JOURNAL OF AIRCRAFT
Vol. 37, No. 4, July-August 2000

Design and Predictions for High-Altitude (Low Reynolds
Number) Aerodynamic Flight Experiment

Donald Greer* and Phil Hamory"
NASA Dryden Flight Research Center, Edwards, California 93523
Keith Krake*
Sparta, Inc., Edwards, California 93523

and

Mark Drela®
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

A sailplane being developed at NASA Dryden Flight Research Center will support a high-altitude flight experi-
ment. The experiment will measure the performance parameters of an airfoil at high altitudes (70,000-100,000 ft),
low Reynolds numbers (2 X 105-7 X 10°), and high subsonic Mach numbers (0.5 and 0.65). The airfoil section lift
and drag are determined from pitot and static pressure measurements. The locations of the separation bubble,
Tollmien-Schlichting boundary-layer instability frequencies, and vortex shedding are measured from a hot-film
strip. The details of the planned flight experiment are presented as well as several predictions of the airfoil perfor-

mance.
Nomenclature

Cy = section drag coefficient

C, = section lift coefficient

C, = section moment coefficient

C, = pressure coefficient

c = chord, ft

du = derivative of velocity, ft/s

dx = derivative of length, ft

e" = amplitude ratio

g = force of gravity

M = Mach number

n.y = critical amplification parameter

p = pressure, b/ft?

P,.x = dimensionless pressure gradient

P, = static pressure, Ib/ft?

P; = total pressure, Ib/ft?

q = dynamic pressure, lbm - ft- s

Re = Reynolds number

U, = uncertainty of the variable x

Xy = transition location

o = angle of attack, deg

y = ratio of specific heats

0 = momentum thickness

v = kinematic viscosity, ft/s?

Subscript

sep = separation
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Introduction

HE need for cost-effective high-altitude vehicles to conduct

atmospheric research has created interest in high-altitude (low
Reynolds number) airfoils. In support of this need, NASA Dryden
Flight Research Center is developing a sailplane called APEX that
will measure the parameters affecting the performance of the airfoil
in actual high-altitude flight. The APEX sailplane will be released
from a high-altitudeballoon from approximately 108,000-ftaltitude
and then be remotely piloted. Figure 1 shows a schematicof the flight
mission.

The first 30 s after release from the balloon are the most critical
for the APEX flight control system. Transition to horizontal flight
occurs during this period with the assistance of four small rockets,
which have a combined thrust of 784 1b. After the transition to
horizontal flight, the airfoil parameters affecting performance are
measured as the sailplane descends from 100,000 to 70,000 ft. The
sailplane is then brought to a horizontal landing at the Rogers dry
lakebed at Edwards Air Force Base, California.

Low Reynolds number airfoils typically exhibit laminar separa-
tion bubbles as shown schematically in Fig. 2. These separation
bubbles are known to affect significantly the performance of an air-
foil. The bubble is formed when the laminar flow separates as a
resultof encounteringthe adverse pressureregion of the airfoil. The
separatedfree shearlayeris unstable, which amplifies the Tollmien-
Schlichting instability waves. The free shear flow generally transi-
tions rapidly from laminar flow to turbulent flow and then reattaches
to the airfoil surface. The lambda shocks, which occur in the tran-
sonic flight regime, are expected to increase the amplification of the
Tollmien-Schlichting instability waves.

The objectives of the APEX experiment are 1) to increase the
understanding of airfoil performance in the high-altitude, low-
Reynolds-number, and high-subsonic Mach number flight regime
and 2) to obtain flight test data of airfoil performance parameters
that can be used for validation of airfoil design codes.

Previous Research

Several studies investigating the performance and characteristics
of low Reynolds number airfoils have been performed. Mueller!
presents an excellent summary of the research before 1985. One in-
terestingaspectthat Mueller discussesis the hysteresisthat often oc-
curs in the drag polars. Mueller’s wind-tunnel studies show that the
airfoil performance, including the hysteresis, could be significantly
affected by freestream turbulence and surface roughness. LeBlanc
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et al.2 performed wind-tunnel measurements on a Liebeck airfoil
at low Reynolds numbers. The boundary-layervelocity fluctuations
in the separation bubble were measured with hot-wire anemome-
try. The measured velocity spectra of peak instability frequencies
agreed with the predictions from linear stability theory analysis.
Dovgal et al.® discuss several aspects of the instability associated
with laminar separation bubbles including receptivity, linear insta-
bility, and nonlinear interactions.

