The non-linear
response of the compressor blades, due to the distortion pattern, pro-
duced a disturbance propagating upstream which changed the distortion
pattern. This supports Rannie's analytical approach to the problem.
Peacock found that the plots of normal force versus incidence angle
could have several peaks. The primary peak always occurred at the same
spot but the secondary dip always seems to occur in the region
immediately downstream of the trailing edge of the gauze. Both the
primary and tertiary peaks could be made to disappear by choosing a

short enough screen segment. It is recognized that the upstream

vorticity may have a profound effect on airfoil performance.




CHAPTER II. PRELIMINARY EXPERIMENTS

In preliminary studies, several small models of candidate wind
tunnel designs were built and tested. The first schemes involved jets
intersecting in a test section with one or more of the jets having a
pulsating flow. These schemes were discarded because the flow direc-
tion across the test section was not constant at any instant and because
of the high mixing turbulence.

The third candidate was patterned after a bi-stable fluidic ampli-
fier and is shown in Figure 3 with part of the upper cover removed.

Air was drawn in through a two-dimensional nozzle into a 1 1/2 by 1 1/2
inch throat. The flow was switched to either side of the centerbody by
alternately blocking each leg of the tunnel. Blockage was performed by
pulsing an array of high pressure jets in the upstream direction. These
jets were made by drilling small holes in the one-fourth inch copper
tube placed across the leg. The assembled tunnel is shown in Figure 4
with a plate glass cover over the test section. Sewing needles were
hammered into the floor of the tunnel and small pieces of silk thread
were attached. A series of photographs was taken to show one complete
cycle and three of them are shown in Figures 5, 6 and 7 at 90° intervals
in the cycle. This device gave directional variations up to the design
angle of +40°. The general flow angle pattern indicated by the threads

was supported by a potential mapping using conductive paper. The
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temporal variation in flow angle was not sinusoidal but tended to
switch rapidly. Therefore, this device was discarded.

The fourth wind tunnel model that was built differed significantly
from the previous three because it did not depend on fluid mixing or
jet interaction with the consequent nonuniformities. In this case, the
location of the fluid source relative to a fixed test section was varied
by oscillating the whole wind tunnel. An oscillating inlet was simulat-
ed with a small metal box shown in Figure 8. It has a connection for
high pressure air at one end and a two-dimensional 1 x 6 inch nozzle at
the other end. The flow is straightened with soda straws and the whole
mechanism was oscillated using an electric motor and crank with the
axis of rotation at the middle of the throat of the convergent section.
Oscillation was in a plane transverse to the flow contraction. The
assembled tunnel is shown in Figure 9 with the crank at the lTower left.
The metal housing and plexiglas structure at the right forms a rotatable
table for a hot wire probe. An end view of the tunnel in Figure 10
shows the hot wire in position during test. The test results gave the
design directional variation of 24° and was smooth and continuous at
1.4 hz. Also, the magnitude of the velocity was constant within +1%.
Since this performance met the original goals, this concept was adopted.
However, it was felt that an atmospheric inlet in the full size tunnel
would give better flow quality and would be an easier design problem.
Also, guide vanes would be utilized rather than flow straighteners and
would be located in the two-dimensional nozzle to minimize the moment

of inertia.




15

Since the guide vanes would create wakes, a short investigation
was conducted to determine the required area contraction ratio down-
stream of the vanes for smooth flow in the test section. An inviscid
calculation for two streamtubes of different initial velocities, but
the same static pressure which go through the same static pressure
ratio, can be used to simulate the flow in the vane wake compared to

the main flow. Then, the steady Bernoulli equation gives

and
2 2

by ML 0
where W is the mainstream yelocity and V is the velocity behind the yane
and stations 1 and 2 are immediately behind the vane and after an area

W

contraction respectively. Now, if we assume . 8 0.1 so that the (%% 2
disappears, and using the continuity equation, we obtain:

V2 Ap. <178
e n - (IT’ ]

This velocity ratio is greater than 0.9 for any area ratio greater than
2.29 and this approach does not include entrainment or turbulent mixing
effects. In addition, the trailing edges of the vanes can be beveled

and further smooth the final velocity profile. To support these
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conclusions, model tests of the proposed guide vanes were performed.
Three 120° arc vanes were stacked 0.375 inch apart in the contracting
part of the two-dimensional inlet of wind tunnel Model No. 3. A hot
wire anemometer was used to traverse the test section to determine if
the individual blade wakes could still be observed after flow contrac-
tion. Individual tests were performed for vane widths of one and two
inches as shown in Figures 11 and 12. Several sets of vanes were
fabricated so that the radius of curvature of these curved vanes could
be varied from one to eight inches. This corresponds to a flow area
contraction, based on the vane exit area, of 1.4 to 11.1. Figure 13
shows the tunnel with its top plate and hot wire anemometer in position.
The test results show that the vane wakes could not be found in
the test section except for the vane with the smallest inside radius
(one inch). Even then, the wake was characterized by increased turbu-
lence rather than a velocity defect. Therefore, one of the desian
guidelines for the full size wind tunnel was to use an inlet which had

a flow area contraction greater than 2.




CHAPTER III. EXPERIMENTAL APPARATUS

An unsteady flow wind tunnel was designed and constructed at the
Air Force Aero-Propulsion Laboratory at Wright-Patterson Air Force Base,
Ohio, for the tests performed for this dissertation. Almost two years
were spent in its design and construction and another six months in
system shakedown. This tunnel can now be used to test a variety of air-
foils in unsteady flow. The test complex was constructed in the base-
ment of the Laboratory and the wind tunnel was housed in a closed room
adjacent to the control room and was an atmospheric in-draft tunnel.
Therefore, the wall of the test cell opposite the tunnel was used to
hold a bank of air filters and is shown in Figure 14. The control room
and some of the instrumentation are shown in Figure 15.

A. Wind Tunnel Specifications

This wind tunnel was built to simulate a typical variable flow
direction that may be seen in the compressor of a turbine engine.
Therefore, the operating parameters were chosen with this in mind. Each
parameter was fixed by a variety of considerations, some of which will
be discussed here. As in any design process, it was often necessary to
change part of the specification due to mechanical considerations. In
these cases, the change was a’ways made with the aforementioned objec-
tive in mind. The wind tunnel specifications for this series of tests

are given in Table I.
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TABLE I
WIND TUNNEL SPECIFICATIONS

Test Section 3* x 10°

Cascade Angle, 8 30°

Number of Blades 5

Chord Length 2.81"

Blade Spacing 2.3"

Airfoil Double Circular Arc,

10% Thickness,

12° Turning

Velocity Range 82 - 150 fps
Mean Angle of Attack 6 - 14°

Delta Angle of Attack +5 3/4° Nominal
Oscillation Frequency 0 - 16 hz
Reduced Frequency 0-.15
Reynolds Number d = 22 % 105

18
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The test section was kept as small as possible to reduce
dynamic forces without seriously compromising aerodynamic performance.
A blade chord length of approximately three inches is desirable to ease
the static port machining problem and to negate machining inaccuracies
and small scale flow irregularities. A solidity of 1.25 is in the
range of compressor design practice and this fixed the blade spacing
at 2.3 inches. The minimum number of airfoils that can be considered
for a cascade to obtain good periodicity is five and was chosen for
this test. This is a compromise that could be made in a first experi-
ment because the aerodynamic results would be compared on a steady to
unsteady basis to obtain relative changes in the same wind tunnel. A
larger number of blades obviously increases the dynamic forces during
operation and was, therefore, avoided. A cascade with more airfoils
can be considered for future designs. The cascade angle and turning
angle of the airfoils were both chosen at minimum values to ease design
of the flow path. The airfoil shape was chosen to be a double circular
arc so that it could be manufactured in-house with consequent closer
engineering control on surface finish, static hole location and finish,
and overall dimensional accuracy, and to minimize manufacturing lead
times. Also, one of the objectives of this first series of tests was
to demonstrate the capabilities of this wind tunnel and, thus, need not
be directed towards a particular cumpressor application. A similar
airfoil was tested by Commerford and Carta (1974) and will be used as a
comparison.

The velocity is low for several reasons. First of all, the
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objective was to study unsteady flow and this could be done most easily
by keeping the flow in the incompressible range. Secondly, one of the
correlation parameters for unsteady flow work is reduced frequency,
wb/V. The range of this parameter can be increased by reducing the ve-
locity. On the other hand, at 82 fps, the dynamic head is only 0.0542
psid or 1.5 inches of water. The pressure variations on the airfoil
were expected to be much less than that so the velocity could not be
allowed to go lower without serious measurement problems.

In addition, the velocity could not be allowed to go much lower
without encountering a non-linearity in the cascade total pressure loss.
This loss (Johnsen and Bullock 1965) is relatively constant for large
blade-chord Reynolds numbers but increases rapidly when the Reynolds
number is less than 10°. The loss, expressed as a fraction of the free-
stream velocity head, for a double circular arc cascade varies from .042
at Re = 1.18 x 105 to .032 at Re = 2.16 x 105. These Reynolds numbers
correspond to freestream flow velocities of 110 and 150 fps respectively
and are the endpoints of the data presented in this report. This
represents a test to test change in loss for this cascade of 1%. The
change in loss was subsequently determined from the test data to be
1.6% for the test program velocity range.

The mean angle of attack of 6-14° is large enough to obtain a
performance variation versus angle of attack. When the cyclic variation
of 5.75° is added, the total operating range for the airfoil was 0.25°-

19.75°. This corresponds to an incidence range of -5.25° to +13.75°.
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The oscillatory change in angle of attack, +5.75°, was chosen to simu-
late the variation in flow angle that would be seen in a compressor
blade row as the result of a pressure defect (APy/Py = 0.15) that could
easily occur during normal flight operations. A range of this parameter
can be chosen for future tests.

The oscillation frequency was chosen so that a range of reduced
frequency could be attained in which other research, e.g., Carta (1967)
has shown the unsteadiness to have an aerodynamic effect.

B. Flow Path

The cascade flow angles used in these tests are shown in
Figure 16 and a flow schematic of the complete cascade is shown in
Figure 17. A five-bladed cascade is held between two circular side
plates, all of which is stationary during the test. The cascade inlet,
which includes circular inlet guide vanes, a contracting flow path, and
suitable support structures, is mounted on large bearings concentric
with the tunnel side plates and is forced to oscillate sinusoidally
about an axis transverse to the cascade axis and through the center air-
foil by a motor-driven crank. The inlet guide vanes guide the flow
along the instantaneous inlet axis and thus achieve a variable flow
direction. Area contraction occurs downstream of the guide vanes in a
plane perpendicular to the oscillation plane in order to maintain the
desired flow direction. Each of the airfoils is mounted on a pair of
small end plates recessed into the circular side plates so that the
blades can be set at any blade-chord angle, y, between 4 and 24°. Thus,

a fixed mean angle of attack, ay, can be chosen for any test between
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26 and 6°. The variation in angle of attack, +5.75°, is fixed by the
crank mechanism but can be changed for future tests. Figure 18 shows
the cascade side plates with two of the airfoil end plates and mating
clamps in position. The traversing mechanism shown at the left will be
used during future test sequences to measure the velocity profile both
upstream and downstream of the cascade.

The oscillatory inlet is shown in Figure 19. This picture was
taken while determining the center of gravity of the inlet. The two
circular openings form housings for the inlet support bearings and also
allow insertion and removal of the cascade. The cascade and the inlet
are supported on two trunions. These are eight inch diameter cylinders
which serve two functions. The cascade side plates are clamped across
the inboard ends of the cylinders to form the flow channel and the
outside diameter is used as a bearing seat for the inlet support bear-
ings. Figure 20 shows the partially assembled wind tunnel in an assem-
bly jig. The airfoils and one cascade side plate are mounted on a
trunion which is inserted into the inlet opening. The other trunion is
ready for insertion in the near side. Figure 21 is a close-up of the
cascade with the pressure ports visible on the center airfoil. Figure
22 is a rear view of the assembled wind tunnel on the assembly jig and
Figure 23 gives a quarter view. The convergent part of the inlet can
be seen in the top view in Figure 24.

This wind tunnel has an atmospheric inlet and will exhaust
into a large settling chamber or plenum. This chamber is a 41 inch

I.D. pipe, nine feet long, and one end is shown in Figure 25 with the
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wind tunnel support stanchion positioned in front of it. The trunions
are clamped onto the stanchion in the two saddles. The assembled wind
tunnel is shown in Figure 26.

