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Abstract

In aerodynamic engineering the en transition criterion is widely used to calculate the beginning of tran-
sition in a two-dimensional boundary layer. It is assumed that the transition starts when the Tollmien-
Schlichting-waves have reached encrit -times the size of their initial value in the instability-point. The
critical amplification factor ncrit is measured for Reynolds numbers below 600,000 both in the laminar wind
tunnel of the “Institut für Aerodynamik und Gasdynamik” at the “Universität Stuttgart” and for the first
time in free flight tests in calm air. A method is developed to adequately determine the pressure distri-
bution of the test profile without direct measurement and to aquire the transition position quantitatively
and in a repeatable way. A symmetric test profile with no laminar separation at an angle of attack of 0◦ is
used which shows minimal interdependencies between viscous and non-viscous areas and allows a sufficiently
precise calculation of the airflow around the profile. Because of the symmetry an angle of attack of 0◦ can
easily be detected. With the test airfoil vertically attached to a model airplane the lift coefficient cL of the
test profile is independent of the flight velocity, i.e. cL = 0 can be realised for all flight velocities. Transition
position is measured by two symmetrically arranged Preston tubes. The related n-factor is determined by
means of an incompressible Orr-Sommerfeld-solver. The determined averaged critical amplification factor
for Reynolds numbers between 300,000 and 600,000 is ncrit = 12.6 with a deviation of ∆ncrit = 0.1 in the
wind tunnel and ∆ncrit = 0.6 in free flight.

...

Nomenclature

Symbols
A [ms ] Interference amplitude
A0 [ms ] Interference amplitude in the

instability point
cL [-] Lift coefficient
cp [-] Pressure coefficient
d [m] Eddy diameter
f [Hz] Frequency
H12 [-] Form parameter of the boundary

layer
n [-] Amplification factor
ncrit [-] Amplification factor at the

beginning of transition
q [bar] Dynamic pressure
Re [-] Reynolds number
s [m] Profile contour length
Tu [-] Turbulence level
u [ms ] Velocity
α [◦] Angle of attack

Indices
∞ Free stream
Preston Preston tube

Abbreviations
TS-frequency Frequency of a TS-wave
TS-wave Tollmien-Schlichting-wave

1 Introduction
The position of the laminar-turbulent boundary layer
transition strongly influences the air flow around an
object. In technical engineering the beginning of the
boundary layer transition is calculated by use of suit-
able transition criteria. The en-criterion is frequently
used. It is assumed that the transition starts when the
Tollmien-Schlichting-waves (TS-waves) have reached
encrit -times the size of their initial value. The n-factor
ncrit needs to be experimentally determined for given
flow conditions as the initial value can depend on the
free stream turbulence. The transition position can be
determined in a wind tunnel. Nevertheless the ques-
tion whether the results are also valid for flights in free
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atmosphere remains unanswered as turbulences may
differ between the wind tunnel and free flight.
Transition measurements for Reynolds numbers
greater than 1,000,000, which are common in general
aviation aircrafts, are available by Kroneberger [12]
and Miley, Horstman and Quast [17], [7], [8]. Kro-
neberger developed a multisensor hot film array and
investigated the amplification and dispersion of TS-
waves on top of a “glove” adjusted to the airfoil of
the power glider “Grob G109 Brq’ in free flight and
in a wind tunnel. The author determined the criti-
cal amplification factor as ncrit = 9. Miley, Horstman
and Quast analysed the TS development in laminar
boundary layers by means of hot wire anemometers
and the critical amplification factor on the airfoil of
a single engined, four seated aircraft by means of in-
frared thermal images. Measurements were taken in
the German-Dutch wind tunnel (DNW) and in free
flight. The determined ncrit-factors were between 12
and 15.
For smaller Reynolds numbers comparable measure-
ments are lacking, although precise knowledge of the
ncrit-factor is even more essential as the TS-wave am-
plification is much slower. Thus a given uncertainty in
ncrit results in considerable greater deviations of the
calculated transition position. In the presented exper-
iments the critical amplification factor ncrit of the in-
terference amplitudes of the TS-waves up to the start
of transition is determined for Reynolds numbers be-
low 600,000 in the laminar wind tunnel of the “Institut
für Aerodynamik und Gasdynamik IAG” at the “Uni-
versität Stuttgart” and in free flight. To this end start
of transition is measured on a suitable profile. The TS
amplification up to that position is calculated accord-
ing to the linear stability theory for laminar boundary
layers. Lerch [13] measured ncrit for Reynolds numbers
below 1,000,000 using the measurement and analysis
methods developed in the work reported here. Lerch
attached the same airfoil as used in the present work
to the glider Duo Discus T. The author took mea-
surements near Basel in free flight above 2,000 metres
altitude in calm air, above an inversion layer. The de-
termined ncrit of 12.8, is almost identical to the present
results, see Kobiela et al. [10], [11].