Recent investigations of Pauley et al.,* Ripley and Pauley,’ and
Muti Lin and Pauley® show that the separation bubble may be-
come unstable under certain conditions and experiences periodic
vortex shedding. Their transientincompressible Navier-Stokes ana-
lytical studies characterized the unsteady vortex shedding structure.
Tatineni and Zhong’-® performed a two-dimensional, time-accurate
Navier-Stokes analysis on the APEX-16 airfoil flowfield. Their
analysis indicates that the airfoil separation bubble is unstable and
periodically sheds at the flight conditions of the APEX sailplane.
A linear stability analysis also showed that the most dominant in-
stability frequency matches the frequency of the periodic vortex
shedding. Drela’ investigated high-altitude, low Reynolds number
airfoils in the transonic flight regime with the ISES code. An inter-
esting aspect of this investigation s that airfoil performance in the
high-altitude flight regime may depend largely on the effectiveness
of lambda shocks to increase the amplification of instability waves
and increase the transitionrate in the separation bubble.

Turbulenceis expected to be a major factor in the performance of
the APEX-16 airfoil. The length of the separation bubble depends
on the growth of the instability waves within the free shear layer
and transition to fully developed turbulence. Although the receptiv-
ity process to transitionis difficult to quantitatively predict, it is well

known to be a strong function of freestream turbulence as shown
by Dryden and Kuethe!® and Dryden et al.'! in several experiments
measuring the critical Reynolds number of a sphere as a function
of freestream turbulent intensity. Presently, no existing wind tunnel
can provide the high-altitude (70,000-100,000 ft), low Reynolds
number (2 X 10°-7 X 10%), high-subsonicMach number(0.5-0.65),
and low-freestream turbulent-intensity(0.02% or less) environment
necessary to accurately measure the APEX-16 airfoil performance.
Natural atmospheric turbulence is the rationale for constructing the
APEX research sailplane and measuring the in-flight airfoil perfor-
mance parameters rather than performing a wind-tunnel study.

APEX Sailplane Description

Murray et al.'? originally proposed the APEX sailplane as a modi-
fied Schweizer SGS 1-36 sailplane. As the APEX design proceeded,
the sailplane evolved into the current configuration. Figure 3 shows
the APEX sailplane geometry. The sailplane is 22.7 ft long with
a wingspan of 41.2 ft and has a wing aspect ratio of 13.6. The
experimental test section, where the performance parameters are
measured, is at the midspan point of the right wing as shown in
Fig. 3. The sailplane is designed for a target gross weight of 600 1b
with a 5-g maneuver load factor.

The APEX-16 airfoil was designed using the coupled viscous/
inviscid MSES code.'>'* The airfoil shape is shown in Fig. 4. The
airfoil dimensional tolerances for the wing construction are spec-
ified at =0.005 in. to reduce the effects of surface roughness and
waviness. The wing is a rectangular planform of the APEX-16 air-
foil, as was shown in Fig. 3. The wing incorporates a 2-deg linear
wash-in to reduce three-dimensional (spanwise) effects and to pro-
vide a more uniform sectionlift coefficient (C;) distributionover the
experimental area of the wing. Figure 5 shows the predicted APEX
flight envelope. The challenge of the design was to predict correctly
the characteristics of the separation bubble without experimental
data for code verification in the high-subsonic Mach number and
low Reynolds number flight regime.