C. Oscillating Inlet

The inlet is a welded and bolted aluminum structure designed to
guide the flow along an instantaneous flow path and to be strong enough
to withstand stresses caused by high accelerations. The 26 guide vanes
are 150° circular arc segments and are 0.091 inches thick, 2 inches
wide, and spaced 0.380 inches apart. The trailing edges are sharp and
the vanes have an outer radius of 5.15 inches. This makes the area con-
traction ratio (guide vanes to the test section) equal to 4.50 and 2.75
when based on the guide vane inlet and exit areas respectively. The
guide vanes along with the plates which form the convergent section are
welded together. The inlet also contains two plates in line with the
cascade and at either end which are adjustable. The inlet is carefully
aligned with the cascade side plates during assembly to make a smooth
and continuous flow path.

D. Inlet Crank Mechanism

The gear case below the inlet shown in Figure 27 houses an
eccentric drive cam connected to the inlet by a 20 inch floating crank
rod. The oscillating inlet represented a large unbalanced force so
two sets of counter-rotating steel discs were housed in the gearbox.
They were driven by the timing belt shown in Figure 26 and flats were
machined on them to balance the inlet. In addition, they served as

flywheels to maintain the rotating speed constant within +1/2%. The
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electric motor is an additional flywheel and helped maintain close
speed tolerance.

The cranking mechanism was designed with an L/r value of
25.73. This gives a variation from sinusoidal motion of less than
3/4%. Thus, the inlet angular oscillation is quite close to being
sinusoidal. Power was obtained from a 7 1/2 horsepower Reliance
variable speed DC motor shown at the left in Figure 25. It drives
the main crank through another timing belt.

During early testing, the pressure transducers showed a 34
cycle carrier wave on their output. The amplitude seemed to increase
from week to week. This was traced to a combination of 40 teeth in
the timing belt pulleys and 28 rollers in the main bearing and the
problem was completely solved by frequent application of heavy duty
machinery grease to the main bearing.

E. Stationary Cascade

The cascade has five airfoils and a close-up during assembly
is shown in Figure 28. The center airfoil has ten pressure ports on
each surface spaced at intervals of one-fourth inch along the chord
line. They are arranged symmetrically about the point of maximum thick-
ness which puts a port 0.240 inches from the leading edge. The ports
on each surface were placed on four different span positions located
0.75 and 1.00 inches from each cascade side plate. This can be seen
most clearly in Figure 21, and was done to avoid downstream interfer-
ence effects from hole to hole, including fluid injection from the
transmission line. Using this arrangement, the closest axial hole

spacing is one inch.
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Since the data of primary interest in this program was to be
the airfoil static pressures, the ports were given special attention.
Willmarth (1971) says that,

"At best, very little is known about the errors in

unsteady pressure measurement that are caused by the

connection of the transducer to a static hole in a

plane surface when there is a fluid flowing over the

surface."

This description matches the requirements in the present test. The
error is determined by the hole depth, size, edge shape, burrs, and
dirt. The hole size of 0.063 inch was chosen high enough to give an
acceptable frequency response even though the error may be as much as
0.009 Q according to Garlin and Slizinger (1964). The results of
Livesey, Jackson and Southern (1962), who used a similarity approach,
showed that the error due to the depth and diameter for the present
test conditions is less than 0.010 Q. The burrs and edge shape were
taken care of by using a method similar to that of Franklin and Wallace
(1970). The static holes were drilled and reamed in the airfoil billet
prior to machining the surfaces and were plugged with hard brass rod
using a push fit. The airfoil surfaces were then machined and the plugs
were removed by hydraulic back-pressure. Subsequent inspection showed
the edge radius to be less than 10% of the hole diameter.

The airfoil surfaces were machined by clamping the billets
between two face plates and using a grinding attachment on a lathe.
These operations are shown in Figures 29 and 30. The leading edge
radius was 0.025 inch and the trailing edge was sharp.

The cascade axis was set vertical during assembly by using pins

in two leveling holes in the cascade side plates and can be seen in
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Figure 28 spaced three inches fore and aft of the cascade axis and
slightly above the center airfoil. These pins were also used to define
a reference plane to optically set the hot wire probe protractor.

The differential airfoil pressure transducers were mounted in
two clusters external to the flow path on the outboard side of the cas-
cade side plates. The clusters are shown in Figures 31 and 32 with the
wiring harness and reference pressure tubes attached. The transducers
are sandwiched between stainless steel plates which are fixed solidly
to the center airfoil clamping ring. Thus, the whole assembly rotates
when the airfoil blade-chord angle is changed between tests. In addi-
tion, this arrangement puts the transducer diaphragms in a plane paral-
lel to the plane of crank motion. The transducers are shown in position
inside the trunions in Figures 33 and 34. During some of the tests,
tunnel wall static pressures were recorded and these transducers were
clamped to the top of the cluster as shown in Figure 35.

F. Exhaust Plenum

The wind tunnel was mounted on a stanchion which was bolted
securely to the floor and positioned in front of an exhaust plenum.
This plenum was a 41 inch 1.D. pipe, 9 feet long and was connected to
the building exhaust system at the rear of the tank. A sonic flow
control valve was also located at the rear of the tank and consisted
of a 3 1/2 inch diameter hole in the plenum end wall with an aluminum
cone used as the valve pintle. The cone was powered with an electric

aircraft flap actuator. During the first airflow tests, the noise

produced was extremely loud throughout the building and the flow
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control valve with its shock waye was blamed. A muffler was designed
and built according to Lyon and Shahady (1974) that would be a tortuous
path for the acoustic noise but would not be a serious pressure drop.

A 12 inch steel pipe, 14 inches long, was welded onto the plenum end
plate around the valve hole on the outlet side and is shown in Figure
36. The annulus thus formed with the exhaust pipe was packed with
polyurethane foam. Thus, most of the acoustic noise on the outlet side
was reflected at least once before transmission through the exhaust
pipe wall. Similarly, a 10 inch diameter by 20 inch long aluminum pipe
with 3/8 inch walls was placed over the inlet side of the valve and is
shown in Figure 37, mounted on the plenum end wall. This pipe protrud-
ed into a welded aluminum box placed inside the exhaust plenum and
shown in Figure 38. Polyurethane foam was cemented to the outside of
the pipe, inside of the box, and exhaust plenum end plate. The largest
flow velocity on the inlet side was approximately 95 fps. After
installation of this system, the noise on the inlet side was almost
inaudible. Outside of the test cell and downstream of the exhaust
plenum, the valve-generated noise could still be heard but was not a
hazard.

During 1974 a considerable amount of data was taken which
covered the full range of operation of the wind tunnel and one progress
report was given (Ostdiek 1974). During early 1975, it was determined
that the pressure in the exhaust plenum varied during tests in close
to a sinusoidal fashion and was in phase with the inlet. The pressure

was a maximum at maximum angle of attack and the amplitude of the
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variation was between 2 and 10% of the dynamic head, depending on the
cascade mean angle of attack, oy, and on the oscillation frequency. At
1.4 hz, the amplitude was 10% at ay = 6° and decreased progressively to
4% at ay = 14°. At all blade settings the amplitude decreased with
increasing frequency so that at f = 12 hz the amplitude was only 50%
of the above values. This pressure variation was observed at the
front face of the plenum and at several axial stations with no large
change. Since the plenum had a sonic valve at the outlet, the flow
rate into the plenum had to be varying. It should be emphasized that
although the amplitude of the pressure variation was 10% of the dynamic
head and could, therefore, have a large effect on the airfoil pressure
measurements, the absolute flow variation into the plenum was quite
small. The maximum amplitude was 0.5 inches of water and since the
flow through the sonic valve is proportional to the stagnation pres-
sure, the absolute flow variation through the wind tunnel, assuming
leakage is constant, is always less than +0.3%.

The flow variation was attributed to two different effects.
First, the loss across any cascade is a function of the incidence
angle and since this angle varies by 11 1/2° during one cycle, the
flow rate will also vary. Secondly, the ends of the cascade represent
a variable flow area during oscillation and will cause a flow varia-
tion which is in phase with that caused by changing incidence and is
probably larger. The adjustable cascade end walls shown in Figure 17
can be set parallel to the cascade blades and the area variation is

then minimized if the blade-chord angle is zero. However, most of
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the testing was done with y in the 16-24° range. The problem could
be solved by constructing a plenum chamber with a much larger volume,
but this was discarded due to time limitations. The problem could
also be solved by keeping the flow rate constant by building another
variable area flow path which was out of phase with the cascade. This
was done and is shown in Figure 39 located above the wind tunnel and
exhausting directly into the plenum. A fence was attached to the
inlet and oscillated beneath an adjustable curved ramp which was
positioned prior to each test series. This auxiliary valve proved

to be satisfactory and the back pressure variation was subsequently
found to be only 1-2% of the dynamic head. A comparison of the
pressure profiles before and after this fix showed that the plenum
pressure variation had attenuated the pressures near the suction
surface trailing edge in the early tests reported (Ostdiek 1974).

A better set of pressure profiles can now be presented.




CHAPTER IV. DATA ACQUISITION

A. Overall Method

It must be recognized from the outset that this test presents

some peculiar data acquisition problems that are not normally encount-

ered in wind tunnel testing.

Since the pressures and velocities are

fluctuating rapidly during the test, the data system must be designed

to take simultaneous and continuous readings of all data channels.

This requires that each measuring station have its own transducer-

amplifier combination rather than the usual approach of using a single

pressure transducer and sequential switching to each channel with a

long settling time.

tests will not be as high as for stationary cascades.

Consequently, the inter-channel accuracy for these

Also, there must

be provision to reconstruct the analog signals with accurate time-

phasing between channels so that the unsteady components of the flow

can be properly analyzed and correlated.

The overall data acquisition and reduction scheme is presented

in Figure 40 and is divided into four discrete operations:

| ¥

How N

Wind Tunnel Test
Analog to Digital Conversion
Primary Data Reduction

Data Correlation
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Each of these operations will be described in detail in the following
paragraphs. This method of data acquisition was chosen because most
of the tape recording and playback system and the digital computer with
interface equipment was in operation for a J-85 turbojet engine control
test which required on-line acquisition of engine operating parameters
but did not require accurate inter-channel time phasing. It was found
that this equipment could be used concurrently for this cascade test by
the addition of a shaft encoder, DBN Pulse Network, transducers, test
cell amplifiers and low-pass filters. In addition, all the computer
software and a number of new operational techniques were added to
establish a complete data handling system for this unsteady aerodynam-
ics test. A considerable amount of difficulty was experienced in the
initial tests in using this data system, but it is now operational and
can easily be used for future tests.

1. Channel Description

Twenty-eight data channels were used to record test data
and consisted of a differential reference pressure, a reference temper-
ature, twenty-four chanrels of dynamic differential pressures, and two
channels of hot-wire anemometer data. In addition to the data channeis,
two channels were used to record a shaft encoder output and another
channel for a time code generator. A1l of the data channels and the
two shaft encoder channels were transmitted from the test cell via an
instrumentation cable to the FM recording station approximately three
hundred feet away. Consequently, some of the analog signals required
line-driver amplifiers. The time code generator was located at the

recording station.
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a. Reference Pressure - Channel 21

The pressure difference from the wind tunnel inlet
total pressure (barametric pressure) to the wind tunnel exhaust pres-
sure in the plenum was measured with a Bell & !lowell electromanometer
system. This consisted of a +5 psid Type 4-336-001 Force Balance
Pressure Transducer, a Type 1-169 Servo Amplifier, and a Type 1-168
DC Amplifier. The plenum pressure was used as the reference pressure
for all the differential pressure transducers used in this test.

b. Reference Temperature - Channel 22

The temperature of the air at the wind tunnel inlet
was recorded by Stow Laboratories Inc. Electronic Thermometer Model
911 PL. This instrument has a platinum resistance element and an out-
put of 10.00 millivolts per °F. A Bell & Howell Type 1-168 DC Ampli-
fier was used as a line-driver.

c. Flow Velocity - Channels 23, 24

The air velocity was measured at a station 3.0 inches
upstream of the cascade centerline and with an X-array hot-wire anemom-
eter system. The anemometers were Thermo Systems Inc. Model 1050 and
the sensor was a Thermo Systems Inc. Model 1240-T1.5 Cross Flow X
Probe. This sensor is a platinum coated tungsten wire 0.050 inch long
and 0.00015 inch diameter. The hot wire sensor was chosen rather than
the more rugged hot film sensor because of the vortex street formed
behind the film. This will be discussed in another section. A Bell &
Howell 1-168 DC Amplifier was used on the output of each of the anemom-

eters as a line-driver.
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d. Differential Pressure - Channels 1-20, 25-28

Twenty-four channels of differential pressure data was
recorded. This included ten static ports on each surface of the air-
foil (Ch 1-20), three tunnel wall static pressures (Ch 25, 27, 28),
and the plenum pressure (Ch 26). The average plenum pressure (Ch 21)
was used as the reference pressure for all of these transducers. This
meant that Channel 26 was a measurement of the dynamic variation of
the plenum pressure. All of the differential pressures were sensed
with +0.5 psid variable reluctance pressure transducers and included
C. J. Enterprises Model CJVRM +.5 psid and Celesco Industries Inc.
Model P109D +.5 psid. These transducers are large ( 1 7/16 x 1 3/16 x
13/16 inches) and therefore must be external to the airfoil. Thus,
they have a low frequency response due to the volume, but were chosen
because of their high output. The maximum dynamic head in these exper-
iments was about five inches of water and it is desirable to measure
accurately at 5% of this range or 0.25 inch of water. Most commercial-
ly available transducers of the strain gage type would have less than
0.5 millivolt output and, thus, would make an extremely difficult
measurement problem. On the other hand, the variable reluctance trans-
ducers have an output of 2-3 millivolts.