2 Underlying principles

2.1 Flow phenomena
The boundary layer is divided into several areas start-
ing in the stagnation point, following the profile con-
tour until reaching the trailing edge. From the stagna-
tion point up to the instability point the flow is lami-
nar and stable. Interferences in that area are damped
down. Behind the instability point an instable lam-
inar flow follows until transition start. In that area
TS-waves are amplified until their amplitudes reach a
critical size and turbulent transition starts. Accord-

ing to Würz the critical point ist reached when the
interference velocity is about 10% of the mean veloc-
ity [20]. The amplification can initially be described
by means of the linear stability theory. When the TS-
waves reach a critical size of about 1% of the mean
velocity they show non-linear amplification, i.e. mod-
ified amplification rates. Non-linear amplification is a
current research topic which could not be considered
here.
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FIG. 1: Interference development at the measurement
profile at Re = 400, 000 according to the linear stabil-
ity theory

According to the linear stability theory a narrow fre-
quency range of TS-waves is amplified, which shifts
towards higher frequencies with increasing free stream
Reynolds numbers. Figure 1 displays the course of
the TS amplitude for the straightly moving TS-waves
of differing frequencies against the dimensionless con-
tour length of the profile s

smax
for a constant Reynolds

number of incoming flow. At the axis of ordinates
the amplification factor n = ln A

A0
of a TS amplitude

A compared to the TS amplitude in the instability
point A0 is displayed. This amplification factor can
be computed using the linear stability theory. The in-
terference in the instability point A0 is unknown. To
increase clearness of the figure, the interference is log-
arithmically displayed and the amplification factor is
named n instead of A

A0
.

According to the theory underlying the en-criterion the
laminar-turbulent transition starts when the largest
amplitude of a single TS-wave reaches a critical size.
The absolute size of the interference is thus depen-
dent on the amplification factor n, which results from
the pressure distribution, the free stream Reynolds
number and the initial TS amplitude in the instabil-
ity point A0. If the initial interference is sufficiently
stable, a critical amplification factor ncrit can be de-
termined, which is reached at the start of transition.
Interferences impinging on the profile with TS-
frequency can couple to the boundary layer to a certain
extent. That process is called receptivity [18]. It was
investigated in the laminar wind tunnel of the IAG by
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Herr [6]. According to Bertolotti [1] the direct interfer-
ence coupling is circumstantial. The author considers
indirect interference coupling to be more influencial.
It is caused by big vortices with a low frequency that
deform the boundary layer.
In the transition area the spectrum of TS frequencies
broadens in bandwidth and the TS amplitudes increase
considerably. The mean velocity profile of the bound-
ary layer transforms. In particular the velocity close to
the wall and the velocity gradient at the wall increase,
which leads to an increase in wall shear stress. When
the transformation of the velocity profile is completed,
the transition area ends and turbulent flow is given.
In the present work the transition start is defined to
take place at the point where the timely averaged ve-
locity profile of the boundary layer starts to transform
due to turbulences.

