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Unsteady Wake Measurements of Airfoils and Cascades

B. Satyanarayana*
NASA Ames Research Center, Moffett Field, Calif.

In the prediction methods of unsteady response of airfoils and cascades, viscous effects are neglected and the
steady-state, trailing-edge Kutta condition has been assumed, aithough not verified as an acceptable assumption.
An investigation has been undertaken to study the unsteady characteristics of airfoils and cascades at low-
frequency parameters wherein the unsteady pressures, boundary layers, and wakes were measured in the
presence of a sinuscidally varying gust flow. This paper presents mainly the time-mean and time-dependent wake
profiles and comparisons of the wake losses obtained from the unsteady and time mean wake profiles. The
chordwise unsteady pressure differentials are also presented with results showing that the differential approaches
zero at the trailing edge. The experimental unsteady pressure distribution on an airfoil is alsc compared with the
predicted distributions. The amplitudes of the unsteady pressures show good agreement except in the trailing-
edge region; however, the agreement of the phase angle is poor. In the light of further studies, certain errors were
observed in sectional unsteady lift and phase values presented in an earlier report. These values were recitified,

and the corrected resuits are presented in this paper.

Nomenclature
c = airfoil chord
C; =unsteady lift coefficient,

lift ISI c c d( x)
wpCULvy = 0( Plower ”upper) ¢

C, =unsteady pressure coefficient, (p — po) /pUsvy

f = frequency of oscillation, Hz
l.e. =leadingedge

p = static pressure

S = cascade spacing

t.e. =trailing edge

u =velocity at any general point
U. =wake centerline velocity
Ur =wakeedge velocity

U, =gustpropagation velocity
U, =freestream velocity
vy  =transverse gust amplitude

W, =frequency parameter based on freestream velocity and
half-chord, (v¢/2U,,) = (nfc/U)

W, =frequency parameter based on gust propagation
velocity and half-chord, vc/2U,

= axial distance from trailing edge

= vertical distance from chord line

= boundary-layer momentum thickness

= angular frequency, rad/sec

= density

=phase angle between the common reference and the
current reference
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Introduction

ARIOUS theoretical methods are available to predict the

unsteady aerodynamic response of airfoils and
cascades.!” Even the most general of these methods neglect
viscous effects, and the steady-state trailing-edge Kutta
condition is assumed, although not accepted as a valid
condition. In recent years, with the development of in-
strumentation for dynamic measurements, some experimental
results have become available for isolated airfoils to check the
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validity of the predicted results.>® However, no direct ex-
perimental results (such as unsteady pressure distribution or
lift) have been available to check the unsteady aerodynamic
characteristics of cascades.

The flow in a turbomachine is basically unsteady. The
profile losses of cascades under such conditions differ from
profile losses measured under steady conditions. Reference 7
shows that profile losses in an unsteady flow increase,
compared with steady flow, due both to equilization of the
wake downstream of the exciting cascade and to the in-
teractions of the wake with the boundary layer. Therefore, it
is important to study the wake in detail to understand the
mechanism of the flow.

Experimental investigations of unsteady flow past airfoils
and cascades were undertaken at the Engineering Department,
University of Cambridge, England, to systematically fill this
gap at low-frequency parameters. Unsteady pressures,
boundary layers, and wakes were measured in the presence of
a sinusoidally varying gust flow.? Unsteady flow visualization
studies were also carried out to help understand the flow
mechanism. Some of the results of the unsteady pressure
measurements were presented in Ref. 9 showing that the
contributions of neighboring cascade blades in an unsteady
flow environment are significant. The unsteady boundary-
layer measurements were reported in Ref. 10 explaining
certain discrepancies observed during unsteady pressure
measurements. °

In the present paper, the time-mean and time-dependent
wake profiles of an airfoil and airfoils in cascades are
presented, and the unsteady wake losses are compared with
those obtained from time-mean wake profiles. The predicted
unsteady pressure distribution on an airfoil is compared with
experimental results. Unsteady pressure differentials near the
trailing-edge region are also presented, experimentally
confirming the trailing-edge condition at low-frequency
parameters. The experimental unsteady lift and phase results
(presented in Ref. 9) are discussed in the light of further in-
vestigations.