A Natel Model No. 2088 Carrier Amplifier System was
used with the pressure transducers with a Model 2088-2A Carrier Oscil-
lator providing 2.500 vrms excitation at 6 KHz. The transducer output
was connected to a Model No. 2088-1A Carrier Amplifier Demodulator

which had a full scale output of +5.0 vdc. These transducer-amplifier
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combinations gave excellent results for both steady and dynamic tests
even at the small differential pressures required for these tests. A
later inspection of some of the data shows that signal was still usable
even though only 1% of the full scale range was being used.

e. Shaft Encoder

The analog data signals are time-correlated by record-
ing two pulse trains on the same tape with the analog data. These
pulses are produced by a Norden Optical Incremental Shaft Encoder,
Model OADC/23/1024P/INC. It is mechanically coupled to the main drive
shaft on the right side as shown in Figure 25. The pulse trains are
binary square waves with a zero level less than 0.4 volts and a one
level greater than three volts. The encoder used in this test produced
1024 pulses per revolution so that the smallest angular resolution was
limited to 360/1024 = 0.352 degrees. The other channel of the encoder
was an index pulse (one square wave per revolution) of 0.176 degrees
duration. This is used to obtain the same mechanical reference posi-
tion for all tests and was set to correspond to maximum angle of
attack which is at top dead center of the crank mechanism.

The two encoder pulse trains, together with the time
code, were initially multiplexed together on one tape track. However,
tests on February 27, 1974 could not be reproduced because of noise
and stray pulses on these channels. They were subsequently assigned
to individual tape tracks and playback capability improved. Two Ithaco
Model 255 AC Amplifiers were initially used as line-drivers for the

shaft encoder pulses so that the on condition was between the desired
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four and five volts. Later tests showed that this overloaded the tape
recording system electronics and the line-drivers were removed. This
dropped the recorded signal to two volts but it could then be amplified
during playback to be compatible with the digital equipment. This
further improved playback capability.

These particular channels proved to be quite trouble-
some and for definite reasons. They were the only data channels trans-
mitted from the test cell to the remote FM recording station which con-
tained digital information. That is, the information in these channels
was contained in the number of pulses rather than the signal Tevel.
Consequently, electrical noise produced by a broad spectrum of equip-
ment from low speed motors up to radio frequency equipment added pulses
to these channels and could completely disrupt the flow of information.

One of the most difficult noise problems was a spike
of 2 usec duration which appeared on all transmission lines in a seem-
ingly random manner with a maximum of four volts p-p. This spike was
quite repeatable with most of its power at 3.3 mHz. It could even be
detected as a 20 volt p-p pulse on the H-beams which support the build-
ing. This pulse had very little effect on the analog signals because
a large number of data points per cycle tend to average out occasional
spikes. However, digital equipment detects and counts it along with
the "good" pulses. This was particularly ruinous for the index pulse
channel which had one "good" pulse per wind tunnel inlet oscillation.
The fix for this and several similar prob lems was tie all the shields

(bleed wires) in the instrumentation cable together and connect them
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to an electrical buss-bar ground. This reduced the voltage level of
these spikes to less than 0.1 volt and subsequent filtering during
playback kept these spikes from being counted.
f. Time Code
A Systron-Donner Model 8120 Time Code Generator was
used to record real test time on the FM tape. This signal is subse-
quently used to search the tape for the desired test.

2. Wind Tunnel Test

The first step in the data acquisition process is to per-
form the test and record it on FM tape. The test required several
people and several pieces of auxiliary equipment. Thus, the test had
to be scheduled up to two weeks in advance and contributed to the slow
progress during the initial facility shakedown.

These tests were conducted with a written test plan and
objective. During 1974-1975, approximately twenty test days were
scheduled for data purposes with numerous short tests for observation.
The important tests among these with results and problems are discussed
in Chapter V. Each of the data tests required a crew of four people:
(1) a facilities technician to operate a 2000 hp exhauster; (2) a test
operator in the test cell and control room with hands-on control of
the test; (3) a data recorder in the control room; and (4) an operator
at the remotely located FM recorder. Continuous voice communication
was required among the last three people.

The data path is shown in Figure 41. The test cell ampli-

fiers and transducers have already been described. Their output was
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wired into » tape recording system approximately three hundred feet
from the test cell and is shown in Figure 42. The first step there was
to convert the analog signals to FM signals by means of a Vidar Corpor-
ation 205 Voltage Controlled Oscillator. These FM signals were then
multiplexed with seven data channels on one tape track. The tape
recorder was an Ampex FR1600 with an ES-200 electronic package for
either AM or FM capability. Since there were twenty-eight analog
channels, this made four tape tracks. Each of the shaft encoder pulse
trains was recorded on a track and the time code was on another track
making a total of seven tracks. The tape recorder was run at 120 ips
for approximately fifteen seconds for each test point. Even at the
slowest powered wind tunnel frequency of 1.4 hz, this allowed record-
ing of more than twenty complete cycles.

This part of the data system required two to three months
of initial shakedown and was then plagued by the extra pulses in the
encoder lines for several more months. In addition, building power
transients have been suspected as the cause of the occasional over-
night loss of from two to six instrumentation amplifiers. This part
of the system is presently being upgraded to allow easier calibration
and continuity check-out of all channels.

3. Analog to Digital Conversion

After a set of tests had been performed, the data stored
on FM tape was converted to digital information. Some of the equipment
for this transcription is shown in Figure 42 and the data flow path

is shown in Figure 41.
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a. Method

Each test run was assigned a four digit number ending
in zero during the test phase. This designation followed the test data
throughout the data handling process. The test numbers were separated
by ten to allow intermediate steps to be assigned unique test numbers.
In particular, a Timitation in the FM tape system allowed playback of
only fourteen channels at once and, thus, two passes were required and
two new test numbers were attached to the data. Several descriptors
for the data including test date, time, frequency, and barometric pres-
sure were recorded on the digital tape during this conversion to aid
in identifying the data.

b. Data Path

The test run start and stop times were set into the
time code reader and search units (Systron-Donner Models 8130 and 8140)
to find the desired test information. The information was demultiplex-
ed in two passes of fourteen data channels each using Vidar Model 302
Discriminators. These discriminators had 4300 hz low-pass filtering
which was much too high for these tests, so the signals were then Tow-
pass filtered at 63 hz. This frequency will be explained in a later
paragraph. The filters used were four-pole Butterworth low-pass active
electronic filters and consisted of seven channels of Ithaco Model 411
and seven channels of FRO Model 1. The former is commercially avail-
able and the Tatter was built in-house and is described later in this
report. The digitizing process was initiated from a keybcard shown in

Figure 44 and was controlled as follows. The tape search unit would
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not allow data transfer until it approached the specified test time
interval from the zero time end. The DBN pulse network then issued
read commands to the digital computer at the rate of 256 commands per
test oscillation for a total of 10-15 oscillations when the process
was terminated manually. The number of pulses from a high frequency
oscillator between each read was recorded and immediately tabulated
and displayed on the video unit shown in Figure 44 to insure that the
proper inter-channel time phasing was maintained.

c. Data Rate

Twenty-eight channels of analog data was recorded

real-time during testing. The shaft encoder was purchased before the
specific data demands were established and consequently was specified
so that it could accommodate the maximum desirable digitizing rate for
this kind of test. This was judged to be 1024 points per cycle. A
power of two was chosen since it makes the digital programming easier
and allows shorter machine times for data reduction. The oscillating
inlet was designed for a maximum frequency of 30 hz. This then makes
a gross data rate of 860,160 points/second. The digital computer used
for this data transmission is an IBM 1800 Processor Controller which
is the same as the IBM 1130 except it has an increased capability for
process /0 (i.e., analog in/digital out). In addition, it has a
video display for on-line viewing of selected data. It is known that
the data rate of 11 bit resolution must be well under 21 KHz. This is
partially determined by the software problem of filling an array,

checking to see if the tape drive has finished with the last write,
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and starting the new array write to the tape. Obviously, the digitiz-
ing rate would have to be slowed down considerably. The single largest
improvement was obtained by recording at an FM tape speed of 120 ips
and doing the playback at the slow speed of 7 1/2 ips which is a speed
ratio of 16. In addition, only 14 analog channels could be digitized
at one time because of the tape recording system limitations. Also,
the first series of tests were planned for low oscillation frequencies
with an upper limit of 16 hz. A1l of these considerations reduced the
data rate to 14,336 conversions/second which was still marginal (later
testing showed the maximum reliable rate to be about 5,000 conversions/
second). The IBM 1800 has a background working area of approximately
25,600 storage locations. Each data value takes two storage locations
and, since there are 28 analog channels, the maximum permissible number
of points per wind tunnel oscillation is 256. This was accomplished
by using a DBN pulse network which counted the shaft encoder pulses
and issued a read command to the digitizer every fourth pulse after
the first index pulse. This network was designed and built in-house
by a co-worker (Herren 1974) and a breadboard of the resulting network
is shown in Figure 45.
d. Data Qualit

The discriminators were equipped with low-pass filters
but the lowest value available was 4300 hz. This corresponds to a
real-time cutoff of 68.8 Khz which is much too high. Seven channels of
Ithaco Model 411 active filters were available, but there was insuffi-

cient time to procure an additional seven channels. Therefore, seven
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channels of FRO Model 1 active four-pole Butterworth filters were built
in-house according to the design procedure of Al-Nasser (1971). A
schematic and table of design value is presented in Figure 46 and the
filters are shown in Figure 47 as built on a phenolic board. An
Applied Dynamics Model AD-5 analog computer with 120 amplifiers and
integrators was available in the control room as part of a different
test. These amplifiers were wired into the breadboard circuit to pro-
vide the active components. A -3 db cut-off of 63 hz was chosen as the
design point. This translates to a real-time cut-off of 1008 hz. This
value is a compromise and is below the maximum frequency (1250 hz) of
the Natel amplifiers but is higher than the twentieth harmonic (600 hz)
of the wind tunnel design frequency. The change in gain was not
measurable at an equivalent 320 hz which is the maximum frequency used
in the data reduction for this dissertation. The phase lag for all
channels fell in a narrow band of values.

e. Transmission Problems

This step in the data acquisition process proved to
be the most troublesome because of difficulty in pin-pointing the
problems. The read rate of the digital computer was slowed to less
than half speed during early transmission tests. This caused the
computer to miss the read commands from the DBN pulse network. After
a number of tests, it was found that the out-of-range signal was coming
from an unused channel from a different test.

The noise problems in the shaft encoder channels have

been mentioned previously and were solved in this phase of the work.
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In addition, the equipment in this control room was very sensitive to
temperature and it was determined by trial and error that it would
operate reliably only if the control room temperature was kept below
77°F. The solution to these problems was time consuming because it
required transmitting and re-transmitting large batches of data. This
was partially relieved by doing a statistical analysis of the timing
of each run immediately after its transmission, and displaying the
resuits on the video monitor shown in Figure 44. If the results were
unsatisfactory, the tape could be backspaced and the test data trans-
mitted again. This part of the data acquisition process is now operat-
ing satisfactorily.

