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Summary
Hot-wi re measurements of transit i onal boundary l ayer quantit i es were
performed i n the Laminar Windtunnel of the IAG under „ natural “ conditi ons
on a 2-d ai rf oil secti on at a Reynolds number of Re=1.2∗106. The measured
ampli f i cati on of Tollmi en-Schli chti ng waves i s compared to l i near stabil i t y
theory. A careful experimental setup all ows the measurement of very small
vel ocit y f l uctuati ons result i ng i n a l arge measurable amplit ude rati o of
A max/A mi n≅1800. The determined „ onset“ of transit i on i s compared to the
transit i on predi cti on wit h en-methods. Some remarks are made on the accuracy
of simpli f i ed envelope-methods.

Introduction
In the design of ai rf oil s, i .e. f or sail pl ane appli cati ons, advantage i s gai ned
from long regions of l aminar f l ow. Thi s i nf l uences di rectl y the prof i l e drag by
means of the l ower l aminar ski n fr i cti on i n compari son to the turbulent one
and i ndi rectl y by the possibil i t y of a steeper pressure recovery whi ch can be
overcome by a thi nner turbulent boundary l ayer. Transit i on should occur j ust
before the beginning of the pressure ri se to avoid l aminar separati on bubbles,
whi ch may i ncrease the drag si gni f i cantl y. Therefore the result i ng performance
of a new ai rf oil depends strongl y on the reli abil i t y of the method used for
transit i on predi cti on. Si nce the f i f t i es vari ous l ocal and non-l ocal empi ri cal
methods have been used wit h more or l ess success, and today semi-empi ri cal
en-methods are state of the art [ 1,2] .
Fi g.1 shows the l i f t to drag polar of
the SM701 ai rf oil , ori gi nall y desi gned
by Somers and Maughmer [ 3] wit h the
Eppler code [ 4] whi ch uses a l ocal
empi ri cal t ransit i on crit eri on. A re-
cal cul ati on was made wit h the ai rf oil
desi gn code XFOIL [ 5] . Thi s code
takes the di spl acement thi ckness of
the boundary l ayer i nto account and
predi cts the transit i on by a simpli f i ed
en-method (envelope-method). A l arge
di ff erence to the measured polar [ 6]
can be observed. An attempt was
made to adjust the n-factor to the
experimental data but result ed al so onl y i n poor agreement (and i n a very l ow
n-factor, n≅5). From free-f l i ght experiments performed by Horstman et al . [ 7]
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       Fig.1:  Polar  of the SM701 airfoi l



n-factors (fr om linear stabil i t y theory cal cul ati ons) i n the range of n≅12-14 are
reported, whi ch agree quit e well wit h the corresponding windtunnel data.
To get more i nsi ght into thi s problem, boundary l ayer measurements were
carri ed out under „ natural “ conditi ons, that means wit hout additi onal arti f i ci al
di sturbances except the normal windtunnel turbulence. Two cases important
for practi cal appli cati ons were examined [ 8] : transit i on i n an attached
boundary-l ayer under adverse pressure gradient and the transit i on development
i n a l aminar separati on bubble.

Windtunnel and Turbulence level
The Laminar Windtunnel i s built as an open return tunnel of the Ei ff el desi gn
[ 9] . The rectangular test secti on measures 0.73*2.73m2 and i s 3.15m long. The
two-dimensional ai rf oil model s span the short di stance of the test secti on. The
high contracti on rati o of 100:1 and 5 screens and f i l t ers result i n a very l ow
turbulence l evel bel ow 2∗10-4.
The turbulence l evel was measured wit h a si ngl e hot-wi re probe DISA55P11
centered i n the middle of the test secti on. The probe was connected to a DISA-
55M10 constant temperature anemometer.
The AC part of the si gnal was cut off by
an 20Hz hi gh-pass f i l t er wit h a roll off
rate of 12dB/octave and then ampli f i ed
wit h a Preston ampli f i er. The power
spectrum (f i g.2) shows the frequency-
di stri buti on for a free-stream speed of
30m/s together wit h the noi se-l evel of the
measurement equipment. Above 200Hz the
velocit y f l uctuati ons can not be
di sti ngui shed from the el ectroni c noi se.
Typi cal Tollmi en-Schli chti ng (TS-)
frequencies i n the rel ated experiments are
i n the order of 1kHz. Because of the
requi red hi gh ampli f i cati on of the si gnal ,
the contaminati on by frequencies from the power consumpti on (50Hz/100Hz)
makes a considerable contri buti on to the RMS of the si gnal . These frequencies
are di git all y f i l t ered out. Then the turbulence l evel i s cal cul ated from the
velocit y f l uctuati ons i n streamwise di recti on on the assumpti on of an i sotropi c
turbulence di stri buti on.

