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Abstract
Natural laminar flow airfoils have achieved such a level of refinement that further optimisation and subsequent wind tunnel 
testing need to regard the specific free-stream turbulence to be expected during operation. This requires the characterisation 
of this turbulence in terms of those properties which are relevant for boundary layer receptivity and subsequent transition. 
These parameters of turbulence change with environmental conditions and, in case of aircraft, along the flight profile. This 
study investigates the free-stream turbulence relevant for the case of sailplane airfoils. In-flight measurements with a constant 
temperature anemometer x-wire probe were conducted during cross-country flights in Central Europe and provided 22 h 
of flight data, covering thermalling phases as well as straight flight legs. Longitudinal and transversal velocity fluctuations 
were recorded well into the dissipation range. The special challenges of operating a constant temperature anemometer probe 
continuously for several hours are addressed. The permanent unsteadiness of the inflow poses challenges for the evaluation, 
but also provides a broad database of measured turbulence levels. The quality of the measurements is shown by verifying 
some of the predictions of Kolmogorov's inertial range theories. Free-stream turbulence in thermalling phases is sufficiently 
homogeneous to be described accurately, as the dissipation range fluctuates only in a limited range and follows a log-normal 
distribution. On the straight flight legs, the turbulence depends on the convective activity along the flight path. In general, 
within the convective part of the atmosphere, turbulence levels are found to be significantly larger than in low-turbulence 
wind tunnels.
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Graphical abstract

1 Introduction

The use of natural laminar flow (NLF) airfoils is state 
of the art on sailplanes and wind turbines and becomes 
increasingly common in general aviation. The low drag 
of NLF-airfoils contributes considerably to the perfor-
mance gains achieved in these products. The favourable 
drag values are linked to the retarded laminar to turbu-
lent transition in the boundary layer. Under 2D condi-
tions and in a low-turbulence environment, this transition 
process is dominated by the exponential amplification of  
Tollmien–Schlichting (TS) waves, which can be modelled 
to predict transition. The  en criterion (Smith and Gam-
beroni 1956; van Ingen 1956) delivers reliable transition 
locations and is a standard method in airfoil design (Drela 
1989).

A remaining problem is the prediction of the transi-
tion location at increased levels of free-stream turbulence 
(FST). NLF-airfoils are generally developed for, and wind 
tunnel tested under calm conditions, but it is known that 
some sailplanes experience a loss of performance when 
entering turbulent air (Bertolotti 2001; Peltzer 2008). 
While on one side the range of favourable angle of attacks 
may become narrower (Reeh 2014), on the other side 
laminar separation bubbles may be impaired (Balzer and 
Fasel 2016). The kind of operation plays a role, as pilots 
of powered airplanes generally avoid turbulence (Pearson 

and Sharman 2017), whereas sailplane pilots are seeking 
turbulent thermals in convective atmospheric boundary 
layers.

As a first approach, the  en criterion was empirically 
adopted to the turbulence levels achieved in wind tunnels 
(Mack 1977; van Ingen 1977; Crouch 2008). However, dif-
ficulties remain using this approach in general, e.g. when 
applying it on different airfoils (Romblad et al. 2018). This 
seems plausible, as this approach neglects the spectral con-
tent of the FST and all intricacies of receptivity (Morkovin 
1969; Saric et al. 2002). Whereas fundamental research on 
receptivity is usually studied on a flat plate (Kendall 1997), 
the situation is particularly complex when applied on bound-
ary layers with pressure gradients, as on NFL-airfoils (Ber-
tolotti 2001).

Therefore, efforts are made to establish flow conditions 
in the Laminar Wind Tunnel (LWT) of the Institute of Aero-
dynamics and Gas Dynamics at the University of Stuttgart 
(Wortmann and Althaus 1964) that are comparable to real 
FST. This will enable to test airfoils, as well as to conduct 
fundamental transition research, both under operational con-
ditions of small aircraft and wind turbines. For this purpose, 
this study aims to characterise natural FST in the convective 
boundary layer with special account to sailplane operation.