4. Data Reduction

The data stored on digital tape during the digitizing pro-
cess was reduced to values of the physical test parameters by digital
computation. This involved not only a large computer programming
effort but also careful calibration of all of the transducers to obtain
consistent and accurate results.

a. N-Cycle Average

The digital computer working area restricted each data
channel to 256 points per wind tunnel oscillation. From a purely math-
ematical viewpoint, this is enough to obtain a finite Fourier series
of 128 terms, but this must be tempered by a few aerodynamic consider-
ations. The objective of this complete test series is to obtain pres-
sure histories of selected points on both surfaces of an airfoil while

it is undergoing a continuous variation in angle of attack. In this
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flow field, any point on the airfoil will have a periodic pressure
variation plus secondary flow variations caused by free stream>turbu-
lence, static hole oscillation, system vibrations, and other non-linear
and aperiodic viscous interactions. These secondary flow variations
will have a much smaller amplitude than the periodic variations and may
even be in the electrical noise range of the transducer amplifier com-
bination. Although they are of interest, they do not fit into the
objectives of the present research and are left for later investiga-
tions. At the present, the research is directed towards determining
the "average" pressure, p(t), on the airfoil without considering cycle-
to-cycle variations which may occur. To accomplish this, the digital
data from eight successive inlet oscillations was averaged together at
each of the 256 time slices per cycle. This was done for all of the
processed data including the calibration runs. Thus, an average cycle
of 2048 data points per channel was created and subsequently analyzed.
The effect of this averaging technique can be seen by comparing Figures
48 and 49. Each of these shows the pressure variation for all of the
airfoil static ports. The normalized time span corresponds to one
complete wind tunnel oscillation and the average pressures for the
complete oscillation are listed in the center of the plot. Both fig-
ures are made from the same test run except Figure 48 is made from only
one cycle which is 256 data points per cycle, while Figure 49 is made
from eight cycles including the one used for Figure 48. This averaging
technique has obviously smoothed the pressure traces but not at the

expense of destroying it. The average pressures have changed by a




maximum of 0.002 psi and the shape of the curve is still the same.

The eight-cycle average is a more realistic presentation of the data.
This operation should also help the reader understand the need for
obtaining an accurate pulse count in the analog to digital conversion
described in the preceeding section. Missing read pulses in the first
of the eight cycles would result in a data skew in all succeeding
cycles and an inaccurate average cycle.

b. Calibration Data

The pressures, velocities, and temperature recorded
in these tests are first obtained as millivolt or microvolt signals
from a transducer. This signal is then processed by several differ-
ent electronic packages including as many as five amplifiers, several
filters, and three tape heads before it is available to the digital
computer data reduction program. It would be quite impractical to
calibrate all of these devices for each set of runs to obtain a set
of scale factors. Therefore, all the equipment was calibrated end-
to-end at a low signal level and a high signal level for each small
set of runs (usually eight to ten). Pressure differentials and
electrical signals were artificially applied and the amplifier out-
puts were recorded on FM tape like a dynamic run and also recorded
on a data sheet. The data sheet values were later punched on cards
to be read by the digital computer. Thus, the high and low endpoints
of the multi-step data acquisition path were assigned physical values
and all other digital data could then be reduced. The shape of each

calibration curve was established by bench test prior to the wind
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tunnel test and the end-to-end calibration was used only to establish
the curve endpoints.

The electronic thermometer and the reference differ-
ential pressure transducer had linear calibration curves but it was
found that the +0.5 psid variable reluctance transducers exhibit a
typical S-curve output when passing through zero pressure input. The
deviation of the output from a best straight line was less than 1% of
full scale. However, some of the tests were run with a dynamic head
of only 0.057 psid which is a small part of the transducer range so
that the deviation was as much as 3% of test full scale. This neces-
sitated using two straight line segments for the calibration curves
for most of the airfoil and tunnel wall static transducers. A slight
further improvement can be obtained with a third or fourth order
curve fit. A Meriam Model 34FB2, 0-10 inches of water with 0.001
inch increments, Micromanometer was used as a pressure standard in
the test cell for both the reference pressure transducer and the air-
foil transducers. Frequent checks of the reference pressure were

performed during testing. A mercury barometer was used for barometric

pressure.

The connection of the static pressure ports on the
airfoil and wind tunnel side walls has been discussed in Chapter III
and consisted of two transmission Tines. The first included the
passageway in the airfoil and a short connecting tube and was 0.063
inches in diameter and 1.85 inches long. The second included connect-

ing tubes and an equivalent length for the transducer internal volume
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and was 0.069 inch in diameter and 1.82 inches long. The response of
this type of transmission line was analyzed by Gerlack, Johnson, and
Astleford (1970) using an inviscid Tinearized approach. Their experi-
mental results showed remarkable agreement with their theory over a
wide range of frequencies. Their analysis was programmed and used to
calculate both the pressure amplitude ratio and phase angle from the
test port to the transducer diaphragm. The value of the amplitude
ratio varied from 1.0 at 0 hz to 1.256 at 320 hz and was stored in the
digital computer in tabular form. The phase angle reached a maximum
of -3.4 degrees at 320 hz and was neglected for these tests since it
would represent a change of only 0.17 deqrees on the fundamental of
the tunnel oscillation.

Calibration of the equipment for velocity measurement
was much more difficult and time consuming than the pressure trans-
ducer calibrations. The calibrator consisted of a settling chamber of
2.825 inches 0.D. with screens, converging nozzle with a throat dia-
meter of 0.6505 inch, and suitable controls and probe insertion parts.
The calibrator was connected to the building air supply and exhausted
to the atmosphere. Thus, using isentropic relationships, the throat

velocity could be calculated as:

P k-1
= [2k W2 o o o T 4q1/2
VeLEpReTol ™ I - (ogprg) ']

Each of the wires of the x-array sensor is calibrated over the complete

velocity range at each of the endpoints of the angular range. The flow




47

direction of the calibration scheme was determined optically by insert-
ing a lapped cylinder into the calibrator exit throat. The cylinder
had an adjustable mirror mounted on one end perpendicular to the axis
of the cylinder. A light beam from an auto-collimator, located ten
feet in front of the calibrator, was then used to (a) align the mirror
by rotating the cylinder and (b) locate the tunnel axis by moving the
auto-collimator. A hot wire probe support is shown in Figure 50. A
circular dial and a pointer with two location pins are clamped to the
shaft. Since the auto-collimator is located on the calibrator flow
axis, it is then used to optically align the plane of the two location
pins with the flow axis and record the dial reading. The reading,
when wire No. 1 is perpendicular to the flow, is defined as 9]. Thus,
aided by the optical equipment, the hot wire probe can be removed from
the ceciibrator and installed in the wind tunnel with known angular
reference to the test hardware and the absolute flow angle in the
cascade can then be recorded during test. Similarly, the probe can

be re-inserted in the calibrator and calibration checks can be per-
formed at the same angular settings as before.

Hot wire calibrations were performed frequently

oD

over the past three years of this project and were beset by several
problems. The calibrator was initially hooked to the shop air supply
available in the test cell. The hot wire data from the first series
of wind tunnel tests performed in June 1974 were not usable because
the hot wire sensors were coated with small dirt particles after the

tests. Figures 51 and 52 show a 40X magnification of the sensors
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before testing and after several hours of air flow. Subsequent invest-
igations reveal that the sensors and supports were coated with oil and
consequently picked up foreign particles passing through the tunnel

and thus making the data unusable. The sensor became coated with oil
during calibration from oil entrained in the shop air supply. In fact,
a pool of oil was found in the calibrator settling chamber during dis-
assembly. The oil film on the sensors apparently reached a stable
thickness during calibration with the clean but oily air since the
calibration curves were repeatable. The complete calibration system
was subsequently moved to another building which had a clean air supply
from a Gardner Denver Company Model RL126DL 0il free air compressor.
This removed one source of 0il and dirt contamination, but it was

found that the sensor still required frequent cleaning during wind
tunnel testing.

At the initiation of this project, two types of veloc-
ity sensors were available; a hot film sensor and a hot wire sensor.
The hot film sensor is a platinum film on a quartz rod of 0.002 inch
in diameter. This sensor is very rugged but has a high enough sensi-
tivity to easily measure the flows expected in this wind tunnel. On
the other hand, a hot wire is not only very sensitive to flow changes,
but is also susceptible to damage through handling and foreign object
impingement and to contamination by fluid-borne particles. The first
attempts at velocity measurement were made using the more rugged hot
film. However, a great deal of difficulty was experienced in obtain-

ing smooth or repeatable curves when plotting anemometer output versus
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mass velocity. Further investigation showed that if the mass flow was
held constant and the probe was rotated slowly in the calibrator, the
output was very irregular. These anemometer output curves versus index
angle are shown in Figures 53 and 54 for Wire No. 1 and No. 2 respec-
tively. For Wire No. 1, which is the outermost wire in the x-probe,
two distinct jumps in the curve occurred at approximately 38 and 135°.
The indentation at 88° occurred only for increasing g. For decreasing
g this part of the curve was smooth and continuous. The results for
Wire No. 2 show similar jumps at 48 and 130°, but the peak of the curve
is flattened off because of the Wire No. 1 support interference. These
curves represent neither best nor worst cases, but are typical of many
plots that were made. They can be compared to the curve of Figure 55
which is a typical trace for a hot wire and was made using the same
equipment. In an attempt to determine whether all of the flow irregu-
larities could be attributed to probe support interferences, a probe
with two hot films (0.001 and 0.002 inch in diameter) mounted parallel
to each other and 0.040 inch apart was tested with the same results as
the x-array films. If the probe support interferred, its effect was
small compared to the observed variations. Collis and Williams (1959)
observe that the exponent, n, in the empirical relationship

N, = A + B Re
changes at Reynolds numbers greater than 44 or thereabouts. They be-
lieve this occurs when vortices are shed from the rear of the cylindri-
cal wire. A further experiment was then performed to see if the hot

film behavior could thus be explained. The 0.001 inch diameter film
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was exposed to a free stream and slowly rotated through 120° at several
different velocities. The results are shown in Figure 56. The probe
was rotated in alternate directions for each successive velocity and
the arrows indicate increasing or decreasing g. The curve for Reynolds
number of 19 is quite smooth but the other curves become more erratic
for increasing Reynolds number. The erratic behavior occurred first
when the flow was not perpendicular to the wire. This could seem
reasonable since the effective path over the wire will increase when
the film is yawed, thus increasing the effective Reynolds number. How-
ever, the angle of the onset of erratic flow did not change linearly
with cos B as the velocity was increased. This agrees with the results
of Hanson (1966) who found that the critical Reynolds number based on
the normal velocity component was nearly constant at low angles but
decreased with increasing yaw angle when the angle was in the 40 to
70° range. In addition, in the Reynclds number range of 37 to 74, the
erratic behavior occurred only when the angle g was receding from 90°.
It shouid be emphasized that even though the wire was rotated slowly,
this effect was found repeatedly. This hysteresis effect was left for
later investigation. The overall results agree with the vortex arqu-
ment of Collis and Williams. Therefore, the problem could be and was
solved by using hot wires with a diameter of 0.00015 inch. This kept
the wire Reynolds number below ten for the wind tunnel tests which is
below the vortex shedding range.

The output of a hot wire anemometer is usually fitted

with a King's Law empirical curve.
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Nu=A+B8B Reo'5

The hot wire calibration data were reduced following the methods of
Bearman (1971), Bradshaw (1971), Champagne, Sleicher, and Wehrmann
(1967), and Champagne and Sleicher (1967) using the following relation-

ship:

2

E
i S 0.5
m—l\*’BU

w

Where E¢ is data taken at temperature T¢, and T s the wire tempera-

ture. An equivalent output, E,, at a suitable reference temperature,
To» was then obtained
2 2 T -T
E. =E; .09
o “f T T¢
The wire temperature, Tw, is defined as suggested by the manufacturer,

Thermo Systems Inc. (1973),
R
w
g =1+ Aw (Tw-Tf)

R /Rs is then the overheat ratio. A value of 1.5 was used for these
experiments. The value of A, was determined by taking hot wire data
over a temperature range from 63.2 to 81.3°F at a constant mass flow
rate of 9.25 lb/ftz-sec. The test values are presented in Figure 57
and A is the slope of the best straight line curve fit of the data.
Sensor 1240-9028 had a coefficient of 0.00182/°F giving a wire operat-
ing temperature of 807°R. Since the x-array hot wire probe was used
to measure flow direction as well as velocity, the angle dependence

was determined by calibration. Figure 58 defines the angles between
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the wires and flow. It was assumed throughout this work that the
angle between the wires was 90°.

o * B] = 90

This was done in order to keep the equations from getting messy. This

B8

assumption does not change the results since the data are fitted with
a curve over the usable range.

The hot wire sensors available for this program were
found to have irregularities in the output curves for flow angles in
the 40-50° range which were similar to those observed for hot films
but not as severe. Since this is the usual range chosen for x-arrays,
it was necessary to choose a calibration range of B1 between 60 and 80
where the calibration curve was smooth for both wires. These data are
presented in Figure 59. Hinze (1959) recommends an angular correla-
tion of the form
U™ = Uo2 (sin® & + K% cos® g)
where U, and U  are the effective and free stream velocities and K is
an experimentally determined parameter. The heat dissipated in the
wire (Nusselt No.) is proportional to E2 and from King's Law we obtain

E2 o V"
and since Collis and Williams find n = 0.5 in this Reynolds number
range, we have

£ o ¥
Therefore, the data for Wire No. 1 were fitted with a curve of the form

E8 2 c

= E°8 (sin2 By + K] os2 B])

I Oy amr——
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in the angle range of 60 to 80°. Other exponents were tried but the
eighth power gave the best fit. The percentage change from this curve

and the data points is defined as

= Et - Ec y 100

?* Ea0Es0
and was found to be 3.3%. This represents a change in velocity of
only 0.003% at 100 fps since a wire is not very sensitive to angle
change at high incidence angles. This relationship was used through-
out these tests for the outermost wire of the x-array and proved to be
quite adequate. The cosine multiplier, K, was found to be constant
over the calibration velocity range of 50 to 200 fps and its value is
0.73 which differs markedly from values in the literature. However,
it should be remembered that this value was obtained to correlate a
raw unscaled anemometer output rather than the velocity and, therefore,
should be different.