The experimentis limited by several design constraints. Weight is
a major design consideration for the experiment. The gross vehicle
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flight weight for the sailplane is specified at 600 1b to provide an
adequate stall margin for attaining a ceiling altitude of 100,000 ft.
The experiment is limited to 10% of the gross vehicle weight or
60 1b. Packaging the experiment is also another major design con-
straint. Much of the instrumentationelectronics, including pressure
transducers, accelerometers, and the hot-film anemometry, signal
conditioning,and A/D conversion cards, are in the wing next to the
experiment. The electronic instrumentation is located close to the
experiment to minimize noise from radio frequency interference
and electrical magnetic interference. The wing chord is 37.22 in.
with a maximum interior thickness of 5 in., which makes instru-
mentation packaging difficult. Another design constraintis the high
altitude. The available off-the-shelfinstrumentationthat can provide
adequaterange and accuracy at high altitudeis limited. Some instru-
mentation had to be specifically designed for the experiment. The
air density at 100,000-ft altitude is approximately 1% of its value
at sea level, which substantially lowers the convective cooling rates
of the electronics to the air. Some electronics require a specialized
cooling design to avoid overheating.

APEX Experimental Description

The flight experiment to measure the performance parameters of
the APEX-16 airfoil consists of three primary measurements:

1) First, to measure section lift, a series of static pressure taps
circle the airfoil at one spanwise location.

2) Second, to measure sectiondrag, a trailing rake sits behind the
airfoil with a support sting.

3) Third, to measure the separation bubble location, Tollmien-
Schlichting frequencies, and vortex shedding, a hot-film strip sits
on the top surface of the airfoil.

Figure 6 presentsa schematiclayoutof the airfoilinstrumentation.
In addition to the primary measurements, the instrumentation also
includes a Kiel probe to measure freestreamtotal pressure, a trailing
static probe to measure freestream static pressure, a boundary-layer
rake to determine the velocity profile, a total temperature measure-
ment, five integratingboundary-layerrakes to determine the section
dragdevelopingoverthe uppersurface,two integratingtrailingrakes
to determine total section drag, three accelerometers to measure
wing surface vibration, and two vanes mounted on the noseboom to
measure angles of attack and sideslip.

Pressure Measurement System

Figure 7 presents a schematic of the pneumatic pressure mea-
surement system. Along the chord, 50 static pressure ports (30 on
the upper surface and 20 on the lower surface) measure the pressure
distribution over the airfoil. The ports have a 0.05-in. diam and are
staggered at a 15-deg angle relative to the chord to prevent con-
tamination from upstream ports. A trailing rake comprises 26 total
pressure probes and 3 static probes to determine section drag C,.
The rake is mounted 0.3 chord length aft of the airfoil where the
static pressure is expected to be fully recovered.

The airfoil section drag is calculated from the rake pressures
based on the Jones'® method corrected for compressibility effects.
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A Kiel probe, located midchord, 8 in. from the lower surface of
the airfoil, measures a reference total pressure Pr. A trailing static
probe, placed three chord lengths aft of the airfoil, measures a refer-
ence static pressure P;. A conventional boundary-layerrake placed
at 70% chord determines the boundary-layer velocity profile de-
velopment on the upper surface. Five integrating boundary-layer
rakes are located at 60, 70, 80, 90, and 100% chord, and two in-
tegrating trailing rakes are located at 0.3 chord lengths aft of the
airfoil. The integrating rakes are multipitot probe rakes, such as
those developed by Silverstein and Katzoff,'® in which the pitot
probes are plumbed into a common reservoir for a single average to-
tal pressure measurement. The average total pressure measurement
has been shown to be a direct determination of the sum of momen-
tum thickness and displacement thickness from which drag can be
calculated.

Uncertainty Analysis

A preliminary measurement uncertainty analysis was performed
on the pressure system and is summarized with a discussion of the
bias error for the calculation of lift. This analysis is based on the
general uncertainty analysis of Coleman and Steele.!” The pressure
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coefficient C), can be defined in terms of measured quantities as
follows:

c _P-P _P-r
P g T 0IPM?
P-P,

= (1)
0.7P,[2/(y = DI[(Pr/ P =07 = 1]

Treating P — Py, P;, and P/ P; as measured quantities, the general
uncertainty equation is

& ’ _ Up—p, ? + % 2
¢ ) \P-h Py
" UPT/PJ[Y/(Q/ — DI(Pr/ P)— DIy 2
[(Pr/ Py =7 —1]