Experimental Appartus

This section briefly describes the unsteady wind tunnel and
its characteristics,>'! as well as the instrumentation and
experimental techniques. >'® The experiments were conducted
in a gust tunnel in which sinusoidal gusts were generated in a
specially built 2.74-m-length (9 ft) test section whose upper
and lower surfaces were flexible metal sheets (Fig. 1). These
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Fig.2 Airfoil section and static hole locations.

surfaces were deformed in the form of a sinewave by a system
of cams; appropriate rotation of the cams caused the sinewave
to move in the direction of the airflow. If the upper and lower
surfaces were in phase, a transverse gust was produced; if the
phase difference was 180°, a streamwise gust was produced.
The tunnel had a width of 45.7 cm (18 in.) and a height of 68.6
cm (27 in.) in the transverse gust configuration. ‘

The basic airfoil employed in these experiments was an
unchambered NGTE 10C4 section of 15.24 cm (6 in.) chord
and 45.72 cm (18 in.) span. The maximum thickness-to-chord
ratio was 10%. An isolated airfoil and a cascade' of five
airfoils with a space/chord ratio of 0.707 and stagger angle of
45° were selected for the boundary-layer and wake
measurements. The airfoils were firmly mounted between two
parallel side walls in the central position of the test section.
Boundary-layer roughness formed by randomly distributed
glass balls of 0.356 mm (0.014 in.) diameter was applied over
the central three airfoils over a width of 4.76 mm (0.187 in.)
starting 7.94 mm (0.312 in.) from the leading edge. The
central airfoil was instrumented with pressure transducers to
measure the unsteady pressures. The space/chord radio was
varied from infinity (isolated airfoil) to 0.707 with 1, 3, or 5§
airfoils in position with stagger angles at 0, 22.5, or 45°.

The “‘Gaeltec’’ transducers employed were specially
fabricated for the measurement of unsteady pressures over
airfoils. These transducers consisted of a strain-gaged rec-
tangular diaphragm which was located inside a long steel tube
with a 3-mm (0.118 in.) diameter. A 1.09-mm-diameter (0.043
in.) hole drilled in the tube on one side of the diaphragm was
aligned with the static hole on the surface of the airfoil. The
transducers and the associated signal conditioning in-
strumentation are described in Ref. 9.

A DISA constant-temperature anemometer type 55A01,
along with the hot-wire probe type 55A25, was employed for
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measuing the boundary layers and wakes as described in Ref.
10. Airfoil section, transducer, and static hole locations are
shown in the schematic diagram, Fig. 2.

Data Acquisition

The pressure transducer and hot-wire data were acquired
using a PDP-12 computer. Since the raw data signals from a
single cycle were noisy, the data were sampled over a number
of cycles, and the respective digital values were summed up to
give a ‘‘phase-lock’ or ensemble average. The averaged
digital values were stored on the magnetic tape for further
analysis. A block diagram for the wake data acquisition is
shown in Fig. 3.

To initiate the data at a particular phase of the gust, a
timing reference was necessary. An electromagnetic sensor
was incorporated into the drive mechanism for the oscillating
walls to produce a sharp electrical signal, independent of the
flow conditions when the oscillating wall was at a particular
position. The data sampling was always initiated at this
position. This reference is defined as the common phase
reference. A new reference, which is different from the
common phase reference, was defined for each axial position
of the wake profiles. The new phase reference corresponded
to the occurrence of the maximum positive unsteady com-
ponent in the freestream on the upper side of the wake. The
phase angle from this new reference was zero at this instant.
The new phase reference was consequently different at dif-
ferent chordwise positions, but it provided a consistent
reference for all the profiles. The angle & is the phase angle
difference between the common phase reference and the new
phase reference. The angle & was determined for comparison
and shown in the figures.

The wake velocity results presented in this report were
obtained by a single hot-wire, aligned normal to the flow
(vertical position). The time-mean hot-wire signals were
measured using an integrating voltmeter. The digital volt-
meter reading corresponded to the averaged value of the
signal over a period of 10 sec.

