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Note: The results of a two-dimensional experiment are described, performed in the similar
laminar and transitional part of a boundary layer flow (Hartree S=-.14) under natural dis-
turbance conditions. At 23 streamwise stations mean velocity profiles, power spectra, power
distributions across the boundary layer and amplification spectra are measured and compared
with boundary layer- and linear stability calculations.
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SUMMARY -
The results of a two dimensional experiment are described, performed in the
gsimilar laminar, and transitional part of a boundary layer flow {Hartree g=
-0.14) urder natural disturbance conditions. At 23 streamwise stations,
mean velocity profiles, power spectra, power distributions across the boun-
dary layer and amplification spectra are measured and compared with boun—
dary layer— and linear stability calculations.

INTRODUICTTON
In 1986, due to the increased interest in natural laminar flow (NLF) and

laminar flow control (LFC), an experimental project was started at LSL to
investigate the region of validity of linesr stability theory in matural
boundary layer flows. The investigations were performed at LSL on the flat
test wall of a small boundary layer tumnel, with a flexible opposite wall
to generate a pressure gradient. Except for a short initial pressure
region, the pressure distribution corresporded to a Hartree g = -0.14 flow
(figure 1).
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Figure 1. Experimental ( @) and theoretical (—) velocity distribution,
Hartree g = -0.14 ('Uref = 10.96 m/s).
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Experimental results were compared with two quasi-parallel linear stability
computer programs. The first is part of the low speed airfoil analysis and
design code of LSL (Van Ingen et al. [1]). The method uses spatial linear
stability data for the similar Falkner Skan {Hartree) mean velocity
profiles, which were read from small scale charts, and solutions of the
Rayleigh equation for the inviscid stability of reversed flows (as
occurring in separation bubbles). All these data have been reduced to a
table containing about 600 mumbers. '
The second program is a finite difference compressible temporal linear
stability code, based on Cosal (Malik [2]), of the National Aerospace
Laboratory (MIR).

EXPERIMENTAL SET-UP

all experiments were performed on the flat test wall of an open ended
boundary layer windtummel with a contraction ratio of 16.7 and a 2 m long
test section. The entrance of the rectangqular test section has dimensions
0.08 x 0.48 m. Downstream, variable cross sections can be obtained with a
flexible transparant PVC counter wall. Suction was employed to keep the
bourdary layer growth on the opposite wall within bounds. The pressure
distribution was measured with 41 pressure orifices fitted in two stream-
wise rows along the test wall.

A single tungsten hot wire with 1 mm active length and 5 um diameter was
used, connected to a Dantec (56C01) constant temperature anemometer with an
overheat ratio of 0.8. Mean voltages were measured with a Fluke (8842A)
digital voltmeter. A DISA bandpass filter with frequency band 5-2000 Hz and
roll-off rate 18 dB/octave, was used to abtain the fluctuating part of the
signal which was analysed by a Bruel & Kjaer (type 2031) narrow band
frequency analyser. Voltmeter and analyser data were read out by an HP-1000
campiter and stored on disk and magnetic tape.

All measurements were performed at a free stream reference speed of

10.96 m/s (see figure 1) and a free stream turkulence intensity of 0.05%,
half of which was contributed by disturbances below 25 Hz.

RESULTS AND DISCUSSION

Mean velocity profiles

Boundary layer measurements were performed at 23 locations along the test
wall in the laminar and transitional region of the flow. Comparison of the
experimental mean velocity profiles with the Hartree g = -0.14 profile
showed a good correspondence downstream of x = 250 mm where the effects of
the non-Hartree initial region were damped out. Experimental laminar mean
velocity profiles were also compared with Bola (Lindhout et al.[3]), @
finite difference boundary layer code of NLR. Differences were mainly due
to errors in the experimentally determined wall distance of the hot wire,
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Figure 2. Develomment of boundary layer. Comparison between experiment (o)
and Bola results (—). ’

also observed in comparisons of the measured and calculated displacement °
thickness. The calculated profiles were used to adjust the measured wall
distance, to obtain a better fit. These corrections were applied in all
laminar results (x = 709 mm) and were in general less than 0.05 mm. The
laminar boundary layer development, compared with Bola results, is
presented in figure 2. Agreement is quite satisfactory except for some
local regions close to the wall, attributed to local deviations in the
experimental pressure gradient, not accounted for in the calculations.
Figure 2 presents the shape factor, in the laminar part also compared with
Bola results. The figure shows the transition region to extend from about
700 mn till 900 mm.