Friehe and Schwartz (1968) discuss deviations from
the cosine law and find that a good fit for data in a yaw range up to

172 where o is the

60° could be obtained using a linear equation in cos
yaw angle. However, the second wire of the x-array in the present
tests was operated in a B-range of 10-30° which is a yaw angle of
80-60 and thus outside the range of the Friehe and Schwartz data. As
the wire passes through 8 = 0 the wire is parallel to the flow and,
intuitively, the output curve should pass through an inverted spike.

Thus, the data could not be satisfactorily fitted with either a square

or a square root function since it must pass through zero. The data
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were fitted for 10° < 8o < 30° with
Ep =Bsing, +C
where B and C are functions of mass velocity. Equations of this form
matched the data quite well for a range of mass velocities of 4-14 1b/
ft2-sec and was used throughout the tests for the inner wire of the
x-array. However, each of the hot wires was calibrated over the
complete velocity range at both endpoints of the g-range. This pro-
duced anemometer output versus mass velocity curves as in Figures 60
and 61, and each curve was fitted with a fourth order equation over
the mass velocity range from 3.5 to 14. The reader should note that
both correlations for effect of change in 8 are for constant mass
velocity (i.e., a vertical line on Figures 60 or 61) whereas in the
data reduction algorithm the anemometer outputs, which represent
horizontal lines, are known and thus there is no straightforward
interpolation scheme. The flow speed and direction are determined
by a trial and error process. Computational time is minimized by
specifying the mass flow as a function of anemometer output for Wire
No. 1
oV = F = F(E)
and the reverse for Wire No. 2
E = E(F)

In summary, the hot wire bench calibration data were
(a) corrected to the reference temperature, (b) curve fitted for yaw
angle variation, and (c) curve fitted for velocity variation while

the test data was (a) scaled from computer voltage to test cell
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voltage, (b) phase and amplitude corrected, (c) corrected to the ref-
erence temperature, and (d) iterated on to obtain speed and direction.

c. Fourier Analysis

The test data was scaled using the various calibra-
tion curves and techniques discussed in the preceding paragraphs and
then a Fourier analysis was performed on each data channel to not only
obtain such useful information as average values and phase angles, but
also to perform the last phases of data reconstruction and smoothing.
The analysis was performed by using the Fast-Fourier Transform tech-
niques which have been in wide use in acoustic research in the past
decade. See, for example, the papers by Cooley and Tukey (1965),
Helms (1967) and Brigham and Morrow (1967). The transform used for
the test data was written by Brenner (1969) and is based on the work
by Cooley and Tukey. This transform operates on a data array of
NN + 1 points to give all of the Fourier coefficients up to NN/2. In
the present case, NN is 256. There are frequency-dependent amplitude
gains and phase angle changes introduced into the data from the air-
foil static pressure port transmission lines and from the low-pass
filters used during the A/D conversion. The corrections for these
effects were made to the proper Fourier coefficients after the first
Fourier transform after the method of Helms. Also, the shaft encoder
index pulse was set according to the mechanical position of the crank
mechanism. This precedes the corresponding aerodynamic angle of
attack at the cascade by a delta time, VLAG, equal to the inlet
transport time

VLAG = 343 x ft/Vt
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This correction makes all the cascade data a function of a calculated
aerodynamic angle of attack. After all corrections had been made to
the data, the Fourier coefficients were stored and the inverse trans-
form was performed to obtain a set of corrected data. The data could
be quite effectively smoothed during this operation. That is, only
the Fourier coefficients which contained aerodynamic rather than noise
information were retained. The rest were set to zero. Figure 49 was
previously discussed and represents a data reconstruction using the
first twenty terms of both the sine and cosine terms. This can be
compared to Figures 62, 63 and 64 which represent the same test run
but were reconstructed using the first five, ten, and fifteen terms
respectively. A consideration of an asymmetric repetitive sawtooth
shows that it can be quite adequately fitted using the first ten terms
of the series. Indeed, a good representation of a single square wave
can be made using only twenty terms, but these cases represent require-
ments which are more severe than a temporal pressure variation if the
turbulent components are not required. However, it was decided to
include twenty terms so that any sharp pressure variations due to
separation could be indicated even though an investigation of airfoil
separation is Teft for later research. The data reconstructed in this
manner were used for the plots which appear in this report. The
instantaneous 1ift and moment of the airfoil were calculated and also
Fourier analyzed to obtain the Fourier coefficients but, of course,
the inverse transform was not needed and the calculated data remained

unchanged.
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d. Data Presentation

A computer program which reduced the data from the
digitized values to the calculated data bank of pressures, temperature,
velocity, 1ift, and moment was constructed for this experimental pro-
gram. This deck of approximately 3500 cards represented many months
of programming effort. It included provision for making machine plots
in eight different formats and the printed output of all the data
points and/or Fourier analysis results as desired. In addition, the
calculated data array of 28 channels by 256 points was stored on disk
for future use. The IBM 1800 computer was used for all debugging and
shakedown of the complete data acquisition chain because it could be
dedicated completely to this project as required. In addition, it
could be operated outside of normal laboratory duty hours. However,
the machine time for the reduction of one test was 20 to 30 minutes
on this machine so the majority of the production runs were performed
on an IBM 370 which reduced the required time by a factor of about 50.

5. Data Correlation

The reduced data array for all twenty-eight channels of
test data was stored on disk in the IBM 1800. Thus, machine plots
could be remade or the data could be plotted with a new format. In
addition, particular values from all of the tests could be cross-
plotted. This feature proved to be quite valuable. Most of the
difficulty in this step was introduced by using two different computer
systems which write in completely different formats. Most of the pro-
gramming for this part of the data handling was done by a co-worker

and is described in detail by High (1974).
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B. System Performance

The data acquisition system was assembled over a three year
time period and represents a considerable investment in time and
equipment. Therefore, periodic checks were made to give some estima-
tion of the accuracy of the system in transmitting data.

The initial runs were considered successful if a recognizable
signal could be obtained after data reduction. However, rapid improve-
ment was made to an accuracy plateau of +2%. Further improvement was
then obtained by maintaining reasonably constant temperatures during
testing in both the control room and FM recording station. While these
temperature variations did not affect the level of the analog channels
as much as the encoder channels, their effect on system accuracy was
quite pronounced.

Later, during one set of checkout runs, the airfoil pressure
transducers were not required. Therefore, these twenty channels were
ganged together to a 4.6 volt wave generator phase-locked to the wind
tunnel crank. The output of this generator contained all frequencies
up to the tenth harmonic. A total of sixty-two test runs were recorded
and extended over one hour and forty-five minutes test period with
calibration runs at the beginning and end. This test period was allow-
ed to be over twice as long as any other test period to check on the
drift of the complete data system. The deviation of each channel dur-
ing the entire test period was less than 1% of the amplitude, whereas
the channel-to-channel deviation during each run was less than 2%.

The final calibration runs were calculated using the machine values
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from initial calibration runs and were found to agree with the input
within +0.4%. The single channel drift of less than 1% was certainly
acceptable while the inter-channel deviation of 2% is an indication of
the complete system linearity. This percentage was determined by
comparing the calculated fundamental amplitude for each channel. This
fundamental is thus composed of data at all voltage levels between
+4.6 volts and is affected by frequencies up to the tenth harmonic.

A further improvement has been made by changing the A/D con-
version from eight to eleven bit resolution and the inter-channel
deyiation is now less than 1 1/2% of the maximum test range used in
these tests. Still greater accuracy can be attained by replacing the
two channels (14 and 19) which consistently established the deviation
range and by carefully scaling all of the channels to use the full
voltage range of the A/D converter.

This method of data acquisition has a slow turn-around time
because of the amount of work required after the wind tunnel tests had
been run. A group of eight to ten wind tunnel tests, which took about
thirty minutes to perform, required from two to twenty hours for A/D
conversion, cycle averaging, and preparation of the input cards before
the data could be reduced. Consequently, the minimum turn-around time
for the results of one day of testing was one week.

This complete data acquisition system has been debugged and
the complete system has been used for three major blocks of test data.
An overall accuracy of 1-2% has been demonstrated and further improve-
ments can be made if necessary. Therefore, the system is immediately

available for future tests.




CHAPTER V. EXPERIMENTAL DATA

The construction and operation of a wind tunnel requires atten-
tion to a multitude of small details if consistent and accurate aero-
dyamic data are to be obtained. Shakedown periods of several months
to years are not uncommon and this wind tunnel was no exception. Some
of the difficulties encountered during the first fifteen months of
tunnel operation have been discussed along with the fixes used. There
remains a great deal of work to be done to completely define the
operating points of this tunnel, but some aerodynamic data can now be
presented. A1l of the pressure data used in this report was taken on
February 21, 1975 when a total of 120 test runs was conducted. The
velocity data were taken on November 26-27, 1974. The range of test
variables presented in this dissertation are as follows:

1. Mean angle of attack 6 - 12°

2. Cascade pressure drop 1.5 - 5 in H20

3. Oscillating frequency 0.2 - 16 hz
These data were reduced during the weeks following the tests with the
major portion being done on March 12, 1975. Since the field of un-
steady flow in cascades is rather new and this is a unique test, there
is no standard data presentation format. Therefore, detailed data from
selected runs will be presented in several different plots and enough

runs will be selected to indicate the trends in the data changes.
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In particular, the runs at the end points of the test variables will
be presented. In addition, several cross-correlations of selected
values will be made which will include the results of all the data
runs.
A. Inlet Flow

This wind tunnel is unique because of its ability to generate
a variable direction flow. The difficulties in using hot wire equip-
ment in the relatively dirty basement atmosphere where the test cell is
located have been discussed previously. During the February 21 test
runs, the wires were again contaminated from an excessive amount of
humidity in the basement and dirt outside the test area. Therefore,
velocity data from runs made on November 26-27, 1974 will be shown. It
should be noted that these runs were made before the fix for a variable
plenum pressure was made so that the fluctuation in magnitude may not
be accurate, but it seems a variable cascade back pressure would have
little if any effect on the measured flow angle upstream of the cas-
cade. The velocity and direction history for one period of the tunnel
oscillation at a low frequency are shown in Figures 65, 66, 67, and
68 for mean angles of attack of 6, &, 10, and 12° respectively, and at
a constant total to static cascade pressure drop of 0.182 psid. This
would correspond to a velocity of 150 fps if the cascade was not there.
The start of the plot (THETA = 0) corresponds to the inlet being at
maximum angle of attack. The data were taken 1.7 inches in front of

the leading edge at which point the flow had undergone considerable

ydjustment in direction. The fluctuation in flow magnitude was less
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than +2 1/2% which corresponds to +5% change in Q. The average veloc-
ity increased with increased turning angle as expected. The flow direc-
tion can be seen to vary quite regularly. The variation of approximate-
ly +7 1/2° 1is greater than the design of +5 3/4° and the average angle
of attack is smaller than if no cascade were present, but this can be
the result of interactions with the cascade and remains to be investi-
gated further. However, it does show that the wind tunnel generates a
smooth and controllable variation in flow direction with only a small
variation in the magnitude of the velocity. The incidence angle is
much more regular than that shown by Peacock (1974) but that test util-
izes distortion screens which produce static pressure variations of 50%
of Q and total pressure variation of 100% of Q. The incidence vari-
ation of Commerford and Carta (1974) is also irregular.

The turbulence level in the wind tunnel was obtained at both
1.4 and 10 hz oscillation frequencies. The hot wire probe was tra-
versed from mid-tunnel to one-fourth inch from the wall. A boundary
layer probe was not available so that the wall flow could not be inves-
tigated. A 1.3 to 2.5% rms turbulence level, Jii?VN’ was found at the
high oscillation frequency with a Tinear increase from the 1.3% value
at the center of the tunnel to 2.5% close to the wall. These values
were reduced by approximately 10 to 30% by reducing the oscillation
frequency to 1.4 hz. Using this data, it was concluded that the test
section flow was probably turbulent for all of the data runs.

