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Abstract

Hot-wire anemometer measurements have
been carried out in f£light to investigate,
in detail, laminar boundary layer instabi-
1ity on a speclal wing glove. Tollmien-
Schlichting (TS) waves are easily identi-~
fiable, and specific measurements of
amplitude, freqguency and wavelength have
been made. The measured values compare
well with results from linear stability
analyvgis utilizing the laminar boundary
layer calculated from flight measurements
of the wing glove pressure distribution.
Comparisons between the measured distribu-
tion of the velocity fluctuations and the
calculated Eigenfunction show some varia-
tion. This may be due to nonlinear be-
havior of the TS waves.

Nomenclature

Ay initial amplitude of waves in the
laminar boundary laver at the insta~
bility point

A amplitude of anmplified Tollmien-—
Schlichting waves in the laminar
boundary layer

Cp static pressure coefficient on wing
glove contour

F frequenQ%. of Tollmien—-Schlichting
waves (s )

1 length of wing glove chord (m)

N amplification exponent or N-factor in

linear stability theory [N=ln(A/AG}§
obtained after integration of local
amplification rates

Re Revnolds number based on glove chord

Rep Reynolds number based on length of
laminar boundary layer

X streamwise coordinate of wing section
(m)
v gsurface normal coordinate of wing

section (m)

U velocity within the boundary laver
(m/s)
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Unax velocity at the outer edge of the
boundary layer (m/s)

u' time wvarying or fluctuating part of
boundary layer velocity (m/s)

& thickness of the boundary layer (m)

31 displacement thickness of the boun-
dary layer {(m)

&x/1 dimensionless wavelength of Tollmien-
Schlichting waves

1. Introduction

A more reliable and sophisticated
boundary laver transition prediction pro-
cedure, compared to simple empirical
methods such as Granville [1] and Michel
[2], is the application of the e or N-
factor method [3-6]. Based on the stabili-
ty theory of laminar boundary layers [7].
this method allows the calculation of
amplification vrates of disturbances of
various wavelengths and frequencies of the
so~called Tollmien-Schlichting (TS} waves,
as 1illustrated in Fig. 1. From these
amplification rates, the amplification
ratio, and accordingly. the amplification
exponent N c¢an be determined. If it dis
asgsumed that & disturbance has a basic
amplitude Ag when it starts amplifying

Amplitude A LM
Ratio Ao for Different Wave Lengths A
L and Frequencies F of
Amplification A Bisturbances
Exponent N o= In 3~
{N-factor} °
?\ Tollmien-Schlichling Waves [{TS-Waves]
-
1+ I
mvﬂ%f&////////
R &\Point of Neutral Stability
®
Fig. 1 Instability of laminar boundary

layers



LFU-205 aircraft of DLR. The LFU-205 is a
four—-geat experimental aircraft completely
pbuilt out of glass-fiber reinforced
plastics. The general configuration and
main dimensions are given in Fig., 3. The
Result maximum level-flight speed is 330 km/h,
Stability Analysis leading to a Reynolds number based on the
aerodynamic mean chord of Re = 107. The
aircraft is eguipped with a special lami-
nar glove [9] shown in Fig. 4. It is also
made from glass~fiber and contains all
flow measurement instrumentation. The
static pressure distribution of the glove

Frequency F = const

Result Experiment

3o Hotwire Locations
%V 1rans. x/1

Fig. 2 Transition by means of stabili-
ty analyvsis

first, then the amplification ratioc A}AQ
at any point can be calculated by inte~
grating the amplification rate up to that- vV = :
point. The amplification ratio can be max {1AS) 33@kifh
expressed by an exponential function e Rey, = 95-10
where N is the amplification exponent or
so-called N-factor. It describes the
growth of disturbances, which must be !
evaluated for wvariocus wavelengths and = ; it
frequencies so that N is always & maximum
value,

Pressure Qrifices

The use of this stability theory for
boundary laver transition prediction pur-
poses is demonstrated in Fig. 2. From
carefully performed experiments, the maxi-
mum calculated N-factor at the experimen—
tally determined transition location has
been evaluated and will serve asg a limit-
ing N-value in a transition prediction
process [87.