The principal parameter of FST is the intensity of the tur-
bulence, which is related to the dissipation rate of turbulent 
kinetic energy ε. However, the laminar-turbulent transition is 
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also sensitive to parameters such as the spectral distribution 
of the turbulent energy as well as the degree of isotropy and 
homogeneity (Boiko et al. 2002).

The spectra and the dissipation rate ε are inherently 
linked to the concept of the Richardson–Kolmogorov energy 
cascade (Richardson 1922; Kolmogorov 1941). Turbulent 
energy is generated at large scales and passed on through the 
inertial range of the spectrum down to the smallest scales, 
where it is dissipated. As long as these ranges are clearly 
separated, and under equilibrium conditions, the dissipation 
rate ε is nearly equal to the rate at which turbulent energy 
is created and reached down (Pope 2000). This makes the 
dissipation rate ε a suitable measure for the intensity of tur-
bulence. For homogeneous turbulence, Kolmogorov’s con-
siderations lead to the − 5/3 exponential law of the spectrum 
of turbulent energy E(κ) in the inertial range (Pope 2000):

which is a function of the wavenumber κ and involves the 
Kolmogorov constant C.

In case of sailplane application, the convective atmos-
pheric boundary layer is relevant, as most cross-country 
flights of sailplanes make use of thermals. The altitude range 
in which sailplanes fly is the convective mixed layer, which 
extends from the basis of the capping inversion zinv, down to 
0.1 zinv (Kaimal and Finnigan 1994).

Dissipation rates have been measured as early as in 
the 1930ies with respect to gusts on transport airplanes 
using flow vanes (Küssner 1932; Rhyne and Steiner 1964; 
MacPherson and Isaac 1977; Sharman 2016).

In-flight measurements with hotwire constant tempera-
ture anemometers (CTA) are capable of measuring smaller 
scales. MacCready (1962) and Zanin (1985) provided meas-
urements of ε and turbulence intensities Tu, respectively, 
from flights with sailplanes in or close to different sources 
of updraft. Arntz (1991), Weismüller (2011), Reeh (2014) 
and Guissart et al. (2021) used light airplanes to make meas-
urements in different conditions of light to moderate turbu-
lence. Wildmann et al. (2021) equipped a powered sailplane 
to measure wind and dissipation rates ε on lee wave flights 
in the Andes with a five-hole probe.

A review of further in-flight test campaigns under a wide 
range of conditions can be found in Arnal (1992) and Riedel 
and Sitzmann (1998). However, the present study focuses on 
the convective mixed layer.

Although the correlation between the dissipation rate 
and terms like “moderate turbulence” is not exactly consist-
ent between the authors, there is a range of ε from  10−5 to 
 10−2  m2/s3 for the convective atmosphere, and ε from  10−6 
to  10−7  m2/s3 for the stable atmosphere.

More recent in-flight measurements (Reeh 2014; Guissart 
et al. 2021) provide a direct insight into smaller scales (up 

(1)E(�) = C�2∕3�−5∕3

to 4 kHz) which are more relevant for airfoil boundary lay-
ers, and which show the beginning of the dissipation range. 
Recently, longitudinal velocity fluctuations u’ and inflow 
angle fluctuations α’ have also been analysed and provide 
relations between the standard deviation of the fluctuations 
and ε (Weismüller 2011; Guissart et al. 2021).

For the design, assessment and optimisation of NLF-air-
foils, the better characterisation of atmospheric FST turbu-
lence must be complemented with the information about the 
level of turbulence during the intended operational profiles. 
For example, for sailplanes there is little information about 
the intensity and variance of turbulence in and between 
thermals, and the dependence on, e.g. the thermal strength. 
For this purpose, longer data recordings from cross-country 
flights are obtained in the present investigation.

Guissart et al. (2021) have demonstrated how different 
the airfoil boundary layer can evolve in free flight and wind 
tunnel despite the same parameters (Re, ε, wing chord). A 
broad data basis seems appropriate first to investigate the 
differences of the FST in flight and in the wind tunnel, and 
second to develop more realistic simulation techniques.