Power spectra _
Over 800 power spectra were measured at 19 boundary layer stations in the

laminar and transitional flow region (these can be made available on floppy
disk to the interested reader). The voltage power spectra measured with the
frequency analyser covered a frequency band of 0-1000 Hz, subdivided in 400
intervals of 2.5 Hz each. Those voltage power spectra were reduced to
velocity power spectra hy means of the sensitivity of the hot wire
anemometer. The anemometer signal representing the. instantanecus velocity
is contaminataed by electronic noise and cther disturbing signals. They are
not correlated with the flow velocity hut are treated as if representing a
velocity during data reduction. Figure 4.a shows voltage power spectra
at three levels in the bourdary layer at x = 276 mm from which three kinds
of dishurbances may be distinguished.
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Figure 3. Distrilbution of shape factor. Experiments (o), Bola resuits (—).

The first disturbances are of a velecity- (or pressure) nature like the
peaks at 320 Hz corresponding to the fan blade frequency and its harmonic
at 640 Hz, and the motor sound at 612.5 Hz. Their intensity is nearly
independent of the wall distance in a velocity power spectrum (figure 4.b).
The second are electronic noise like the peaks at the electric mains
freguency (50 Hz) and its harmonics, and the white noise in between. Their
intensity is nearly independent of the wall distance in a voltage power
spectrum (figure 4.a), and scale in a velocity power spectrum (figure 4.b);
due to the data reduction proceture, with the inverse of the corresponding
anemoreter sensitivity. '

At low frequencies (< 30 Hz}, large power contributions are present which
do not damp nor amplify downstream and strongly resemble the. high
fluctuation levels at very low frequencies in open jet facilities (Meier et
al. [4] and Michel and Froebel [5]).

Spectra are presented at a limited mumber of representative boundary layer
stations in figures 5 (Wukben {6] gives more details). They are given close
to (y/¢) = 0.7 and 2.8 at which maxima in power distributions (in the
frequency band 25-200 Hz) were cbserved. Notice that the edge of the
Hartree boundary layer is at (699/9) = 7,37. The free stream spectrum,
(y/8) » 20, is presented as reference for spectra within the boundary
laver.

At x = 330 mm, a clear hump can be cbserved at about 190 Hz, representative
for TS-frequencles. Further downstream, the hump slowly shifts to lower
frequencies and increases in magnitude. At x = 430 mm, a second hump
appears around 100 Hz which seems to resemble the experiments of Kachanov
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Figure 4. Voltage- (a)} and velocity (b) power spectra at three levels in
the boundary layer (x = 276 mm).

et al ({7] and [8]), possibly corresponding to subharmcnics (half the
frequency) of TS-waves. Because in the present experiment attention was
focussed on the amplification of natural disturbances, there is no clear
way of distinction between TS~waves and subharmonics.

At x = 518 mm, above 200 Hz, only disturbing contributions are observed in
the spectra. An interesting change in this behaviour can be observed in the
spectra at X = 616 mm (see also next paragraph). It will be evident that
noise no longer dominates the signal. The same phenomencn was cbserved in
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Figure 5. Development of velocity power spectra.

the experiments of Kachanov et al. [7] due to interaction processes between
low frequency disturbances (£ < £(TS)) and TS-waves which is the start of
the filling of the spectrum to turbulence.

At x = 709 mm, where clear differences between the experimental and
calculated mean velocity profiles were seen for the first time, all
spectral components grow. Oscillograms showed the typical intermittency
phenomenon characterized by high frequency fluctuations altermating with
more reqular laminar £flow.
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Figure 5. Continued.

Power distribuations acrogs the boundary layer

Because the total RMS-value is contaminated by disturbing signals, the
power content in smaller frequency bands was analysed trying to avoid the
disturbance peaks. These data were obtained from the neasured power
spectra.

Starting with the fregquency band 155-195 Hz, figure 6 shows the
experimental distrilution compared with Cosal results at 175 Hz. Because
the calculated amplitude distrilations are normalized, the comprted results
are matched to the experiment, at the arrow., The boundary layer edge
(6g9/f) is indicated as b.e.

At x = 330 mm, large differences are present due to the low signal to noise
ratio at this station. Downstream, agreement -is much better be it that
differences can be observed in the free stream. This is due to the boundary
condition of the Orr Sommerfeld eguation at infinity, not taking into
account the free stream turkulence. At X = 518 mm, an additicnal maximm is
present in the experimental results, growing downstream, hot found from the
present linear stability calculation. Maxima are named A, B and C with
increasing wall distance.

Similar conclusions can be drawn from the distributions in the frequency
band 105-145 Hz, not shown heré. However, the additional (B-)maximum is
observed muich earlier and is the absolute maximum from the very start.

At still smaller frequencies, the maximum is growing while in the band 25—
45 Hz only the B-maximm is left over. This trend is also shown in figure 7
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which presents power distributions in four frequency intervals at
¥ = 518 mm.

It should be noted that a B-maximm in the amplitude distribution is known
from a linear stability calculation (Arnal [9]) but i1s found only at
stronger adverse pressure gradients, by inflectional ingtability.