Instrumentation and Procedure
For the boundary l ayer measurements a symmetri cal ai rf oil (X IS40MOD) was
designed whi ch, depending on the angle of attack, all ows the testi ng of special
cases wit h l arge di ff erences i n boundary l ayer development and al so meets all
requi rements f or the traversi ng mechani sm descri bed below. One si de of the
ai rf oil was equipped wit h 47 pressure ori f i ces (0.3mm diameter), and the
pressure di stri buti on was obtai ned by a scani val ve and a si ngl e HBM-PD1
pressure transducer. To avoid any di sturbances the other si de was smooth and
used onl y f or the boundary l ayer measurements.
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  Fig.2:  Turbul ence spectrum



A single wire boundary layer probe (DISA55P15) was used for the boundary
layer surveys together with a small static
pressure probe of 1mm diameter. This
probe served as a velocity reference for the
hot-wire at the boundary layer edge. The
probes are mounted to a small traversing
mechanism (fig.3). A thin support resting
on the airfoil surface defines its position
in relation to the wall. A small rubber
between this sting and the airfoil surface
prevents the coupling of mechanical
vibrations. By means of a high precision
rack- and pinion drive together with an
optical encoder, a resolution of 5µm in
wall distance is achieved. To start
traversing a boundary layer, the hot-wire
probe is moved towards the wall until its
prongs touch a thin graphite coating, thus
closing an electric circuit with high
impedance which stops the motor. The direction of traverse is reversed and the
probe moves until its contact with the wall breaks. By this means, eventual
backlash and bending effects are removed. This position is taken as the zero
wall distance.
Thirty to sixty points are acquired in each boundary layer profile. The DC-
output of the hot-wire anemometer is integrated by a low-pass filter at 0.3Hz.
The AC-output is high-pass filtered with a special low-noise filter with 570Hz
cut-off frequency and a low damping of only 4,3dB/octave. This allows high
amplification of the signal in the range of the TS-frequencies by a program-
mable amplifier and anti-aliasing filter which are remotely controlled by the
PC used for data-acquisition. The sampling rate is normally set to 10kHz and
the data (4096 time signals) are collected with a 12bit AD-converter. After the
FFT analysis the signal is corrected in amplitude to consider the influence of
the filters and monitored online.
The calibration of the hot-wire is made according to Kings-Law and is briefly
described in [10]. A comparison between the pressure distribution measured
with the static probe and those measured with the pressure-orifices shows very
good agreement, consequently the influence of the traversing mechanism and
probe support on the mean velocity distribution must be small. Only at the rear
part of a laminar separation bubble the pressure distributions are slightly
diverging, which is probably due to strong curvature of the streamlines which
may lead to a misalignment of the static probe.

Boundary layer measurements
Boundary layer measurements were performed for the XIS40MOD airfoil at 1
degree angle of attack and a Reynolds number of 1.2∗106  based on the arc-
length smax=0.615m measured from the leading edge. The velocity distribution
(fig.4) is in good agreement with the distribution calculated with XFOIL.
Based on this distribution, the boundary layer parameters are evaluated with a
finite difference scheme [11]. The shape factor H1 2  is nearly constant