2

where U is the uncertainty for the subscript variable.
For a C, =1, a flight condition of Mach 0.65, and 100,000-ft
altitude, the expected pressure coefficient bias error is

C,=1%0.02 3)
The bias error for the section lift coefficient,
1 c
G == /0 (Cp = Cp,)dx )
is expected to be
C; =0.9 £0.028 (5)

A similar bias error analysis for the calculation of the section
drag coefficient for the flight condition of Mach 0.65 and 100,000-ft
altitude yields

C; =0.02 £0.004 6)

The percentage of bias error decreases as the sailplane descends to
lower altitudes because the measured pressures become larger. For
a C, =1 and aflight condition of Mach 0.65 and 70,000-ftaltitude,
the expected bias errors are

C, =10.005 (3a)
C, =0.9 = 0.006 (5a)
C, =0.01 = 0.0005 (6a)

Hot-Film Measurement System

A multi-element hot-filmstrip is mounted over the APEX-16 air-
foil. The hot-filmstrip measures the state of the boundary layer
(i.e., laminar boundary layer, laminar separation, bubble region, tur-
bulent reattachment, turbulent boundary layer, turbulent separation,
and vortex shedding) and the frequency of the Tollmien-Schlichting
instabilitywaves in the separationbubble. The strip consistsof 50 hot
films on the top surfacein 2% chord incrementsstartingat 0% chord.
The hot films are spaced approximately 0.75 in. apart. In addition,
four hot films are placed on the bottom surface at 10, 30, 60, and
90% chord. This hot-filmstrip configuration is used for the initial
flights. After the separation bubble is located for the APEX flight
regime, the strip is replaced with a denser strip concentratedin the
area of the separation bubble (approximately 50 evenly spaced hot
films on a 15% chord length).

The desireto obtain valid hot-film anemometry dataat frequencies
up to 10 kHz, combined with the weight and packaging limitations,
significantly influenced the design. The APEX telemetry system
cannot handle these high data transfer rates for the large number of
channels. Therefore, the data are stored onboard in random access
memory and later, after the high-altitudetests are completed, sent by
telemetry to the ground atlower data transferrates. The hot-film data
are splitinto two components:a dc componentand an ac component.
The dc component is sampled at 200 Hz and sent by telemetry to
the ground in real time. The ac component is sampled in 1-s data

intervalsat 20-25 kHz and stored in memory. The systemis capable
of storing up to 10, 1-s data intervals during a flight. The system
is commanded from the ground uplink to begin storing a 1-s data
interval of ac data. In summary, all 54 hot films are sampled for their
dc component at 200 Hz as the sailplane descends from 100,000 to
70,000 ft. The 54 hot films are sampled for their ac component at
20-25 kHz in 1-s data intervals for up to 10 intervals as the sailplane
descends from 100,000 to 70,000 ft.

Spectral analysis is the primary means of data reduction of the
hot-film data. Preliminary calculations show that a 1-s interval of
datasampledat 20-25 kHzis adequateto resolve the spectralcontent
between 50 Hz and 10 kHz. This spectralcontentshould be adequate
for determining the flowfield on the upper surface of the APEX
airfoil. The detection of phase reversal and a significant change
in power spectral density is expected to be the signature of laminar
separationand the beginningof the separationbubble.Phasereversal
of low-frequency spectra has been shown by Mangalam et al.'® to
be an effective method of detecting laminar separation.

Turbulentreattachmentof the bubbleis detectedin the same man-
ner as laminar separation: by phasereversaland a significant change
in power spectral density caused by turbulence.The presence of vor-
tex shedding is detected by performing both auto- and crosspower
spectral density analysis on the hot films aft of the separation bub-
ble. The detection of a significant increase in spectra in a specific
frequency range and a consistent phase lag between the hot films is
a signature of vortex shedding.

The Tollmien-Schlichting instability wave frequenciesin the free
shearlayerofthe bubbleare detectedby spectralanalysisof hot films
inside the separation bubble and possibly by hot films just upstream
of the separation bubble. The separated flow instability research
of Dovgal et al.’ show that instability waves, which cause transi-
tion, can be generated either upstream of the separation point or
downstream of the separation pointin the free shear layer. Their ex-
periments show that harmonic disturbances causing transition exist
inside the separation bubble. They discuss the concept of feedback
interactions whereby instability waves are convected forward to the
separation point as the flow circulates inside the bubble.