2.2 Calculation of the TS amplification
The calculation of TS amplification in the laminar
boundary layer takes place in several steps. The pres-
sure distribution on the profile contour is calculated us-
ing XFoil [4], which is a profile calculation programme
working with a second order panel method and a cou-
pled, integral boundary layer calculation. The flow
transition is fixed to a point downstream of the ex-
pected position.
The velocity profiles are calculated on the basis of the
determined pressure distribution by means of a finite
difference programme [2]. A direct, incompressible
Orr-Sommerfeld-solver [3] was used for the following
stability calculation. That solver calculates the course
of the amplification factor n = ln( A

A0
) of the TS-waves

amplitudes on the profile contour for each frequency
seperately. In the calculation an incompressible flow
is assumed. The slip angle of the calculated TS-waves
is selectable. According to the Squire-theorem [15] the
straightly moving wave is most amplified in the con-
sidered case and thus firstly reaches the critical size
for flow transition. Therefore the stability calculation
was limited to that wave. An exemplary result of the
calculation can be seen in figure 1.

3 Measurement technique
Measurements in free athmosphere were done with the
model airplane shown in figure 2. The requirements for
the measurement, i.e. attached flow around the pro-
file and a precise knowledge of the angle of attack as
well as the pressure distribution, can be met with an
adequate symmetrical profile and an angle of attack
of α = 0 ◦. With symmetrical incoming flow the pres-
sure difference between the profile sites vanishes and
the transition positions are equal, thus the angle of
attack can be easily checked. A further advantage is
that no flow around the wing tip of the airfoil occurs.
Thus three dimensional effects hardly falsify the mea-

FIG. 2: The measurement airplane in approach for a
landing

surement results as an angle of attack of α = 0 ◦ can
be maintained over a wide range of velocities without
interfering lifting forces.
The profile GW98109 (Graf [5]) is used as measure-
ment profile. The profile is designed to possesse max-
imal TS amplification at maximal distances, because
the TS amplifications are very low for the investigated
low Reynolds numbers and long unstable laminar sec-
tions result. This is achieved by long pressure risings,
which are physically close to laminar seperation. From
20 % to 90 % of the profile depth the form parame-
ter H12 is 3.3 if no laminar-turbulent transition takes
places before. Assuming Falkner-Skan boundary layer
profiles, laminar flow seperation occurs at H12 = 4.
Beginning at 90 % of the profile depth the profile is
closed by a pressure rise which can only be overcome
by turbulent flow. If that occurs symmetrically at too
low Reynolds numbers the minimal threshold of the
measurable range of Reynolds numbers is reached.
Problems arise if the measurement airfoil shows vari-
ations of the angle of attack, which are unavoidable
on an airplane. On the pressure side the transi-
tion position shifts towards the trailing edge. If for
low Reynolds numbers the laminar-turbulent transi-
tion area now reaches the closure pressure rise a sep-
aration bubble emerges at 90% of the profile depth,
which not necessarily closes on top of the profile. That
separation somewhat shifts the Kutta-condition away
from the trailing edge towards the pressure side of the
profile and thus increases the effective camber of the
profile. According to calculations with XFoil this leads
to a up to ten times overreaching lift gradient ∂CL

∂α
around the zero position. A turbulator attached to
80 % of the profile depth helps reducing that problem,
although not avoiding it. The profile is shown in figure
3. It can be seen that the calculated pressure distribu-
tion closely matches the measurements in the model
wind tunnel of the Institut für Aerodynamik und Gas-
dynamik [14].
The measurement airfoil has a depth of 220 mm and a
height of 600 mm. The exact dimensions are shown in
figure 4. The airfoil is build in a negative mould in a
glass-fibre reinforced plastic sandwich construction.
The measurement airfoil is perpendicularly attached
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the integral value of the turbulence level is used and the spectral distribution of the veloc�
ity �uctuations is neglected� Typically the unstable TS waves are connected with a small
frequency range in comparison to the whole range used for the evaluation of the turbulence
level� The direct measurement of the velocity �uctuations in this critical frequency range
is almost impossible� because of its small amplitude �for low turbulence facilities
 which is
in the order of the electronic noise of the hot�wire equipment� In addition it is important
to distinguish between vorticity and pressure �uctuations which can have the same contri�
bution to the measured turbulence level but� due to di�erent receptivity mechanisms�
 the
generated initial TS amplitudes in the boundary layer can di�er signi�cantly�

To avoid these problems� an indirect �calibration� is commonly preferred� The predicted
transition positions for several test cases are compared to the experimentally determined
location and the n�factor is adjusted until a good match is achieved� This procedure also
takes small di�erences in the numerical evaluation of the n�factor into account because the
numerical model is directly involved�
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Figure �� Velocity distribution and develop�
ment of the shape factor� airfoil GW���	���
� � ��� Re � ��� ���

A priori it is not clear� if a similar method
can be adopted to the low Reynolds num�
ber regime� To establish a well de�ned
test case we designed a special symmetri�
cal airfoil which provides transition with�
out a separation bubble at zero angle of at�
tack� Due to the low test Reynolds numbers
�Re � ��� ��� and Re � ��� ���
 this is
quite a challenging problem� The advantage
of a symmetrical model is that the zero angle
of attack can be adjusted very accurately by
measuring the static pressure di�erence be�
tween the lower and upper surface near the
leading edge� In addition the pressure dis�
tribution� more precisely the circulation of
the model� is not a�ected by possible in�u�
ences from the wind�tunnel boundary layer�
The airfoil was designed to achieve an almost
constant shape factor of H�� � ��� between
x�c � ��	� and x�c � ����� To avoid distur�
bances resulting from pressure ori�ces the
pressure distribution was measured with the help of a miniaturized static pressure probe po�
sitioned at the boundary�layer edge� The agreement with the calculated inviscid distribution
is very good �see Fig� �
� Based on the theoretical distribution a boundary�layer calculation
was performed and used as input for the spatial stability analysis� The resulting amplitude
development is depicted in Fig� ��

The experimental determination of the transition �point� is a serious problem because
transition is a more or less continuous process� Therefore the evaluated position depends
strongly on the method used for transition detection� This again has a non�negligible in�u�
ence on the correlated value of ncrit�� For the present investigations a classical procedure��

was applied which is based on the change of the wall shear�stress� A miniature pitot tube

�

FIG. 3: Pressure distribution and course of the form
parameter at the profile GW98109, Re = 250, 000,
from Lutz et al. [14]

FIG. 4: Dimensions of the measurement airfoil and
position towards fuselage and airfoil of the carrier
plane

to a glider model plane shown in figure 5. Thus the
angle of attack of 0◦ can be maintained at stationary
speeds between 10 and 50 m

s . The eigenfrequency of
the airplane of 1 to 2 Hz at 1 to 2◦ amplitude is ade-
quately low due to a low moment of inertia and a high
flight mechanical dynamic stability around the vertical
axis. The periodic time is thus sufficiently long com-
pared to the time for the flow around the measurement
profile. So in spite of the oscillation a quasi-stationary
state can be assumed at the profile. The measure-

ment airfoil is attached to the carrier airplane above
the t/4-line of its wing. The isobars of the pressure
field around the airfoil of the carrier airplane run hori-
zontally, thus it possesses a minimal impact on the TS
amplification at the measurement airfoil. Comparing
calculations of TS-wave amplification considering the
pressure field of the airfoil of the carrier airplane show
an error smaller than 1% of the amplification factor.

FIG. 5: The carrier plane

At the wing tip of the measurement airfoil a total pres-
sure probe and a static pressure probe are attached to
measure the flight velocity. At a distance of 100 mm
from the lower end of the measurement airfoil at 5.5 %
of the airfoil depth in the middle of the suction peak
orifices of 0.3 mm diam are inserted symmetrically on
both sides. Between these orifices the pressure dif-
ference is measured to determine the current angle of
attack of the measurement airfoil.
Two Preston tubes are used to measure transition.
They are attached 150 mm away from the wing tip and
are placed exactly oppositely to control for symmetry.
Thus they are outside the turbulence cone triggered
by the wing tip and as far away as possible from the
sphere of the airfoil of the carrier airplane. Preston
tubes are total pressure probes, that are mounted to
the profile surface and only measure the lower bound-
ary layer area (figure 6). The laminar boundary layer
shows slow velocities close to the wall and thus a very
low total pressure, whereas the turbulent boundary
layer shows a richer velocity profile for the same ex-
ternal pressure conditions. The pressure measures in
the Preston tubes are hence greater for turbulent flow.
The Preston tubes are retained to their position before
each flight. Velocities are varied to move the laminar-
turbulent transition area past the Preston tubes. To
fully utilise the symmetry of the Preston tubes, the
tube peaks were fitted to each other in the wind tun-
nel on a flat plate before the experiments.
Acceleration-compensated and temperature-stabilised
pressure-difference sensors, type PCLA G1 from the
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FIG. 6: Size and measurement principle of the Pre-
ston tubes