The circular side plates of the wind tunnel had wall static

ports along the leading edge line and trailing edge line of the cascade.
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These were situated in the flow passages between the blades and can be
seen in Figure 21. During cascade tests, dynamic pressure data were
taken on each of the two ports along the leading edge which are one and
one half passageways from the center airfoil. They were identified in
the data as an upper wall static (top of the picture) and a lower wall
static. In Figure 21, the flow approaches the cascade from the left
at 30° above the horizontal. In addition, one of the leveling holes
used for cascade alignment was fitted with a static port by drilling
the plug for the hole and was identified as the upstream wall static.
This port was located about three-fourths of a chord length upstream of
the center airfoil and close to the airfoil axis. This position can
also be identified in Figure 21; however, the photo was taken before
drilling the static hole in the alignment hole plug.

The results during tunnel operation at 10° mean angle of
attack are shown in Figures 69, 70, and 71 for frequencies of 0.2,
6.14, and 16.21 hz respectively which covers the range from steady
state to maximum oscillation rate. The plots show one oscillation
period and a suitable pressure range. The pressure variation is larg-
est for the upstream position and is +7% of Q at steady state and +9%
at maximum frequency. It is out of phase with the velocity head varia-
tions shown earlier and is also larger (7% versus 5%). The wall pres-
sure variations at the cascade leading edge, on the other hand, are in
the +4-6% range. Thus, much of the variation in tunnel side wall pres-
sure may be due to a change in velocity magnitude with the total head

relatively constant. The plenum pressure variation is also shown in
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these figures and is small as previously discussed. Similar data for

a 6° angle of attack is shown in Figure 72 and shows a phase change

for the upper wall static pressure. This illustrates the cascade end
wall problem which caused some of the variable back pressure. This
effect occurred primarily at low angles of attack and did not have a
large effect on the other two pressure traces which still have the same
shape and amount of fluctuation. This problem can be solved by a vari-
able end wall bleed similar to the fix used for the variable back pres-
sure problem but, due to the scope of the required effort, is left for
a later program. The unsteady flow in this inlet is an exceedingly
complex flow problem and more experimental and analytical work is
planned.

B. Airfoil Pressure Profiles

The range of test variables was specified at the beginning of
this chapter and in general was done by maintaining a constant pressure
drop across the cascade (measured from the atmosphere to the plenum)
and taking data at 8-10 frequency settings. A new pressure drop was
then chosen and the frequency settings were repeated. The tunnel flow
was then terminated and a new mean angle of attack setting was made,
and the above procedure was then repeated. In this manner, a series of
frequency runs was made at each of four mean angles of attack. The
pressure drops were chosen to correspond to nominal tunnel velocities,
VN, of 150 and 110 fps. This is defined as the velocity which would

exist if no cascade were present. At one blade setting, ay = 10°, two

additional sets of runs at pressure drops corresponding to 134 and 82
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fps were accomplished. The detailed pressure profile data from the
runs at each end of the frequency groups are presented in Figures 74
to 124.

The pressure port numbering system was established early in
the program and was maintained throughout the data reduction and is
used on the plots that follow. The key to the port location is given
in Figure 73 with the ports from 1-10 on the pressure surface and
those from 11-20 on the suction surface.

Figure 74 shows the time history of each pressure port on the
airfoil during one complete oscillation of the inlet at ay = 6°, ft =
0.2, and VN = 150. Normalized times, TN, of 0 and 1.0 correspond to
maximum angle of attack. The average pressure, Eh, for each port is
listed in the center of the figure and only the variation from this
average is plotted. The group of plots on the left of the figure is
for the pressure surface and those on the right for the suction sur-
face. It can be noted that the leading edge pressure is a maximum on
the pressure surface for a maximum angle of attack and is the reverse
on the suction surface as expected. On the pressure surface, the
magnitude of the oscillation decreases along the chord starting from
the leading edge and thg pressure is constant at the trailing edge.
On the other hand, the pressure fluctuations on the suction surface
decrease from a maximum at the leading edge to zero at mid-chord and
then increase from zero at mid-chord to the trailing edge. The fluctu-
ations near the leading edge are out of phase with those near the

trailing edge on this surface. Since ft = 0.2 hz, this is quasi-steady
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operation, but the same variations will be observed for higher fre-
quencies and other velocity and oy values.

Commerford and Carta (1974) in their isolated airfoil test
case at higner reduced frequencies have shown a gradual reduction in
pressure fluctuation along the chord to zero at the trailing edge, and
a decrease in phase angle from the leading edge to mid-chord and then
an increase but not a change in phase. The large phase shift on the
suction surface in the present test, as well as the increase in fluctu-
ation magnitude, may be due to a cascade effect. The change in phase
angle will be discussed later. However, when this change in phase
angle was first noted in mid-1974, a short investigation was conducted
to determine if a vortice or region of backflow was being induced by
the unsteady flow in the corner formed by an airfoil and the side wall.
The side wall and both surfaces of the airfoil were painted with lines
of pigmented o0il. The 0il streaks thus obtained indicated there were
no unusual flow patterns in the corner. However, a more thorough in-
vestigation should be done in the future.

Fleeter (1975) also obtained a chordwise reduction in pressure
fluctuation for a cascade in supersonic flow. The cascade rig is
described by Novick, et al (1975) and variable incidence was obtained
by mechanical oscillation of the upstream wedge to change the shock
angle.

Figure 75 presents the data as instantaneous pressure profiles
for the pressure surface on the left and suction surface on the right.

The profiles are shown for sixteen time slices in each of two
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oscillations of the inlet, with the pressure zero point displaced one
division for each succeeding time slice. The inlet position is indi-
cated for reference as a cosine curve versus time in the middle of the
plot. Two symbols are used to identify the curves at each half-cycle
with the proper zero point on the y-axis. The x-axis is proportional
to the airfoil chord and each curve consists of the ten values of
pressure on that surface connected by straight lines. This plot will
be used to demonstrate the inter-relationships of various pressure
fluctuations.

A third presentation of the same data is given in Figure 76.
During data analysis, each pressure channel, n, was Fourier analyzed
and the average value, Eh, along with the first twenty terms of the

Fourier series were retained.

— &0

pn = pn + ki] (an’k cos 2n k TN + bn,k sin 2m k TN)

The average for one period, Eh, is normalized

Pn = (PN - Preg)/Q
and is shown in the upper part of the plot to give an average pressure
profile for the complete cycle for each airfoil surface. The normal-
ization factor is the total-to-static pressure drop across the cascade
previously defined. The fundamental of the pressure fluctuation is
obtained from the finite Fourier series as

0py,1 = ((ag )2 + (b, )9)1/2
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and normalized

8Py,1 = (8P 7 = Prag)/Q
and shown in the lower half of the plot. The Fh profile is similar to
what would be expected in a stationary cascade. The curves can reason-
ably be extended to join up at the reference pressure at the trailing

edge and thus satisfy a mean Kutta condition. The AP, 1 curves show a

gradual decrease on the pressure surface as previously discussed but
the suction surface curve "bounces off" the x-axis where it changes
phase. The large fluctuation of APy1,1 near the trailing edge requires
that a sharp change in pressure be made in the remaining 11% of the
chord to satisfy the classical Kutta condition of zero pressure diff-
erential. A change of frequency to 16.2 hz is shown in Figures 77, 78,
and 79. A comparison of Figures 77 and 74 shows that the frequency
change has caused a phase shift along the chord on the pressure surface
which indicates a pressure wave traveling down the surface. The aver-
age pressure curves in Figure 79 are almost identical to those in

Figure 76, while the fluctuating Component APn has changed consider-

o
ably with smaller fluctuations at both the leading and trailing edges.

Figures 80 through 85 give data for «, = 6° and VN = 109 fps.

M
The same trends can be identified in this data as for the higher
velocity.

The data for oy = 8° are given in Figures 86 through 97 and for
Oy = 10° in Figures 98 through 112. Four different nominal velocity
settings were used at o = 10° and the results for the lowest one, 82

fps, are shown in Figures 110, 111, and 112. The pressure histories
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and time slices are not as regular as they are for higher velocities.
However, the pressure variations being measured were quite small.
For example, full scale on Figure 110 is 0.44 inches of water. The
data was shown to agree in general with the data at higher velocities
but with a 1ot of scatter. Even so, the normalized curves in Fig-
ure 112 are smooth and in good agreement with the previous curves.
Thus, data could be obtained at this and lower velocities if more
than eight cycles were averaged to cancel out the noise.

The data for o = 12° is shown in Figures 113 through 124.
In this set of data it can be noted that aP,, at the suction sur-
face no longer has a sinusoidal shape (Figures 113, 119). This is
confirmed by Figures 114 and 120 which show abrupt changes in the
pressure profiles and we can conclude that the leading edge is
separating for part of the cycle. The separation is not affected
by changing velocity (compare Figure 115 to 121) but is affected by
changing frequency (compare Figure 115 to 118 and 121 to 124). How-
ever, this same effect can be seen by comparing data for non-separated
cases. The problems of unsteady cascade flow are formidable at best
and the problem of separated unsteady flow will be left for a later
investigation.

The fundamental pressure fluctuations, APn,], have changed

with angle of attack. This can be seen by comparing Figures 79, 91,
103, and 118. In particular, the fluctuations at the leading and
trailing edges of the suction surface have decreased with increasing

oy and increased loading. In fact, at the highest loading, Figure 118
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shows that both the average and fluctuating pressure profiles will
require little adjustment to meet at the trailing edge.

Satyanarayana, Henderson, and Gostelow (1974) found that, for
a cascade in their fluctuating wall wind tunnel, the instantaneous
static pressure difference tended to zero at the trailing edge. This
was obvious in the present tests only for high loading. The high
fluctuating pressure component on the suction surface with virtually
no pressure fluctuation on the pressure surface has been previously
noted for low angle of attack.

The average pressure profiles were compared to data obtained
for another double circular arc airfoil in a steady flow wind tunnel
to determine if the tunnel, cascade, and data acquisition system were
giving realistic results. This tie to past experience is necessary to
establish credibility of this experiment since it represents an unusual
method of testing. However, the objective of this first series of
tests was to determine if a variable flow direction in a lTow frequency
range had any qualitative effect on airfoil performance. If the
results confirmed the initial postulation that there would be unsteady
effects and that they would be different than oscillating airfoils,
then detailed tests would have to be carried out to establish the
steady performance of the cascade as well as the inlet and wake flow
patterns.

Experimental data were obtained (Rockenback 1973) for a steady
cascade with a higher Mach number (0.317 versus 0.13), lower thickness

(9% versus 10.2%), less turning (10° versus 12°), and higher space-
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chord ratio (0.833 versus 0.819). The normalized pressure profiles are
shown in Figure 125 for the only comparable geometric case and corre-
spond to o = 5° for the steady cascade and X = 6° for the present
work. The profiles are quite similar in shape with the higher loaded
airfoil having larger negative pressure coefficients as expected. Note
that in both cases the pressure profiles near the trailing edge require
rapid adjustment for zero static pressure difference at the edge. This
comparison indicates that the results from the unsteady wind tunnel are
reasonable; however, detailed steady state evaluation will be done in
future testing.

The chordwise changes in phase angle of the pressure profiles
on each surface were noted earlier. A consideration of the phase
angles of the pressure fundamentals, P ;, show that (Figure 126)
there is a change in phase angle on both surfaces. On the pressure
surface the phase angle decreases smoothly from the leading edge to
the traiiing edge while on the suction surface it increases slowly from
the leading edge to midchord, and then jumps as previously noted. The
results are similar for &, = 8, 10, 12° and are shown in Figures 127,
128, and 129 respectively. The phase change on the pressure surface
is only 150° rather than 180°. This jump occurs at smaller x/c for
increased o, at about the same chordwise position as the minimum flow
area. The change in velocity has Tittle effect on the phase angles on
the pressure surface where the wave travels down the airfoil. On the
suction surface the pressure wave would lag by 180° as the frequency

approaches zero due to the reference frame chosen. On this surface,




near the leading edge, a pressure wave which leads the oncoming flow
moves from midchord to the leading edge. The speed of these waves
seem to be unaffected by change in tunnel velocity, VN’ and can be
estimated from the plots. The speed of the anticipatory wave on the
suction surface ranges from 45 to 70 fps for VN = 150 fps and from 45
to 200 fps for VN = 109. The wave speed on the pressure surface
increases with loading and ranges from 20 to 60 fps. A phase angle
plot for variable frequency and constant flow velocity is shown in
Figure 130 and shows that the suction surface wave speed is a function
of ft since it keeps the same shape and is probably induced by the
oncoming flow. The wave speed on the pressure surface is about the
same for all the frequencies chosen. It is dependent on % and may be
an acoustic or vorticity phenomena since it travels at 2-6% of sonic
velocity. Further study on both of these waves should be done.