The determination of the limiting N-
value for flows up to Reynolds numbers
Re = 107 and low Mach numbers has been
described in [9]1. The data were acguired
by means of £f£light tests on a special
laminar flow glove on the DLR LFU~205 . .
experimental aircraft and from wind tunnel Fig. 3 Flight test aircraft LFU-205
tests in DNW. From these investigations,
it was concluded that a nearly constant
limiting HN-value of N = 13.5% can be i
assumed for transition prediction. Results Hotwire Locations  Pressure Orifices
of this study are discussed in [9]. <850 A

\
In order to base this engineering tran- T ax\
sition prediction procedure on & mnore L
reliable background, a second test phase ,jiyf’“’”/?QQ
with the LFU-205 has been carried out. The I
¢objective in this phase is to measure the !

details of laminar boundarvy layver transi- P
tion in flight, e.g. Tollmien-Schlichting “;;4f“””#/
waves. These measurements will then be k:::::::’

compared with calculated results obtained %5e

from linear stability theory using the 1780 1550
SALLY code of NASA [10]. ! 5165

2. Test Alrcraft and Instrumentation

1 i -205 win
The flight tests were carried out with Fig. 4 Laminar glove on LFU g
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~ Wire Diameter 5um

20mm

L

Fig. 5 Hotwire probes on laminar glove

is obtained from 74 pressure orifices
arranged in a oblique line relative to the
streamwise direction. The details of the
pressure sensing and acquisition system
are described in [9]. In addition to the
pressure instrumentation, the glove is
equipped with three hot-wire probe bound-
ary layer traversing systems, located at
chord stations x/1 = 0.25, 0.43 and 0.58,
and also arranged in an oblique line. Each
traversing system contains three single-
sensor hot-wire probes. Additionally,
there is a fourth single-sensor probe
mounted separately, adjacent to each of
the traversing systems. The probe arrange-—
ment is shown in Fig. 5. A cross-sectional
view is given in Fig. 6. The three trav-
ersing probes, identified as "Left",
"Middle" and "Right" are spaced perpendic-
ular to the streamwise -direction on 20
millimeter centers, with the "Middle"
probe located 5 millimeters forward. The
fourth or "Reference" probe 1is located
an additional 40 millimeters laterally on
the line through the "Left" and "Right"
centers. The purpose of the geometric
arrangement of the three traversing probes
is to provide a means of determining TS
wavelength and wavefront direction through
time-correlation of the respective probe
signals. The traversing system has a ver-
tical positional accuracy of 10 microns
and is operated under computer control.
The height of the "Reference" probe is
manually adjustable on the ground. The
"Reference" probe is used to provide a
TS-wave based reference signal with which
to normalize the amplitudes measured by
the traversing probes at different points
in the boundary layer. This normalization
is necessary in order to reconstruct the
TS-wave amplitude distribution from data
taken at different points in time during
the traversing operation. All measure-
ments, pressure and hot-wire, including
probe traversing, data acquisition, and
data storage are under computer software
control. A series of programs are availa-
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Fig. 6 Cross sectional view of hotwire

probe installation

ble to the flight investigator, to perform
different measurement tasks. A detail
description of the development and opera-
tion of this measurement system is given
i T11].

A set of five airspeeds are used to
give a range of Reynolds numbers. For a
given test airspeed, the chordwise transi-
tion point can be adjusted over a range of
approximately 30-percent chord through use
of the wing flap. The location of the
transition point is identified through use

Infrared image of glove surface
in flight

Flg. 7



of the infrared image technique [12]. A
representative view as seen by the flight
investigator is shown in Fig., 7. A typical
test point then is obtained by selecting
one of the test airspeeds and positioning
the transition point relative to the se-
lected hot-wire probe locations using the
flap. Glove surface pressure and hot-wire
probe data are then taken. The flight
investigator can select from four differ—
ent measurement programs: Hot-Wire Cali-
bration, in which the glove pressure dis-
tribution and the flow velocity outside of
the boundary layer are measured; TS Profi-
le, in which the glove pressure digtribu-
tion and up to 40 preselected points
within the boundary layer are measured: T8
Plot, which provides a real-time plot of
the TS-wave amplitude distribution in the
boundary layer; and Manual Position, which
enables the investigator to position the
probes at any point within the boundary

layer. Data acquisition time for a 40-
point traverse is approximately 150
seconds.