At present, hot films have not been used to detect Tollmien-
Schlichting instability frequencies, and the bubble instabilities are
assumed to be detected at the surface of the airfoil. The com-
putational fluid dynamics analysis and Orr-Sommerfeld analysis
performed by Tatineni and Zhong”® suggest that the Tollmien-
Schlichting instability waves occur at approximately 1000 Hz. A
significant increase in the spectral density in this frequency range
for hot films in the separation bubble is, therefore, a measure of the
Tollmien-Schlichting instability frequencies.

Uncertainty Analysis

Before actual flight, any estimate of the data quality from the
hot-film system is difficult. The goal is a signal-to-noise ratio of
20 or greater. To reduce radio frequency interference and electrical
magnetic interferencenoise, the hot-filmstrip comprises three lami-
nated sheets. The top and bottom sheets are ground planes to shield
the hot-film leads in the middle sheet. Twisted and shielded cabling
are used for connections. The anemometry cards are packaged with
ground plane protection.

The aircraft power is filtered to ensure that the anemometry sig-
nals are not contaminated by power fluctuations. Special preflight
ground test equipment is being developed that selectively blows
both laminar and turbulent air over each hot film, to match the Nus-
seltnumber expected in flight. This equipmentallows the individual
hot-film signals to be compared and used to qualify, to first order,
signal intensities between hot films. In addition, while the sailplane
is suspended under the balloon, a 1-s data interval is taken to assess
noise levels.

Predicted Airfoil Performance

The prediction of low-Reynolds-numberairfoil performanceis a
formidable task that involves correctly modeling several flow phe-
nomena, as was shown in Fig. 2. Modeling the inviscid flow field,
including the presence of shock waves, is generally considered the
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first step to determining the pressure distribution over the surface of
the airfoil. The viscous flowfield is composed of the boundary layer,
laminar separation,laminar-free shear layer, transition to turbulence
in the free shear layer, turbulent-freeshear layer, reattachmentof the
turbulent-free shear layer, and turbulentboundary layer. In addition
turbulentseparationand laminarbubble separation,known as bubble
bursting, are important physical characteristics to be modeled. The
interactionbetween the inviscidand viscousflowfields can be signif-
icant. The presenceof the separationbubblealters the effective shape
of the inviscid airfoil. The classic assumption that pressure is con-
stantacrosstheboundarylayermay notbe valid across the separation
bubble. In addition, boundary layers become large at low Reynolds
numbers and increase the boundary displacement thickness, which
can have an appreciable effect on the inviscid pressure distribution.

The design and initial predictions of the APEX-16 airfoil are per-
formed with the MSES code. The MSES airfoil design code uses
the Euler equations to solve the inviscid flowfield coupled with a
two-equation dissipation integral method to solve for the viscous
boundary layer. The transitionlocation is determined via the ampli-
tude ratio " method, by the use of growth rates that are precom-
puted from solutions of the Orr-Sommerfeld equation and corre-
lated to the local shape-factor parameter and momentum-thickness
Reynolds number. No compressibility corrections are employed,
partly because of the large uncertainty in the appropriate critical
amplification parameter for this high-subsonic-Mach number and
low Reynolds number flight regime. A value of 12 for n.; was
assumed for design of the APEX-16 airfoil. Liebeck'® uses an ear-
lier version of the MSES code, ISES, and finds that the predictions
for low Reynolds number airfoils are reliable and accurate for low
Mach numbers. One goal of the APEX experiment is to determine
whether MSES remains reliable in the high-subsonicMach number
and low Reynolds number flight regime and what n.; values are
appropriate.

Figure 8 presents the predicted drag polars and lift curves for the
APEX-16 airfoil for the chord Reynolds number of 2 X 10°; Fig. 9
presents the predicted drag polars and lift curves for various chord
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Fig. 9 MSES prediction for APEX-16 airfoil at M = 0.6.