FIG. 7: Arrangement of the probes, pressure pipes
and pressure-difference sensors

company Sensortechnics, are used for pressure mea-
surement. The wiring of the used probes, pressure
pipes and pressure-difference sensors is shown in fig-
ure 7. The signals coming from the pressure-difference
sensors are amplified, low-pass filtered and recorded
by a 10bit A/D converter. Data are recorded with a
light telemetry device specially constructed for this re-
search. They are transmitted in realtime to a PC on
the ground. Thus the airplane can be controlled in ac-
cordance with the recordings of the sensors for velocity
and angle of attack.
The measured pressures are corrected for remaining
influences of the airfoils. To obtain thermophysical
conditions temperature, air pressure and humidity are
measured on the ground.
The measurement airfoil was also tested with the
same sensor technology in the laminar wind tunnel
of the “Institut für Aero- und Gasdynamik” at the
“Universität Stuttgart” (Wortman and Althaus [19])
. The wind tunnel is of the Eiffel type and has got a
closed measuring section as well as an open runback.
The turbulence is homogeneous over the cross-section
of the measurement chamber. The turbulence rate
Tu =

√
u′

U∞
lies between 0.012 and 0.049 % for frequen-

cies above 20 Hz, depending on the flow velocity. The

measurement section has a height of 0.73 m, a width
of 2.73 m and a depth of 3.15 m.

4 Determination of the transi-
tion position

The pressure coefficient for the Preston tubes is defined
as

cpPreston =
ptotal − pPreston

q∞

To detect the transition position, all combinations for
a fixed Preston tube position are plotted in a cpPreston
- Re diagram (see figure 8). In the figure two constant
areas with laminar and turbulent flow are displayed.
The coefficients fall between these values, where the
average velocity profile of the boundary layer trans-
forms within the transition area. An interpolation
function consisting of a sinus function and a tangential
appended linear function is fitted to the measured val-
ues. Thus the starting transition can be determined
even in case of dispersed measured values in that area.

FIG. 8: Pressure coefficient of the Preston tube
cpPreston against the free stream Reynolds number

To analyse the flight measurements the measured val-
ues are filtered according to the measured angle of at-
tack and the symmetry of the Preston tubes. The ana-
lysed range of angles of attack can be narrowed up to
0.05◦ by means of the sensor. As the sensor could not
be calibrated with this accuracy before the flights, the
measured values are displayed in four colours in the
cpPreston − Re diagram. It is distinguished, at which
profile side the value is measured and from which direc-
tion the measured incoming flow comes. The sensor’s
“zero ” position of angle of attack is adjusted such that
the differences of the pressure coefficients of the Pre-
ston tubes at each side of the profile are minimised for
every Reynolds number and that an equal number of
measured values for incoming flow from the right and
the left side can be displayed. The filter thresholds are
narrowed until the diagram shows a clear trend.
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5 Measurements
All flights took place near Stuttgart. The main mea-
surement flights were done in calm air at sunrise with
wind velocities below 0.1 m

s . The used airfield is in a
wide plain area. For comparison, additional measure-
ments were taken in moving air with wind velocities up
to 3 m

s and thermal lift in a hilly area for comparison.
The free stream turbulence could not be measured and
is therefore unknown.
In the wind tunnel-experiments the same equipment is
used as in the flight tests. The Preston tubes are also
fixed in several positions and the flight velocity is in-
creased slowly. The transition position is additionally
detected for several Reynolds numbers by stethoscope
and an infrared thermal camera.

6 Results

6.1 Wind tunnel
The determined n-factors of the wind tunnel measure-
ments are shown in figure 9. The series “Laminar wind
tunnel IAG right ” and “Laminar wind tunnel IAG
left ” display the n-factors, which are seperately deter-
mined from the measurements of each Preston tube.