Time-mean and time-dependent wake profiles were
measured at the following conditions at 0.8, 15, and 50% of
the chord from the tailing edge, in the wake of the isolated
airfoil and cascade central blade. The freestream velocity was
15.24 m/sec (50 fps) and the ratio of the wall wave
propagation velocity to the freestream velocity was 0.16. The
maximum ratio of the velocity of the transverse gust to the
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freestream velocity was 0.082. The Reynolds number based on
the chord ¢ was 160,000, and the mean incidence of the flow
was 0°. The frequency parameter of the gust W, based on the
freestream velocity and the model half-chord (vc/2U), was
0.042 where » is the angular frequency of the gust in rad/sec.
The frequency parameter of the gust W,, based on gust
propagation velocity and model half-chord (vc/2U,), was
0.22.

The unsteady pressures were measured over a range of
geometric and aerodynamic parameters®; only the relevant
results are discussed in this paper.

Data Reduction and Presentation of Results

Time-Dependent Hot-Wire Traces

Typical time-dependent hot-wire traces are presented in
Fig. 4 for the airfoil and cascade. The traces are photographs
of the digitized hot-wire readings that had been stored on
magnetic tape for later display on the cathode ray tube on the
computer. They are all presented to the same scale, 220
mV/division, for comparison of magnitude and phase. All the
traces start at the common phase reference and correspond to
the phase-lock averaged values.

The hot-wire traces are presented at 0.8, 15, and 50% of the
chord from the trailing edge in the wakes of airfoil and
cascade central blade. The phase and magnitude of the signals
varied through the wake. The variations of the unsteady
velocity component were quite large at some vertical positions
in the wake. At each axial position in the wake, the topmost
and bottommost signals represent the hot-wire traces just
outside the wake (on either side). For the isolated airfoil the
phase of these two signals is out of phase by 180°, whereas
they are in phase for cascade at each axial position.

Similar trends were observed in the phase of unsteady
pressures on the surfaces of airfoil and cascade as reported in
Ref. 8. The phase of the pressure on the cascade airfoil
changed by 180° at certain chordwise positions. Con-
sequently, the phases of the pressure on the upper and lower
surfaces were in phase towards the trailing-edge region of the
cascade airfoil. No such abrupt change in phase of pressure
occurred on the airfoil surface; consequently, they were out of
phase for the isolated airfoils. Though the mean incidence of
the flow was zero, there was instantaneous incidence which
changed sinusoidally with time. The changes in the phase of
the velocity in the wake were analogous to the changes in the
phase of the pressure on the surface.

Unsteady Wake Profiles

Instantaneous wake profiles were obtained at eight instants
of time or phase angles. The hot-wire signals at various
vertical positions were intercepted at the given instant of time
to obtain the unsteady component to which the appropriate
time-mean component was added to obtain the instantaneous
profile.

220 mV
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"Fig.4 Hot-wire traces in the wake at W, =0.042.
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Fig. 7 Time-mean and extreme wake velocity profiles behind an
isolated airfoil at W, = 0.042.

The instantaneous profiles behind an isolated airfoil are
presented in Fig. 5 at 0.8, 15, and 50% of the chord from the
trailing edge. The corresponding values behind the central
blade of the cascade of airfoils are presented in Fig. 6. In
general, the profile shifted with time. In the case of a cascade,
the variation in the lower half of the profile was considerably
different from the upper half. Although this could partly be
attributed to the asymmetry of the cascade configuration, it
was mainly attributed to the variation in the boundary-layer
characteristics in the upper and lower surfaces of the cascade.

The boundary-layer characteristics changed from laminar
to turbulent and back to laminar during one cycle on both
surfaces of the airfoil and on the upper surfaces of the
cascade, whereas the boundary layer was fully turbulent on
the lower surface of the cascade. !° These characteristics were
reflected in the unsteady wake profiles.

Time-Mean Wake Profiles

Time-mean wake profiles behind an isolated airfoil and
central blade of the cascade are presented in Fig. 7 and 8,
respectively. The extreme unsteady profiles are also presented
in the respective figures. In the case of isolated airfoils,
although there was no substantial variation in instantaneous
peak velocity over a gust cycle, the peak velocity of the mean
profile was smaller than the instantaneous peak velocity. This
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was due to the large vertical shift of the profiles with time. In
the case of the cascade, the vertical shift was smaller; con-
sequently, the mean peak value corresponded to the average
value.