3. Flight Tests and Data Evaluation

The initial flight test results estab-
lished the wvalidity of the experimental
methodology. Tollmien-Schlichting waves
were easily identifiable. Freguency-ampli-
tude spectra of the hot-wire signals
showed the expected distribution, with
freguency increasing with Reyvnolds number
{airspeed). Preliminary estimates of the
measured wavelength were within the range
of SALLY c¢ode predictions. However, a
low-frequency large-amplitude signal was
alsc present. This signal was well separa-—
ted from the T8 waves in freguency,
however its amplitude was greater than the
peak TS wave amplitude, and limited the
maximum signal conditioning gains which
could be used. This resulted in an unac-
ceptable signal-to-noise ratio. Ssveral
flights were used to investigate the
source of this low-frequency noise. As
discussed in [11], accelercmeters had been
installed on each o©of the traversing
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Fig. 8

mechanisms to monitor the vibratory motion
of the glove surface. Prior to installa~
tion, wvibratory modes of the hot-wire
probas mounted in the traversing mecha-
nisms had been investigated. No correla-
tion was found between the noise and acce-
lerometer data. As the amplitude of this
noise increased towards the surface in the
same manner as the TS waveg, the possibi-
lity of atmospheric turbulence being
amplified by the boundarvy laver was also
studies. Again no correlation was found
between hot-wire signals outside of the
boundary layer and those near the surface.
The source of this low~freguency noise was
finally traced to a flow interference from
the probe access holes in the surface
through which the probes were mounted and
moved during traversing (see Fig. 86).
FPig. 8 shows three different configura-
tions of hot-wire probe access hole, and
the corresponding hot-wire anemometer
signals. The upper signal associated with
the original configuration is representa-
tive of the initial flight data. The low-
frequency noise was eliminated by filling
in the access hole and smoothing the sur-
face as shown in the middle configuration.
This configuration however, allowed no
traversing motion by the probe. Comparable
regults were obtained by reducing the
access hole diameter to the actual probe
support diameter and using a rubber O-ring
gseal to prevent airflow between the
exterior and the interior of the wing.

Flight No. 39 Data Point 2
Re= 45-108
-2.0
CD
-15
Hotwire Transition
Position }
-1.0 )
-05
Q P \
1.0
0 0.2 0.4 06 0.8 1.0
x/1
Fig. 9 Flight test pressure distribu-

tion on the glove
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Fig. 10

This arrangement, which 1is the current
configuration, is illustrated in the lower
part of the figure. The remaining low-fre-
qguency modulation of the signal is appar-
ently due to nonlinear behavior of the TS
waves, which is is still under study.

Fregquency and Wavelength Comparisons

An example of flight test results is
given in Fig.'s 9-13. The data point is
for a low-speed case. The chordwise pres-
sure distribution is given in Fig. 9. The
location of the hot-wire probes and of the
transition point are indicated in the

figure, From this pressure distribution,
the laminar boundary layer is calculated
according to [131, and then, amplification

factors, freguencies and wavelengths are
determined from the SALLY code [101].

A sample of the time-history of the
hot~wire probe signals is shown in Fig.10.
The data is Zfrom the point of maximunm
TS-wave amplitude in the boundary layer.

Re= 4.5+ 10°
Probe Position:

Flight No. 39
Data Point 2

H=045mm
- */1 =043 Probe Location: Middie

12

Colculation

Linedr Stability Analysis
{SALLY)
Amplitude Amplification

1000 Hz g 1500
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Frequency Spectrum
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Fig. 11 Measured amplitude-frequency
spectrum in comparison with

calculated N-factor spectrum
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probe signals