FIG. 9: Ncrit-factors of the wind tunnel measure-
ments

The position of the measurement profile was not
changed during measurements, nevertheless a mainly
small difference in transition position at the two pro-
file sides could not be avoided. The series “Laminar
wind tunnel IAG ” was averaged from the results of
both sides of the profile. The averaging is sufficiently
exact if the difference in transition position is not too
large. According to calculations in XFoil the transi-
tion positions move symmetrically for small angles of
attack from the transition position, which is given at
an angle of attack of α = 0◦. Moreover in that narrow
range the TS amplitudes increase quasi-linearly with
the profile depth.

FIG. 10: Thermal image with Re = 458, 000, incom-
ing flow from the right side

The ncrit determined by use of the stethoscope and
thermal images are higher as the ncrit determined in
the measurements with Preston tubes. This is due
to these methods: the turbulent interference velocities
need to have a minimal size to be detectable by stetho-
scope and thermal images. Figure 10 displays a ther-
mal image for Re = 458 000. The start of transition
is marked by a blue line. As the transition position
is constant the flow arround the measurement airfoil
is two-dimensional. At the wing tip a turbulence cone
induced by the presure probes occurs. In the middle
of the airfoil warm areas in direction of the flow can be
seen. These are caused by heat storage in integrated
rips and are of no importance to the flow around the
airfoil.

6.2 Flight in calm air
The averaged results of the flights in calm air are pre-
sented in figure 11. The results from the wind tunnel
tests are also shown for comparison.

FIG. 11: Ncrit-factors from flights in calm air and
wind tunnel tests
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6.3 Flight in moving air
Additional measurements were taken in moving air.
As the freestream turbulence could not be measured,
the results shall only be interpreted as a tendency how
the critical amplification factors develop with increas-
ing freestream turbulence. The averaged results of all
flights are shown in figure 12.

FIG. 12: N -factors from all flights and wind tunnel
tests

6.4 TS-wave-frequencies and eddy-
sizes

In figure 13 the frequency of the most amplified TS-
wave, which is critical for transition, is plotted against
the freestream Reynolds number and the amplification
factor n. It can be expected that the more energy a
frequency band of eddies contains, the more interfer-
ence in the boundary layer is caused by these eddies.
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FIG. 13: Critical Tollmien-Schlichting-wave frequen-
cies

According to the Tayler-hypothesis of frozen turbu-
lence [9] the size of eddies in freestream can be calcu-
lated by means of the frequency with which they hit
the airplane. The size of these eddies is displayed in
figure 14.

Re

n

200000 400000 6000006

7

8

9

10

11

12

13

14
0.0325
0.031
0.0295
0.028
0.0265
0.025
0.0235
0.022
0.0205
0.019
0.0175
0.016
0.0145
0.013
0.0115
0.01
0.0085
0.007

d in m

FIG. 14: Eddy sizes impinging on the measurement
airfoil with critical TS-wave frequency

7 Discussion
Beyond Re = 300, 000 the ncrit measured in free flight
are between 12 and 13.2. They thus disperse symmet-
rically around the n-factors determined in the wind
tunnel, which are ncrit = 12.6 ± 0.1. According to
Mack [16] the following empirically determined rela-
tionship exists between ncrit and the free stream tur-
bulence level Tu:

ncrit = −8, 43− 2, 4 ln(Tu)

The amplification factor ncrit = 12.6 thus corresponds
to Tu = 0.0156 %. This is in agreement with the tur-
bulence level stated by Würz [20] of the laminar wind
tunnel: 0.012 % < Tu < 0.05 %.
Beyond Re = 300, 000 the n-factors do not change in
moving air, i.e. the increased free stream turbulence
does not appear to have an impact. This is contrary
to Mack’s equation. However it is in agreement with
Bertolotti’s finding, that a coupling into the boundary
layer of the TS-waves is dependent on the specific char-
acteristics of the frequency spectrum and the shape of
the vortices in the free stream [1]. For a further inter-
pretation an experimental determination of the exact
shape of free stream turbulence seems necessary. It can
not definitely be said that the moving air really has an
higher amount of small scale turbulence, as it could
not be measured. Never the less the found n-factors
for Re > 300, 000 in calm air can be regarded reliable
due to the low dispersion and the concordance between
measurements in the wind tunnel and free flight.
Below Re = 300, 000 the measured ncrit decrease with
decreasing Reynolds numbers. At the same time the
difference in transition positions at both sides of the
profile increases although the angle of attack is not
changed. This effect ist due to assymetrical flow sepa-
ration in the pressure rise at 90% of the profile depth
that ocurs in low Reynolds numbers and very small an-
gles of attack. As described in section 3 this effect can
increase the lift gradient ∂CL