Discussion

Unsteady Wake Losses

The wake momentum thickness § was evaluated using the
formula

o—S “(1 ")d
=) U, v/ <

where u is the axial velocity component inside the wake and
Ugp is the wake edge velocity. The variations of the
momentum thickness with phase of the gust are presented in
Figs. 9a and 9b for the airfoil and the cascade, respectively.
The results are presented for three axial positions. The
momentum thickness calculated from the time-mean profiles
is also shown on the figures for comparison. The results
indicate that the unsteady value of the momentum thickness
varied as. much as +25% to —15% from the time-mean
value. The steady-state value could also differ from the time-
mean value. This indicated the importance of the
measurements of unsteady profiles for the realistic evaluation
of the unsteady drag coefficient.

Variations of § with downstream are shown in Fig. 10. The
steady-state values of Preston, Sweeting, and Cox'? for an
isolated airfoil and those of Raj and Lakshminarayana'? for
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Fig. 10 Variation of wake momentum thickness with downstream
distance.
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Fig. 11 Variation of wake centerline velocity with downstream
distance.

a cascade are presented in the same figure. Apart from the
differences noted due to the geometry, !* the unsteady nature
of the flow also contributed to the deviation in # and drag
coefficient.

The variation of the wake centerline velocity (time-mean
value) with downstream distance is shown in Fig. 11 and is
compared with the steady-state results. '*** At the center of
the wake close to the trailing edge, the time-mean velocity of
the unsteady wake is smaller than the velocity of the steady
wake. But at a distance of 50% of the chord length from the
trailing edge, the mean velocity of the unsteady wake is higher
compared to the steady wake velocity. From the experimental
results it was observed that the unsteady wake centerline
velocity deviated from the time-mean velocity by as much as
10% of the wake edge velocity. It was also noted that the
wake edge velocity decreased with downstream distance (by
about 3% at half-chord length) in the case of the cascade,
whereas there was a slight increase (0.6%) for the isolated
airfoil.

Trailing-Edge Condition

To obtain a unique solution for theoretical predictions of
pressure distribution, the Kutta condition of zero pressure
differential is often imposed at the trailing edge. The
definition and applicability of trailing-edge conditions are
discussed in Ref. 15 for various geometric and aerodynamic
conditions. In this section, the Kutta condition is examined in



MAY 1977

14 -

AIRFOIL CASCADE
W, =0.10 [ N=5
s/c =0.707

o
o

UNSTEADY WAKE MEASUREMENTS OF AIRFOILS AND CASCADES 617

THEORY

EXP (WITH B.L. TRIP)

EXP (WITHOUT B.L.TRIP)
PHASE OF GUST (PREDICTED)

S0 b L
-2 H L
al b)
_i4 ; L L ) ) . . . ! )
0 .2 4 .6 .8 [Rolme] .2 4 .6 .8 1.0
le. te. le te.

Fig. 12 Typical chordwise unsteady pressure differential at various
instants of time in a cycle. Re= 80,000 without boundary-layer trip.

-3 ISOLATED AIRFOIL
B.L. TRIP Re. No.
O NO TRIP 160,000 ©
o TRIP 160,000
O NO TRIP 80,000 o
2F o TRP 80,000
o
[0} o “V o)
| % OF ACp
s EgEr g NEAR LEADING ol
. o EDGE o
v
£
a
O
S 0 1 i 1 1 |
-2 CASCADE N=5, $/C=0.707
o]
s
o o o]
a
o1 [5f
o
© (o]
1 i 1 1 S|
0 .02 .04 06 08 i0

FREQUENCY PARAMETER, W,

Fig. 13 The variation of rms pressure differential at 98% chord
pressure with frequency parameter.

the light of the experimental results at low-frequency
parameters. Unsteady pressures were measured at 85, 90, 95,
and 98% of the chord in the trailing-edge regions on the upper
and lower surfaces of an isolated airfoil and on the central
airfoil of the cascade. The pressure in this region was
measured using the transducer located at 85% of the chord,
communicating one static hole at a time and blocking the
other static holes with cellotape. :