Fig. 12

The amplitude-freguency spectrum of the
"Middle" probe signal is given in Fig. 11
along with the linear stability analysis
prediction. There 1s good agreement bet-
ween the predicted amplification factor
gspectrum and the measured amplitude spec-
trum. It 1s noted here that the amplifica-
tion factor spectrum is based upon the
pressure distribution measurement and
requires both a boundary layer calculation
and a linear stability calculation. Wave-
lengths from the £light measurement are
determined through cross—-correlation of
the hot-wire probe signals. An example of
this is shown in Fig. 12. The respective
pairs of probe signals are indicated. The
vertical 1lines denote time-steps {(lags)
c¢orresponding to the individual data
values in the digitized time-history. The
wavelength is then determined from the
phase angle between a palr of probe .sig~
nals and the streamwise displacement bet-
ween the two probes. A comparison between
measured and predicted wavelengths is
given in Fig. 13. The solid curve 1is the
locus of linear stability solutions cor-
responding to the streamwise location of
the hot-wire probes. The vertical bars
mark wavelength wvalues obtained from the

Flight No. 39
Data Point 2

Re= 45+ 10°

N Flight Test Calcutation

Wave Lengths from
cross-correlation

1

Amplitied Woves
after Linear Stobility
Analysis {SALLY) ot

x/1= 043 ] H %1 =043

A/l

Measured wavelengths from
cross—correlations in compari-
son with linear stability cal-
culations

Fig. 13
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system which accounts for wvariations in
temperature and sensity between the refer-
ence condition on the ground and the
flight condition. Fig. 17 presents a com-
parison between a preédicted TS-wave Eigen—
function, according to [14], and the
neasured TS-wave rms amplitudes within the
boundary laver. As the measured amplitudes
ware taken at different points in time,
the amplitude from the “Reference" probe,
recorded simultaneously at each data
point, was used as a normalizing factor.
Considering again, the path by which the
predicted results are achieved, the com-
parison in Fig. 17 is encouraging. The
higher vertical position of the measured
maximum amplitude is consistent with non-

0 1000 2000 30 4inear models of instability wave be-
havior.
Fig. 14 Measured amplitude-freguency
gpectrum in comparisons with 35
calculated N-factor spectrum
y/8y}  Fught No 39 Probe Location: Middte
Flight No. 39 Re:=67-10% Daoto Point 2 Position: x/1 = 043
Data Foint 7 Re=45 10° 5, = 0.8% mm
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Wove Lengths from a
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Fig. 15 Measured wavelengths from . N
cross-correlations in compari- Fig. 16 Measured boundary layer veloci-
son with linear stability cal- ty profile in comparison with
culations calculation after Kaups/Cebeci~-
method
probe signals at different traverse points
within the boundary layer. The mean of the 2.8
measured wavelengths lies c¢lose to the mm
maximum of the predicted N-factor maximum. 24 Flight No, 3% Probe Location: Middle
ol Q Data Point 3 Position: x/1= 043
Frequency and wavelength comparisons y Re= 4510
from a high-speed condition are presented 20k

in Fig.'s 14 and 15. Variations between
measured data and linear stability predic-
tions are evident here, particularly in
regards to wavelength. The nmean measured
wavelength is well off of the predicted
maximum N-factor.

Velocity Profile and Eigenfunction Compar-—
isons

Additional comparisons between theory
and flight test are given in Fig.'s 16 and
17. Fig. 16 shows the boundary layver mean
velocity profile as calculated from the
measured pressure distribution according
to [13] and the values from the hot-wire
probe. It should be noted here that abso—
lute wvalues from the hot-wire anemometer
are dependent on the use of a calibration
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4. Conclusions

Detail measurements of laminar boundary
layver instability have been performed on a
wing in flight. Initial comparisons with
linear stability theory based upon neas-—
ured wing pressure distributions are
encouraging. Consideration must be given
to the disturbance environment which
exists on a wing of a propeller driven
alrcraft. The measurements which have been
attempted, have heretofore only been per—
formed on the ground in low turbulence
wind tunnels under carefully controlled
conditions. Flight measurements represent
the real world and it 4is dimportant to
ascertain the validity of current theoret-—
ical linear stabilility models. Some evi-
dence pointsg towards nonlinear behavior of
the T8 waves. Further analysis of the
£light test data is in progress.
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