∂α up to 20π. The impact of
this effect can be seen in the results of the wind tunnel
measurements in figure 9. With decreasing Reynolds
numbers the ncrit at the left side of the profile re-

3189



main constant or even increase for very low Reynolds
numbers, wheras the n-factors of the right side of the
profile decrease as if the angle of attack would have
been increased. In the flight measurements in mov-
ing air this decrease in ncrit ocures as well. In calm
air the airplane does very small oscillations around its
vertical axis. In moving air the measured oscillation
amplitudes are much higher. As the zero crossing of
CL of the test airfol therefore is very fast with high lift
gradient ∂CL

∂α in low Reynolds numbers, it is possible
that the measuring equipment was too slow to record
the CL = 0 state reliably.

7.1 Comparison to other results
Lerch [13] did additional measurements on a Duo Dis-
cus T glider airplane with the same measurement air-
foil developed here. The airplane with the measure-
ment airfoil attached to it can be seen in figure 15.
The results of these measurements are shown in figure
16. In Lerch’s measurements the averaged amplifica-
tion factor is ncrit = 12.8 with a small dispersion of
±0.5.

23 / 22 Grenz-N-Faktor Bestimmung bei Reynoldszahlen < 600 000
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FIG. 15: Measurement airplane Duo Discus T from
Lerch [13]

FIG. 16: Comparison to the ncrit-factors of Lerchs
flights

Horstmann and Quast [8] determined ncrit for
Reynolds numbers beyond 1,000,000. Flights were
done in calm air above a thermal inversion layer to
avoid thermal convection. Measurements were taken

at a “glove” attached to the right airfoil. The glove’s
width is almost the profile depth. Measurements in the
German Dutch wind tunnel (DNW) were done with
the whole right airfoil in its closed measurement cham-
ber. Transition positions are detected by means of an
infrared camera. The TS-wave amplification is cal-
culated with a direct, compressible Orr-Sommerfeld-
solver.

FIG. 17: Comparison to the ncrit-factors of
Horstmanns measurements [8]

The resulting n-factors from Horstmann and Quast are
between 12 and 15, thus they disperse around the value
from the present research which was determined in the
laminar wind tunnel using thermal images. They are
slightly higher than the n-factors found here in free
flight using Preston tubes. This is mainly due to the
method defining the transition position, so the mea-
sured values are all in the same range. Small differ-
ences may result from different methods of stability
analysis. Horstman and Quast did compressible cal-
culations, here an incompressible solver was used.
Kroneberger [12] took measurements in free flight with
a motor glider. The author found a critical ampli-
fication factor of ncrit = 9. This finding is consider-
ably smaller than the results reported here. To analyse
the TS-wave amplification Kroneberger used an indi-
rect table solver assuming Falkner-Scan Profiles. The
pressure distribution along the profile contour of the
laminar glove, which is necessary for the calculations,
is measured in a wind tunnel with an open measuring
section. As the laminar glove has a width almost as the
measuring section and shows a dilation <1, the mea-
sured pressure distribution may be affected by three-
dimensional effects.

8 Conclusions
A new method could be developed to determine the
critical amplification factors ncrit reliably and effi-
ciantly. The measurements show an averaged ncrit
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of 12.6 for Reynolds numbers between 300,000 and
600,000. The obtained ncrit-factors have a very low
dispersion of ∆ncrit = 0.1 in the laminar wind tun-
nel and ∆ncrit = 0.6 in free flight. No dependency
on the free stream turbulence is observed. Below
Re = 300, 000 the dispersion of measured values in-
creases considerably and the n-factors decrease. Fur-
ther research is needed to clarify to what extent this
result is caused by measurement errors.
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