Reynolds numbers between 2 X 10° and 2 X 10° for a 0.6 Mach
number. The first apparent characteristicin Figs. 8 and 9 is the de-
crease in maximum lift coefficient with increasing Mach number.
This decrease results from the separation of the turbulentboundary
layer from the airfoil as the Mach number increases. The maximum
lift coefficient decreases and the drag coefficient increases as the
Reynolds numbers decrease. This result is expected as the separa-
tion bubbles become larger with lower Reynolds numbers, which
decreasesthe overall performance of the airfoil. The lift curve slope
is relatively unaffected by Mach number and Reynolds number ex-
cept near stall. The slope of the pitching moment coefficients with
angle of attack is also relatively unaffected by Mach number and
Reynolds number. The predicted transition locations x,,. vs lift co-
efficient are also presented in Figs. 8 and 9. The transition location
on the upper surface moves forward and the transition location on
the lower surface moves aft with increasing lift coefficient or an-
gle of attack. Figure 10 shows the APEX-16 airfoil predicted pres-
sure distribution for Reynolds numbers of 2 X 10° and 3 X 10° at
Mach 0.65.

A time-accurate Navier-Stokes analysis was performed on the
APEX-16 airfoil by Tatineni and Zhong.”-® Their analysis predicts
that the separationbubble on the upper surface of the airfoil is unsta-
ble. The separationbubble is predicted to shed periodically at about
950 Hz for the subsonic flight condition of Mach 0.5, Reynolds
number 2 X 10°, and an angle of attack of 4 deg. The flowfield over
the upper surface is predicted to become very erratic as the Mach
number is increased into the transonic range, as shown in Figs. 11
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Fig. 10 MSES prediction of the pressure distribution over the
APEX-16 airfoil (M = 0.65, a = 3.5 deg, and Re =2 X 10° and 3 X 10°).
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Fig. 11 Unsteady variation of pressure contours for the transonic
APEX-16 airfoil (M = 0.65, Re = 2 X 10°, and « = 4 deg); time interval
between frames is 0.0016s.
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and 12. The predicted interaction between the shock waves and the
shedding vortices, as seen in Figs. 11 and 12 has a profound effect
on the flowfield and the airfoil section lift coefficient. The section
drag also increases substantially.

The vortex shedding criterion suggested by Pauley et al.* is

6%, [ du
Pmax = P( > ~ —0.24 (7)
max

v \dx
The shedding criterion for the APEX-16 airfoil at a flight condition

of Mach 0.65, Reynolds number 2 X 103, and an angle of attack of
4 degis

Py = —1.47 ®)

Therefore, unstable shedding vortices should be expected on the
APEX-16 airfoil according to the suggested shedding criterion.

The stability of the separation bubble has a large effect on the
airfoil predicted performance. The MSES code, based on stable
bubble calculations, predicts a lift coefficient of 0.96 at the flight
condition of Mach 0.65, Reynolds number 2 X 10°, and an angle of
attack of 4 deg. The Navier-Stokes code predicts an average section
lift coefficient of 0.76 for the same flight condition. The Navier-
Stokes analysis assumed laminar flow. The effects of turbulence
on the stability of the separation bubble are uncertain. Gruber et
al.?® performed a direct numerical simulation that showed that an
amplified Tollmien-Schlichtingwave in the free shearlayerof a sep-
aration bubble developsinto a large vortical structure. It is unknown
whether the intensity of these vortical structures is large enough to
maintain the structure as transition into turbulence occurs. These
large vortical structures may be analogous to large-scale turbulent
eddies that are quickly broken up in the turbulent flowfield through
vortex stretching and the three-dimensional effects of turbulent
flow.

Conclusion

The purpose of the APEX experiment is to increase the under-
standing of low-Reynolds-numberairfoils in a low-turbulence flight
environment. The APEX experimentregime is for altitudesbetween
70,000 and 100,000 ft, Mach numbers between 0.5 and 0.65, and
Reynolds numbers between 10° and 7 X 10°. The following charac-
teristics of the airfoil are to be determined: 1) section lift, 2) section
drag, 3) location of the separation bubble, 4) vortex shedding char-
acteristics, and 5) Tollmien-Schlichting frequencies.
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