   Fig.3:  Test  sect ion and probe support



(H12≅2.8) from s =s/smax=0.25 to 0.6 and the „ onset“ of transit i on can be
clearl y seen as the cal cul ated l aminar shape factor di verges ( s =0.585) from
the measured H12, because the mean velocit y prof i l es are i nf l uenced by the
i ncreasing turbulence producti on. Fi g.5 shows the measured prof i l es i n
compari son to the cal cul ated ones. A t each point, a FFT i s performed so that
ei genfuncti ons for the TS-frequency can be deri ved, as pl otted i n f i g.6. These
eigenfuncti ons show a stronger second maximum insi de the boundary l ayer i n
compari son to 2-d l i near stabil i t y cal cul ati ons, al so the TS-amplit ude
(0.1%U δ) i s di sti nctl y bel ow the crit i cal l evel f or secondary i nstabil i t y eff ects.
Under some assump-ti ons for the superposit i on of 2-d and a small amount of
obli que travell i ng waves these ei genfuncti ons agree sati sfactori l y wit h the
measured ones.
Under „ natural “ conditi ons, i .e. wit hout a dominati ng arti f i ci al di sturbance at
one si ngl e frequency, it i s not cl ear how to def i ne a TS-amplit ude and al so a
TS-frequency. As can be seen i n f i g.7, there i s a broad band of fr equencies
whi ch are ampli f i ed or damped accordi ng to l i near theory (i f they are small
enough). In thi s study the TS-frequency wil l  be def i ned as the frequency wit h
the hi ghest measurable amplit ude (i n the range of ampli f i ed frequencies) at the
onset of transit i on. The corresponding TS-amplit ude i s def i ned as the
maximum amplit ude of the ei genfuncti on (f i g.6) for a frequency-range of
±10% of the above menti oned TS-frequency. Normall y thi s covers more than
80% of the energy of the whole ampli f i ed frequencies.
In f i g.8 the development of the measured TS-amplit udes i n the three maxima
of the ei genfuncti on (f i g.6) i s compared to l i near stabil i t y theory. A good
agreement can be seen, except f or s ≤0.35. In thi s regi on the hot-wi re si gnal i s
dominated by el ectroni c noi se and the i nf l uence of probe vi brati ons. Based on
thi s l owest measurable amplit ude A mi n and the amplit ude at the onset of tran-
sit i on A t r ( s =0.585), a hi gh amplit ude rati o could be measured, corresponding
to an n-factor of n=7.5. The cal cul ati on of the n-factor wit h l i near stabil i t y
theory beginning from the i nstabil i t y poi nt yi el ds n=10.3. The value of thi s n-
factor depends on the def i nit i on of the transit i on point whi ch can be di ff erent
accordi ng to the method used for determini ng transit i on. In the present
experiment f or example the total RMS-maximum of the f l uctuati on amplit udes
i s reached at s =0.65. A t the same stati on the measured wall shear stress
i ncreases si gni f i cantl y. For thi s posit i on the cal cul ated n-factor reaches a
value of n=11.5.
A second boundary l ayer experiment was performed under the same conditi ons
but wit h an angle of attack of -3 degrees. In thi s case a l aminar separati on
bubble occurs at s =0.717 wit h turbulent reattachment at s =0.82. The velocit y
di stri buti on and the development of the i ntegral boundary l ayer parameters can
be seen i n f i g.9. An additi onal vel ocit y di stri buti on was measured wit h a small
tri p i n fr ont of the separati on point whi ch causes transit i on and prevents the
formati on of the bubble. The i nf l uence of the bubble on the vel ocit y
di stri buti on i s cl earl y vi si bl e. The i nstabil i t y poi nt is at s =0.27, but accordi ng
to the l ow shape factor H12 no si gni f i cant ampli f i cati on of TS-wave occurs
before l aminar separati on. Insi de the bubble, H12 grows rapidl y and reaches
H12max≅6.5. A t s =0.744 a TS-amplit ude of 0.1%U δ i s observed, whi ch shows
that the transit i on process develops i nsi de the bubble and i s therefore
dominated by the stabil i t y characteri sti cs of the separated shear-l ayer. Free
shear-l ayers are hi ghl y unstable and i n the present experiment the



ampli f i cati on from 0.1% to 3% TS-amplit ude took pl ace over a di stance of one
TS-wavelength (λTS ≅0.03s ). The measured ampli f i cati on rates are sli ghtl y
hi gher i nsi de the bubble i n compari son to l i near stabil i t y cal cul ati ons. Thi s
may be contri buted to the parall el f l ow assumpti on whi ch i s questi onable i n
thi s case. Nevertheless the cal cul ated n-factor for the onset of transit i on
reaches n=10.5. Thi s i s i n good agreement wit h the above menti oned measure-
ment and shows the consi stency of thi s semi-empi ri cal en-method.