The experimental B-maximm becomes more and more dominant at lower fre-
guencies. From references [7] and [8] it is known that subharmonic maxima
are found close to the critical layer. So the B-maximum, observed in the
experiment, may possibly be related to subharmonic oscillations (Herbert
and Bertolotti [107).

As discussed in the previous paragraph, an interesting change was observed
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Figure 6. Development of experimental power distribution (o, 155-195 Hz)
compared with matched Cosal results (—, 175 Hz).
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Figure 7. Experimental power distributions for different frequency
intervals at x = 518 mn with shifted origins,

in the spectra above 200 Hz, at boundary layer station x = 616 mm. To
demonstrate this change across the boundary layer, power distributions were
determined at the frequency band 505-545 Hz (figure 8), at small x-values
dominated by noise. Because the voltage power in this frequency band
changes only little across the boundary layer at these small x~values, the
presented distributions are directly proporticnal to the inverse of the hot
wire sensitivity. 30

At X = 616 mm, a discontinuity is %5 | Bram
visible in the distribution, located v/9 . . G
at the boundary layer edge. The same 25 ]

phenomenon was seen at x = 568 mm, not 2ol H

presented here, close to the inflexicn )

point in the mean velocity profile. It .

appears that the power content in the 1 .

bowidary layer increases suddenly when 10 B

approaching the wall. So it seems that £ e

possible interaction processes between -b'e'g 2" .,q:‘
low frequency oscillations and TS- > j %gu
waves, at first, remain confined to O‘g‘sfﬁié‘ n, . Blu%

only a part of the boundary layer.
Downstream, the whole boundary layer
is affected.

-i1 =10 -9 -8 -7 2"6
LOG(u‘/Ue)

Figure 8. Development of ex-
perimental power distributions
(505-545 Hz).
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Amplification spectra

although similar mean velocity profiles are present in the laminar flow,
power distributions of disturbances change downstream due to
the changing Reynoldsnumber R.,, and are freguency dependent. The question
to be raised is: which path through the boundary layer should be chosen to
determine amplification? In general, amplification is calculated along
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Figure 9. amplification spectra. Amplification is with respect to the
spectrum, measured at ¥ = 330 mm and y/¢ = .52. At x =.330 mm, a calculated
"y factor" of 5 is found. Hence, figure 9b shows an n factor of about 9

(n = LN{a,/a,))-
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lines of |uf| . or constant n, which is the non—dimensional Falkner Skan

wall distance. However, the maximm is generally found-at different wall

distances for different frequencies. Therefore, a kind of average path was

considered, alorg which the maximum intensity of all unstable waves {in the

frequency band 25-200 Hz) together, evolved. This path appeared to be very

close to lines of constant n {or y/¢). Hence, amplification data were

reduced from spectra measured clogest to constant (y/8}.

amplification data have been presented with reference to the disturbance

amplitudes at a reference station (x = 330 mm) rather than using some ill-

defined initial amplitude which is dominated by noise. Because the signal

to noise ratio at the reference station is still relatively small, the ob-

served amplification at downstream stations, will be lower than the actual

growth, Amplification spectra, reduced from spectra measured closest to

(y/8) = 0.7 are presented in figures 9. Linear stability results calculated

with the 1SL table and Cosal are included. It should be remarked that these

last results are independent of

the path through the boundary

layer. LN(aX/EBBO)

Initially, experimental amplifi-

cation exceeds the predictions,

downstream however, reversed T

trends are visible. The figures 2 '

clearly show an overprediction of ,'

the LSL table while Cosal gives N1 ‘ | J

reasonable agreement. The LSL code 0 ,‘:\Aﬁ ‘ L A

also presents a wider unstable !

frequency band than the experi-

ments. 0 200 200

Comparison of amplification spec- - {Hz)

tra composed at (y/#) = 2.8 (whlch

is the average location of the ad-

ditional (B-)maximum) with the Figure 10. Amplification spectra

presented amplification spectra reduced from spectra measured at

showed a tendency to shift the different heights in the boundary
layer at x = 458 mm.

amplification to lower frequen- :

cies, strengthening the believe

that this maximm is of a subhar-

monic nature (figure 10).

6

[=-—y/€= 2.78

— 0.72

Conclusions
A rather complete similar laminar and transitional fiow field investigation
has been described. Experimental mean velocity profiles showed good agree-
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ment with Bola calculations. Amplification of disturbances was found in the
predicted freguency range. Amplification factors were overpredicted with
the LSi. table while Cosal gave resonable agreement. The differences between
the LSL table and Cosal are due to inaccuracies in the stability table of
the first. This table will be updated in the future. Power distributions
showed three maxima of which only two were predicted by linear stability
caloulations. The B-maximum which was relatively stronger represented at
smaller frequencies seemed to be of a non-linear (subharmonic) nature.
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