C. Airfoil Pressure Correlations

The normalized average pressures for one angle of attack,
@, = 6°, and for various velocities and oscillation frequencies are
shown in Figures 131 through 135. Each figure has a plot for two
adjacent pressure ports on the suction surface on the upper half of
the plot and the corresponding ports on the pressure surface on the
lower half of the plot. The first plot starts with the leading edge
group and the fifth plot has the trailing edge group. The data is
plotted against reduced frequency. The data collapses to nearly a
straight line for each pressure port indicating that the average

normalized pressures on the airfoil have only a second-order
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dependence, if any, on velocity or oscillation frequency. This is
true for the entire set of tests and will become apparent when dis-
cussing 1ift and moment.
The normalized fundamental pressure amplitude, APn’], is
shown in a similar manner for o = 6° in Figures 136 through 140.
Apn,] decreases with increasing w from the leading edge to midchord
and can be fitted with a second order curve which is concave up.
From midchord to the trailing edge the curve fit is concave down
as it is for the entire pressure surface except the trailing edge
where the fluctuation is close to zero. The data follows this
pattern for the other values of o - Data correlation with reduced
frequency is excellent except for the suction surface trailina edge.
A similar set of data is presented in Figures 141 through
150, Figures 151 through 160, and Figures 161 through 170 for o = 8,
10, and 12° respectively. Three sets of velocity data were used
for o = 10°. A11 of the data follows the same pattern and is remark-
ably consistent.

D. Comparison to Whitehead Theory

A theoretical calculation for the unsteady conditions of this
wind tunnel and for this cascade at o = 6° was obtained (Whitehead
1974). The theory is for unsteady flow through an infinite two-
dimensional cascade of flat nlate blades at zero mean incidence. A
complex unsteady potential with a vorticity disturbance convected
at the mainstream velocity impinges on the cascade. Since this is

a flat plate, the fluctuating pressure profile is chosen as the
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pressure jump across the blade and is normalized

AP s AP
VN VC/Zg

The results are plotted against chord position and are shown as the
solid lines in Figure 171 for two reduced frequencies. The pressure
jumps obtained in the present tests at B = 6° and VN = 150 fps, are
also shown and the agreement is excellent near the leading edge. The
theory indicates a slight increase in AP with increased ft whereas

the reverse was found experimentally. Near the trailing edge the
agreement is not as good. The experimental data passes through a
minimum near midchord as previously noted and diverges from the theory
near the trailing edge. However, this could result from viscous and
wake effects and also from the large trailing edge average pressure
differential for light loads which this airfoil exhibits. Airfoils
without this characteristic may provide better agreement. For compara-
tive purposes, data at o = 10° was also plotted. In this case, the
loading has reduced the variation at the trailing edge but the data
still passes through a midchord minimum. Even though some modification
may be necessary to satisfactorily explain this phenomena, it is
encouraging to find that the experimental data are in agreement with
theory near the leading edge where the potential flow predominates.

E. Lift and Moment

The instantaneous values of pressure on the airfoil surface
can be used to calculate the 1ift or normal force, L, and moment, M,

about the airfoil center. The moment and 1ift calculations were made
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assuming that the pressure at each static port was constant to midway
to the next port. The pressures near the leading and trailing edges
were assumed constant to the edge. No attempt was made to fit a curve
to the pressure prefile since the trailing edge pressure varies sharply.
Nevertheless, these calculated values can be used to study the aero-
dynamic hysteresis of the airfoil due to unsteady flow.

A nominal flow direction can be calculated as the direction
which would exist if the cascade were removed and the directional
change convected through the inlet at local velocity. A plot of lift,
moment, and pressure against this calculated flow direction at a Tow
oscillation frequency is shown in Figure 172. Each static port is
represented by a small plot and the plots are arranged to correspond
to the physical Tocation on the airfoil. The leading edge is at the
upper left with the pressure surface port below the suction surface
port. The string of plots is broken at midchord and continued below
so that the trailing edge is at the right side in the middle of the
figure. Each plot was made from 256 data values for the fluctuating
component and the symbols are used to indicate direction of flow
angle change. The port identification number is printed in the upper
left corner of each plot. Similar plots for 1ift and moment for a
one inch span of the airfoil are given at the bottom of the figure and
any aerodynamic hysteresis will be indicated by a separation of the
curves for increasing and decreasing angle of attack. There is an
angular range from +2° to 0° wherein the 1ift is constant. An

inspection of the pressure loops shows this to be due to a pressure
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adjustment near the suction surface trailing edge. On the other hand,
the moment varies smoothly throughout the complete cycle which indi-
cates a rapid movement of the center of pressure. A comparison of this
figure with Figures 173 and 174 for B ™ 8 and 10°, respectively, shows
that the flat spot has moved to -2° to -4°. Thus, it occurs at the same
instantaneous angle of attack range of approximately 8°-6°. A compari-
son of Figures 174 through 182 for e 10° and increasing oscillation
frequency indicates that this flat spot occurs at a higher angle of
attack for increasing o than for decreasing o. This is the most signif-
icant hysteresis in this series of tests. The trailing edge flow field
-adjustment mechanism involved here should be studied further tec success-
fully explain this phenomena.

The hysteresis curves are markedly affected by the choice of
inlet flow phase angle because the data is taken in a cyclic fashion.
The wrong choice would cause hysteresis even at steady state. There-
fore, we should take particular note of the change in hysteresis as
the oscillation frequency is increased. This can be done by comparing
Figures 174 through 182 for an increase of ft in steps from 0.2 to
16.2 hz. The amplitude of the fluctuating 1ift and moment fundamentals
have changed and the 1ift curve still has a flat spot but there is
remarkably little hysteresis change. In fact, for o " 6, 8, and 10°,
the 1ift phase angle changed by 14° or less for frequency changes of
0.2 to 16 and the moment phase angle by 9° or less. This represents
a reduced frequency range from 0.001 to 0.108 where other investigators

have found large hysteresis loops while oscillating airfoils rather
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than oscillating the flow. The absolute values of both parameters were
always between +17° and -3°. For T 12°, where we previously noted
a leading edge separation, the 1ift and moment phase angle changes were
19.7° and 15.6°, respectively. The maximum calculated phase difference
between the Tift and moment for this complete set of tests was 9°.
Thus, the 1ift and moment are in phase.

A set of aerodynamic coefficients for this set of airfoils is

presented in Table 2. A 1ift coefficient is defined as

C, = L
L Wy V729144

where L is in 1b and V. is the velocity induced by the perturbation

C
and is given by

Ve = Yy [sin ap - sin (q, - 5.75)]
Similarly, a moment coefficient is defined

Gy = M
M~ 2,V vV /ag-14a

The 1ift coefficient can be represented as a combination of a steady
v
part, C , and an unsteady part, C
b "
CL = CL + CL
Similarly, the normalized moment is

N
G = Ty + Gy
We can also define the time-average position of the center of pressure

as P - Eﬁ

Q
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The data from the present set of tests show CP to be independent of
oscillation frequency. Its dependence on mean angle of attack is shown
in Figure 183. Using the phase and fluctuation relationships of the

1ift and moment, the range of the instantaneous center of pressure

can be calculated and is also presented in Table 2 with only the
fundamentals of the 1ift and moment being taken into account. The
ends of the range, cp],+ and CP1’_, correspond to maximum and minimum
angle of attack and are in fractions of the half-chord. This range
decreases as the frequency increases.

A plot of both steady and unsteady 1ift components versus
reduced frequency are given in Figure 184 which shows that the steady
l1ift coefficient, CL, is primarily dependent on angle of attack as
expected with only a slight dependence on ft' Figure 185 shows that
the moment is dependent on o, velocity, and ft in much the same
fashion. This illustrates that the average individual pressures
have only a small dependence on velocity and ft as pointed out
earlier. It should be remembered that the calculated Tift and

moment are from incremental average pressure on the airfoil.
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CHAPTER VI
INTERPRETATION OF RESULTS AND RECOMMENDATIONS

A wind tunnel has been built which gives a nearly sinusoidal vari-
ation in flow direction with small change in flow magnitude. Tests were
conducted at low reduced frequencies and the data show that the pres-
sures around the airfoil are adjusted through pressure waves on both
surfaces which travel at a much slower speed than sonic velocity. These
induced pressure waves affect the airfoil performance and should be con-
sidered in theoretical studies. Since the assumption of incompressible
flow implies that adjustment to a flow disturbarce by means of acoustic
waves is instantaneous throughout the field, this assumption may have to
be altered for unsteady flow.

Sinusoidal type pressure fluctuations were obtained over most of
both surfaces of the airfoil. The pressure traces on the pressure sur-
faces show small fluctuations due to the turbulent nature of the flow
and depart somewhat from sinusoidal near the leading edge. This may be
due to shifting of the leading edge stagnation point during the cycle.
The smoothest pressure traces were on the suction surface near the
leading edge. The flow is accelerated as it flows around the leading
edge and this reduces the turbulent fluctuations. However, when the
flow nears the trailing ~dge, the boundary layer has developed and

vorticity is being shed into the stream making the pressure traces more
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irregular. Also, the length of the finite Fourier series (20 terms)
allows some of the turbulent noise to be retained.

The pressure profiles obtained for this airfoil show a smooth
approach to the trailing edge only for high loadings and then only in
the mean. Instantaneous pressure differentials at 89% chord position
reached 0.10 Q but these are also reduced by loading. This is in
opposition to the data for a single airfoil (Homes 1973) and a cascade
of airfoils (Satyanarayana et al 1974) in a wavy-wall tunnel which
showed static pressure differentials which tended to zero at the trail-
ing edge. However, it must be remembered that those airfoils were
symmetrical and that the wavy-wall may have a noticeable effect on the
trailing edge pressure fluctuations. For example, during the present
tests it was found that a variable back pressure had a larger effect on
the suction surface than it did on the pressure surface. Thus, great
care must be taken when establishing the cascade exit conditions.

The normalized average pressures showed 1ittle dependence on
velocity and oscillation frequency and provided average pressure pro-
files which would be expected in a steady flow cascade for similar
conditions. However, the reduced frequencies for these tests are low
and a deviation from this might be observed if tests at higher w are
run. The crank mechanism was designed for a maximum oscillation fre-
quency of 30 hz at +5.75° amplitude. The next series of tests should
be run at higher reduced frequencies to determine if the average and
unsteady pressures are affected. In addition, still higher reduced
frequencies can be obtained by reducing the oscillation amplitude so

that the stress levels remain the same.
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During these additional tests, the flow velocity can also be in-
creased so that the reduced frequency remains constant but the Reynolds
number increases and thus investigate any Reynolds number dependence
which may exist. It was shown earlier that the change in Reynolds
number had only a small effect on the cascade pressure loss, but the
pressure fluctuations near the trailing edge may be quite dependent on
Re since that appears to be a boundary layer and vorticity phenomena.
However, a larger range in R, is required to make that determination.

On the pressure surface, a pressure wave travels from leading edge
to trailing edge at a speed (2-6% of sonic velocity) which increases
with increasing o, and does not depend on free stream velocity. The
unsteady pressure amplitude steadily decreases from leading edge to
near zero at the trailing edge for any set of flow conditions. At any
point on the airfoil, this amplitude decreases with increased reduced
frequency except past mid-chord where it first increases to a maximum
at w =0.05 and then decreases.

On the suction surface, a pressure wave leads the incident flow
and travels from mid-chord to the leading edge and would seem to be
induced by the inlet flow. The amplitude of the unsteady pressure
decreases from the leading edge to zero at near mid-chord. Downstream
of mid-chord, the phase angle shifts by 150-180° depending on oscilla-
tion frequency. This shift occurs at smaller x/c for increased o and
coincides approximately with the minimum flow area of the blade channel.
The unsteady pressure amplitude increases from mid-chord to the trail-

ing edge and decreases with increased loading. The unsteady pressure
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amplitude at any chord position decreases with increased w except past
mid-chord where, like the pressure surface, it first increases to a
maximum at w =0.05 and then decreases as it did on the pressure surface.
This increase is small and may be peculiar to the tunnel operation.

The similarity of the phase angle and w dependence of the unsteady
pressure variations on the two surfaces past mid-chord suggests that
the flow should be analyzed as channel flow rather than as airfoil in
the middle of a stream.

The steady 1ift and moment increase with increased angle of attack
and also show a small increase for an increase in velocity. The
unsteady components, on the other hand, show a small decrease with
increasing angle of attack. They also vary slightly with velocity, and
decrease with increasing oscillation frequency.

There are no large hysteresis loops in the 1ift and moment curves
as was shown in oscillating airfoil experiments. The unsteady 1ift and
moment are in-phase, have a decreasing amplitude with increasing fio
but show Tittle change in phase angle with fy. This can be compared to
the decreasing amplitude but increasing phase lag found by Satyanarayana
et al (1974) in their wavy-wall tunnel.