Typical chordwise pressure differentials at various instants
of time in a cycle are presented in Figs. 12a and 12b for the
isolated airfoil and cascade, respectively. It can clearly be
observed that the instantaneous pressure differential was very
low and approached zero at the trailing edge for all the
conditions tested. While the instantaneous pressure difference
was low, the absolute level of pressure (unsteady component)
at the trailing edge fluctuated appreciably, particularly for the
cascade.’
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Fig. 14 Comparison of experimental unsteady pressure and phase
distribution with predicted results for an isolated airfoil.
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The rms values of the pressure differential over a cycle at
98% of the chord are presented in Fig. 13 for various
frequency parameters. Note that the level of pressures at the
trailing edge was very small (on the order of 4-5% of the peak
unsteady pressures). The resolution of the differential
pressure at the trailing edge was therefore not good—being
the difference of these two small quantities. Though it was
difficult to predict any trends in this range of frequency
parameters, it could reasonably be concluded that the
assumption of instantaneous zero pressure differential at the
trailing edge was valid within the accuracy of these
measurements.

Comparison of Unsteady Pressure Distribution

Holmes® developed a computer program for determining
the pressure distribution on an isolated airfoil in the presence
of nonconvected gusts. The experimental chordwise unsteady
pressure and phase distribution were compared with predicted
results obtained using this program. Results at two frequency
parameters are presented in Figs. 14a and 14b. The variations
of the phase of the gust in the absence of the model are also
presented in the figures, starting at the same point at the
leading edge. The experimental pressure distribution agreed
reasonably well with the predicted results except in the
trailing-edge region. The discrepancy in the trailing-edge
region could be attributed to the viscous effects, since the
predicted results were based on the potential theory. At a
reduced frequency of W,=10.042, the phase of the pressure
was in tune with the gust, whereas, at W, =0.1, the phase was
tuned to a common phase except at the trailing edge.
Although experimental errors were partly responsible for the
deviations, the discrepancies in phase between theory and
experiment could possibly be due to the representation of the
wake flow in the prediction methods, since wake was assumed
to be rectilinear, and it propagated with the freestream
velocity.

Unsteady Lift Distribution

The unsteady lift and phase in the presence of nonconvected
sinusoidal gusts are predicted and compared with typical
experimental results in Fig. 8 and 9 of Ref. 9. The unsteady
lift distribution was obtained by iniegrating the measured
chordwise unsteady pressures. There were two major
discrepancies in the results presented in Ref. 9. One of these
discrepancies was the predicted lift coefficient; the intrablade
frequency 7 was defined as 2(s/c) W, sinf instead of the
correct value —2(s/c) W, sin where ¢ is the stagger angle of
the cascade. However, the computer calculation of the lift
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coefficient was carried out using —2(s/c) W,cscé. As such,
the predicted lift coefficient was in error. The second
discrepancy was the experimental phase of the unsteady lift; a
phase lag in the signal conditioning system was subsequently
observed which was not taken into account in the results
presented in Ref. 7. These errors have have been rectified and
the correct results of the magnitude and phase of the unsteady
lift are presented in Figs. 15a and 15b, respectively. With
these corrections, the agreement with the phase was im-
proved, though the deviations in the lift magnitude were
larger. The deviation in the results could be attributed to the
viscous effects and the deficiency in the representations of the
theoretical model. The errors in the measurements and the
blockage of the model also contributed to the deviations.

Conclusions

1) Time-mean profiles were different from unsteady wake
profiles. The time-mean centerline velocity was considerably
smaller where there was a vertical shift in the unsteady
profiles. This will affect the profile drag as observed from
momentum thickness of the wake profiles.

2) The assumption of zero pressure differential at the
trailing edge of the airfoil or airfoils in a cascade was ex-
perimentally verified at low-frequency parameters. Similar
measurement and analyses techniques are useful to extend the
work to higher frequency parameters.
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3) The predicted unsteady pressure distributions on an
airfoil compared reasonably well with the experimental results
(except in the trailing-edge region), but the results of phase
distribution differed.

4) There was a deviation in the magnitude of the predicted
and experimental lift results for a cascade, although good
agreement was present in trends. These deviations were at-
tributed to the viscous effects and the deficiency in the
representation of the theoretical model.
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