Transition prediction with envelope-methods
A well known simpli f i cati on of l i near stabil i t y cal cul ati ons for transit i on pre-
di cti on are the so-call ed enevelope-methods. They were f i rst introduced by
Gleyzes et al . [ 12] and l ater used by Drel a i n the ai rf oil desi gn program
XFOIL. Thi s method takes advantage from the observati on that f or a simil ar
boundary l ayer the amplit ude development of di ff erent ampli f i ed frequencies
can be reduced to one envelope coveri ng the ampli f i cati on curve of all si ngl e
frequencies (f i g.10). Thi s envelope can then be used for the cal cul ati on of n-
factors. For thi s purpose, Drel a deri ved an anal yti c f uncti on depending on
Fal kner-Skan-prof i l es f or the determinati on of the i nstabil i t y poi nt (1) and a
second one for the gradient of the envelope (2). Equati on (3) and (4) are
deri ved from the same prof i l es to enable a di rect integrati on i n s.
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In the vi ci nit y of the i nstabil i t y poi nt a small ci rcul ar correcti on i s made to
the gradient of the envelope-curve to achieve a smooth start.
The key assumpti on of thi s method i s that the transit i on development in a
boundary l ayer wit h non constant shape factor can be descri bed by stepwi se
integrati ng al ong these envelopes. Dini [ 13] shows that thi s i s not true and
result s i n an „ envelope-error“ . He anal ysed a boundary l ayer development wit h
a sharp i ncrease i n the shape factor. In thi s case, the ampli f i cati on must be
regarded al ong a si ngl e frequency and i s usuall y hi gher than cal cul ated al ong
the envelope. For example (f i g.10), i f a boundary l ayer i s stable to all fr e-
quencies unti l  Reδ2=200 i s reached and then a j ump to H12=2.8 occurs i n the
shape factor, the most ampli f i ed si ngl e frequency wil l  f ol l ow the dotted l i ne.
A f ter a short di stance, the corresponding „ envelope“ i s crossed and the n-
factor of n=9 i s reached further upstream.
In practi ce, boundary l ayers develop wit hout sharp j umps i n the shape factor
and for anal ysi ng such a conti nuous change a special seri es of boundary l ayers
were cal cul ated (f i g.11). An i nverse boundary l ayer method was used to pre-
scri be a l i near growth i n the shape factor, starti ng wit h a f l at pl ate sol uti on.
The onset of transit i on i s then cal cul ated accordi ng to l i near stabil i t y theory
using f i xed si ngl e frequencies i n compari son wit h the envelope-method. For a
constant shape factor the predi cted transit i on points (n=9) agree quit e well .
For stronger i ncrease of H12, l i near stabil i t y theory predi cts transit i on further
upstream. The maximum di ff erences i n s t r are not observed for the strongest