The 1ift curve does have a flat spot wherein the 1ift is constant.
This occurred during each cycle between calculated incidence angles of
+2° and 0° (the actual incidence angle is lower) where a cascade is
normally expected to have a smooth 1ift curve. This flat spot seems to
connect two 1ift curves which are otherwise smooth and occurs when the

suction surface pressure profile is undergoing rapid adjustment,
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especially near the trailing edge. The pressures near the leading edae
vary smoothly during this transition which seems to rule out leading
edge separation or stagnation point movement as a probable cause.

Thus, the trailing edge activity indicates that the 1ift flat spot may
be caused by the wake adjustment for a lightly loaded airfoil with a
small leading edge radius of curvature.

The average center of pressure lies close to mid-chord and changes
with % The instantaneous center of pressure moves through a large
range during each oscillation and moves so that the step in the 1ift
still results in a smooth moment curve.

The average pressure profiles obtained during unsteady flow testing
are similar to profiles obtained from a stationary cascade test of a
similar airfoil. Also, the unsteady pressure nrofiles are in excellent
agreement with a theoretical prediction (Whitehead 1974) near the lead-
ing edge but differ markedly at the trailing edge.

It is difficult to obtain a truly variable direction and a great
deal of work remains to be done to fully explain and define the opera-
tion of this wind tunnel. The pressures and velocities not only vary
cyclically with time but also have non-linear phase relationships with
each other which makes it difficult for the observer to establish any
phenomenological flow patterns. The oncoming flow direction is estab-
lished by the inlet but is adjusted by the cascade near the leading
edge. A three-dimensional mapping should be done in the future to
establish the pressure and velocity variations in the inlet. This, of
course, will then provide one of the boundary conditions for an analyti-

cal description of the cascade flow.
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Future work should also include flow visualization tests in the
cascade to help establish the time sequence of events in the fiow
during each cycle. The present tests have shown that the suction sur-
face trailing edge pressure undergoes large fluctuations while the
pressure surface pressure is nearly constant. Therefore, the position
of the dividing streamline downstream of the airfoil probably varies
during each cycle. This would also imply a temporal variation of the
position of the wake and its profile. A traverse mechanism has been
built into the wind tunnel side plate and will be used to map the
cascade exit flow including the wakes.

This wind tunnel can be used to test compressor cascades of other

airfoil shapes and wili provide useful unsteady flow data.

i




CHAPTER VII
CONCLUSIONS

1. This wind tunnel gives a nearly sinusoidal variation in flow
direction with a small change in flow magnitude and represents a new
method of obtaining experimental data for unsteady flows in cascades.
2. The airfoil average pressures show little dependence on veiocity ¢«
frequency and agree with data obtained from a stationary wind tunnel.
3. The pressure tluctuations over most of both surfaces of the airfoil
was near sinusoidal with the smoothest fluctuations on the suction sur-
face near the leading edge.

4. The instantaneous pressure differential at the trailing edge was
not smooth except at high loading.

5. On the pressure surface the unsteady pressure ampliiude decreased
along the chord to zero at the trailing edge. A pressure wave, which
lags the oncoming flow, travels from the leading to the trailing edge.
The wave speed, which lies between 20 and 60 fps, depends on ap but not
on V.

6. On the suction surface the unsteady pressure amplitude decreases
from the leading edge along the chord to zero near mid-chord. Here,
the fluctuation changes phase and increases toward the trailing edge.

A pressure wave which anticipates the flow angle change moves from mid-

chord to the leading edge. This wave speed is near freestream velocity.
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A pressure wave downstream of mid-chord travels from mid-chord to the
trailing edge.

7. Thus, as a result of 5 and 6 above, the airfoil pressures were
adjusted by slow-moving waves on both surfaces.

8. The steady components of 1ift and moment increase with increasing
% but are independent of test oscillation frequency.

9. The unsteady components of 1ift and moment decrease with increasing
%, and with increasing fy and have a small change in phase angle with
increasing ft-

10. The unsteady pressure profiles are in excellent agreement with

theory near the leading edge.
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Figure 1. Typical compressor flow angles
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Figure 2. Flat plate airfoil




Figure 3.

Figure 4.

Fluidic wind tunnel flow path

Assembled fluidic wind tunnel
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Figure 5.

Figure 6.

Fluidic tunnel flow at 0°

Fluidic tunnel flow at 90°
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Figure 7. Fluidic tunnel flow at 180°

Figure 8. Oscillatory wind tunnel model
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Figure 9. Oscillatory tunnel test set-up

a

Figure 10. Oscillatory tunnel with hot wire in place




Figure 11.

One inch chord vanes
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Figure 13. Preliminary vane test

Figure 14. Test cell filter wall




Figure 15. Control room
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Figure 16. Casc de n osenclature

100




101

~ x
. %
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Figure 17. Cascade flow schematic

Figure 18. Wind tunnel side plates
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Figure 19. Oscillatory inlet

Figure 20. Partially assembled tunnel on assembly jig




Figure 21. Stationary cascade

Figure 22. Rear view of assembled wind tunnel
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Figure 24.

Top view of assembled wind tunnel
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Figure 25. Stanchion

Figure 26.

Assembled wind tunnel
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Figure 28.

Biconvex circular arc cascade
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Figure 29.

Figure 30.
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Pressure surface machining operation

Suction surface machining operation
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Figure 31.

e
Figure 32.

Transducer cluster side view

Pressure transducer clusters
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Figure 33.

Figure 34.

Transducer cluster in left trunion
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Figure 35.

Figure 36.

Auxiliary transducer mounting

Flow control valve outlet
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Figure 37.

Figure 38.

Flow control valve inlet

Plenum muffler box
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Figure 39.

Variable area flow path
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TEST CELL 113

TRANSDUCER
STEP 1 REAL-TIME
WIND TUNNEL TEST ANALOG DATA
FM TAPE
STEP 2 SLOW-TIME
ANALOG TO DIGITAL CONVERSION ANALOG DATA

DIGITAL TAPE

STER 3 DIGITAL
PRIMARY DATA REDUCTION DATA

SINGLE TEST

ouTPUT

STEP 4 REDUCED
DATA CORRELATION DATA

MULTIPLE TEST
OuTPUT

Figure 40. Data acquisition block diagram
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[—_ TRANSDUCER SHAFT TIME CODE
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TEST CELL AMPLIFIER

[ REAL-TIME
STEP 1 RAN ANALOG
DATA

VOLTAGE TO FREQUENCY
CONVERTER

REAL-TIME
FM DATA

Y |
b TAPE TRANSPORT
-

SLOW-TIME
t FM DATA

Y Y

FREQUENCY TO VOLTAGE DBN TIME CODE READER
CONVERTER NETWORK AND SEARCH UNIT
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ELECTRONIC
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COMMAND COMMAND

SLOW-TIME
FILTERED
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HIGH FREQUENCY
OSCILLATOR

Y i Y t

Y DIGITAL COMPUTER INTERFACE

-L DIGITAL TAPE

Figure 41. Data acquisition, step one and step two




Figure 42.

Tape recording room
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STEP 3

STEP 4

116
CARD INPUT: DIGITAL TAPE INPUT:
a. Run Designation a. Run No. 7000 (7001, 7002)
b. Calibration Values Low End Calibration Data
b. Run No. 7010 (7011, 7012)
High End Calibration Data
¢. Run No. 7020 (7021, 7022)

Test Data

PRIMARY DATA REDUCTION:
a. Do N-Cycle Average

b. Scale the Data Using Calibration Data
c. Perform Fourier Analysis

Reduced Data Single Test
Stored on Disk Machine Plots Output

Printed

Multiple Test
Machine Plots

Figure 43. Data acquisition, step three and step four




Figure 44.

Keyboard and video display

Figure 45, DBN breadboard
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Eout

R C, C,
AN —— A i+
By, R
] L i1t
LI § LR |
C, C,
CHANNEL R ¢ ¢, 3 Cy
1 5365 | 0.508 | 0.435 | 1.229 | 0.180
2 5365 | 0.508 | 0.435 | 1.229 | 0.180
3 5365 | 0.508 | 0.435 | 1.229 | 0.180
4 5365 | 0.508 | 0.435 | 1.229 | 0.180
5 5200 | 0.525 | 0.449 | 1.268 | 0.186
6 5100 | 0.535 | 0.458 | 1.293 | 0.190
7 5100 | 0.535 | 0.458 | 1.293 | 0.190

Figure 46.

Electronic low-pass filter design
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Figure 47.

Electronic filter breadboard
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Figure 50.

Hot wire probe support
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Figure 51. Clean hot wires
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Dirty hot wires

Figure 52.
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Figure 57. Hot film anemometer output versus flow total temperature
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Wire No. 1

Wire No. 2

Figure 58. Hot wire angle definition
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Figure 59. Hot wire anemometer output versus flow angle calibration
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Figure 148. Normalized unsteady pressure versus f_, Group 3, °<m = 8°




220
XFuNQ
0.40 CH 147 cH 1371
| VEL, FPS 1
X 1450 ¢ 110
0032 S -+
e ol *h
Q.24 + y
0-16 T +
+ 4
0.08 + T
:Kxﬁ)()(
G L o
Q.00 # t T + —— -+ ?
0-40 CH 47 cH 3t
-1&- e
Q.32 T 3
- 1-
0.-24 + -
-+ +
0-16 + +
b Tb
0-08 T +
O'OO + I i il i } | —

0:00 0:05 0:40 0¢iS 0:00 0:05 010 0¢iS
REDUCED FREQUENCY

Figure 149, Normalized unsteady pressure versus ft’ Group 4, o(m = 8°
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Figure 158. Normalized unsteady pressure versus ft’ Group 3, ol " 10°




230
XFUNQ
Q.40 CH 147 cH 131
| VELs FPS |
X 150 ¢ 10
O 18 134 L
- +
0-.-24 + +
- ﬁh
0-16 + i
+ +
0-08 + +
X é [
P = 154 o o
0-00+ + + t + t t
0-40 ¢ cH 4%t oH 3t
& 4 4
O-E -+ -+ Jr-
0-24 1+ + +
-+ -+ <4
O-is + -+ -+
4 1 )
0.-08 1+ T+ +
%sﬁgauaﬁﬁuko | xBaSageo T
O'OO L - b L

0:00 0:05 0:10 0+1S 000 0:05 040 0-1S
REDUCED FREQUENCY

Figure 159. Normalized unsteady pressure versus ft’ Group 4, Xy ™ 10°
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Figure 162. Normalized average pressure versus ft’ Group 2, " 12°
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Figure 163. Normalized average pressure versus ft’ Group 3, o™ 12°
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Figure 164. Normalized average pressure versus ft’ Group 4, Xy = 12°
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Figure 165. Normalized average pressure versus ft’ Group 5, o 12°
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Figure 166. Normalized unsteady pressure versus ft’ Group 1,c<m = 12°
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Figure 168. Normalized unsteady pressure versus ft’ Group 3, o 12°
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Figure 169. Normalized unsteady pressure versus ft' Group 4,o(m = 12°
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Figure 170. Normalized unsteady pressure versus ft’ Group 5, g " 12°
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Figure 171.

Comparison of experimental data with Whitehead theory
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Figure 172. Pressure, 1ift, and moment hysteresis, Run 7020, ¢ = 6°,
VN = 150 fps, ft = 0.2 hz
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Figure 173. Pressure, 1ift, and moment hysteresis, Run 7220’°<m = 8°,
VN = 150 fps, ft = 0.2 hz
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Figure 174. Pressure, 1ift, and moment hysteresis, Run 7490,
oy = 10% Vy =150 fps, f, = 0.2 hz




246

SUCTION SURFACE

+0-0580

PRESSURE SURFACE

*o"wig KEY

B START CYCLE
O DECR- ALPHA
X INCR- ALPHA

PRESS PORT
DESIGNATION

-0-0848

-6 ALPHA

+

Figure 175. Pressure, 1ift, and moment hysteresis, Run 7500,
«a” 10°, VN = 150 fps, ft = 1.42 hz
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Figure 176. Pressure, 1ift, and moment hysteresis, Run 7510,
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Figure 178. Pressure, 1ift, and moment hysteresis, Run 7530,
&y " 10°, VN = 150 fps, ft = 8.08 hz
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Figure 179. Pressure, 1ift, and moment hysteresis, Run 7540,
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Figure 180. Pressure, 1ift, and moment hysteresis, Run 7550,

g " 10°, VN = 150 fps, ft = 12.01 hz
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Figure 181. Pressure, 1ift, and moment hysteresis, Run 7560,
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Figure 182. Pressure, 1ift, and moment hysteresis, Run 7570,
Ay * 10°, VN = 150 fps, ft = 16.21 hz
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Figure 183. Time-average center of pressure versus angle of attack
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Figure 184.

Lift coefficients versus reduced frequency
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Figure 185. Moment coefficients versus reduced frequency
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