i ncrease i n H12 because of the hi gher i nstabil i t y of the boundary l ayer
result i ng i n a rapid i ncrease i n the n-factor wit h s .
Fi g.12 shows a stabil i t y anal ysi s f or the above menti oned SM701 ai rf oil f or a
li f t coeff i cent of cl=0.67. The cal cul ated amplit ude development f or si ngl e
frequencies i s pl otted against the corresponding envelope-curve. The experi -
mentall y detected transit i on by a oil and l ampblack coati ng can be seen i n
f i g.13. The i ncrease i n wall shear stress caused by the onset of transit i on
result s i n a bri ght zone starti ng at s =0.4. The l ampblack from thi s zone i s
transported to the darker zone foll owing downstream. For s =0.4 a n-factor of
n=11.3 can be deri ved from the l i near stabil i t y cal cul ati ons, whi ch i s i n good
agreement wit h the result s fr om the boundary l ayer experiments. For the same
transit i on posit i on the envelope-method reaches onl y n≅6. Since the accuracy
of the transit i on predi cti on wit h thi s method depends strongl y on the shape of
the boundary l ayer development, whi ch di ff ers from one ai rf oil t o the other
(al so for changes i n angle of attack, or the upper and l ower surface) it i s not
possibl e to get consi stent n-factors. For practi cal ai rf oil desi gn it should al so
be observed that small changes i n the vel ocit y di stri buti on can cause l arge
di ff erences i n the transit i on predi cti on. A compari son of two sli ghtl y di ff erent
ai rf oil s wit h thi s envelope-method may therefore be questi onable.

Conclusions
Boundary l ayer experiments were performed i n the Laminar Windtunnel of the
IAG using hot-wi re anemometry. The measurements were made under
„ natural “ conditi ons wit hout introducing a si ngl e dominant fr equency. Accor-
di ng to a careful experimental setup, the development of TS-waves could be
studied over a l arge amplit ude range of A max/A mi n≅1800. The compari son wit h
li near stabil i t y theory shows good agreement f or the ampli f i ed frequency-band
and the ampli f i cati on rates i n attached boundary l ayers, whereas for the
l aminar separati on bubble sli ghtl y hi gher ampli f i cati on rates were measured.
Based on the stabil i t y cal cul ati ons, consi stent n-factors f or the „ onset“ of
transit i on could be deri ved. I t could be shown that the simpli f i ed envelope-
method l eads to an uncertai n transit i on predi cti on.

Fig.4: Boundary l ayer parameters Fig.5: M ean vel oci t y prof i l es
X I S40M OD, α=1°,  •  exper i ment •  exper i ment,    theory [ 11]
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Fig.6: Ei genf unct i ons f or  the Fig.7: Frequency spectra
TS-f requency (shi f tet  by 2 decades)

Fig.8: A mpli t ude devel opment Fig.9: Boundary l ayer parameters
f or the TS-f requency X I S40M OD, α=-3°

Fig.10: A mpli t ude devel opment f or Fig.11: Transit i on predi ct i on,  n=9,
si mi l ar  boundary l ayers •  l i near theory,  ♦  envel ope-method

-5 -4 -3 -2 -1
0

5

10

15

C

y/δ2

0.1% 1% 3% RMS-TS/Uδ

B
A

log10 (RMS-TS/Uδ)
1000 3000 5000

....

0.1%

1%

3%

RMS-TS/Uδ

-10

-10

-10

lo
g1

0(
(u

/U
δ)

**
2/

∆F
)

A-maximum
B-maximum
linear theory

frequency [Hz]

0.3 0.5 0.7-5.0

-4.0

-3.0

-2.0

-1.0

s/smax

lo
g1

0(
R

M
S

-T
S

/U
δ)

B-max.
A-max.
C-max.

0.3 0.5 0.7-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

0.01%

0.1%

1%

3%

linear theory

0.6 0.8 1.00.2

0.4

0.6

0.8

1.0

1.2

2

4

6

8

H

8

s/smax

12

0.1% 1% 3%

H12

RMS-TS/Uδ:

U  /Uδ
U  /U 8δ

0.6 0.8 1.0

0.002

0.004

δ

δ2

2

0 200 400 600 8000

2

4

6

8

10

12

XFOIL V5.8

H    = 2.80 = const.12

Envelope

F=const.

Re-δ

linear theory

2

n

0.2 0.5 0.8

2.6

2.8

3.0

3.2

H12

s/smax

H    =f(s)12



Fig.12: Stabi l i t y anal ysi s f or  the Fig 13:  Oi l  and l ampbl ack coat i ng
SM 701 ai r f oi l ,  -  -  envel ope-curve f or transit i on detect i on, SM 701,

f l ow di rect i on f rom l ef t  to r i ght
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