In this study, a modern high-performance sailplane was 
equipped with an x-wire CTA, and FST was measured dur-
ing cross-country flights on several days. The paper covers 
a total of 22 h of in-flight measurements and their detailed 
analysis for the design of wind tunnel experiments and 
numerical studies.

2  Experimental set‑up

2.1  Installation

Providing ample space and performance, a two-seat sail-
plane with 20 m wingspan (Schempp-Hirth Arcus) car-
ried the measuring equipment. The Dantec 55P61 x-wires 
(1.25 mm long, modified to 2.5 µm diameter tungsten 
wire) are mounted on a 1.3 m long boom, extending from 
the left wing nose at a spanwise position of y = 2.0 m rela-
tive to the plane of symmetry (Fig. 1), close to the nodes 

Fig. 1  Boom with (1) x-wires, (2) accelerometers and (3) Prandtl-
tube attached to sailplane wing nose
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of the various eigenmodes of the airframe. The boom 
also houses the CTA bridges and amplifiers, whereas the 
data logger and the power supply are placed inside the 
fuselage.

The CTA-circuits are custom-built to combine low-
noise and small size (Baumann 2013). Based on a stand-
ard square wave test, the upper frequency limit of the 
CTA system is in the order of 10 kHz. The signals are 
stored direct coupled (DC) as well as AC-coupled with 
a cut-off frequency fc = 0.5 Hz and amplified by a factor 
of 300 (AMI 351A‐3‐50‐NI amplifiers). Because of the 
inherent electronic f2-noise of CTAs at high frequencies 
(Freymuth and Fingerson 1997), a 24-bit ΔΣ A/D con-
verter (Bourdopoulos et al. 2003) DT9837B and a high 
sampling rate of fSR = 105 kHz are used. Aliasing is sup-
pressed by the ΔΣ-filter with fc = 0.49 fSR and an analog 
low-pass filter with fc = 0.4 MHz. The signal to noise 
ratio of the converter and the exploitation of the metering 
range results in an effective number of bits of 14.

Environmental data are collected at a sampling rate 
of fSR = 189  Hz for correcting the CTA readings and 
calculating pressure altitude and air density. Sensors 
for dynamic pressure (First Sensor HCLA0025EU) and 
static atmospheric pressure (First Sensor HDI0611AR) 
were connected to a Prandtl-probe above the fuselage tail-
cone. From the third flight on, an additional probe was 
attached to the boom to provide the dynamic pressure 
and to obtain a correction for the fuselage influence on 
the pressure readings. Temperature was measured with 
a miniature NTC resistor (B + B sensors TS-NTC-833) 
and relative humidity with a capacitive sensor (Honeywell 
HIH-4000–004). The related time constants (1/e) range 
between < 5 ms for the dynamic pressure system to 5 s for 
the humidity sensor.

A 3-axis accelerometer (NXP FXLN8372Q) was 
attached 9 cm behind the x-wire to detect vibrations of 
the boom tip. Measurement procedures were run on a 
Pico-ITX form factor PC, the capacities of the battery 
and the solid state hard disc allowed recordings of up to 
nine hours.

The longitudinal and transversal velocities u and v and 
their fluctuations (denoted by primes) are processed rela-
tive to the probe axis (Fig. 2). The reference for the lon-
gitudinal direction, i.e. the x-direction, is the direction of 
inflow. Owing to the changes in the angle of attack of the 
aircraft, the probe swivels around the low-pass-filtered 
inflow-direction through angles in the order of Δα =  ± 4°.

The nonstationary mean inflow speed is expressed by 
UTAS calculated from the dynamic pressure, and by UCTA  

calculated from the CTA signals. The earth axis system 
is used for altitudes z within the atmospheric boundary 
layer as well as for the vertical velocity of the air Wair and 
sailplane sink rates.

2.2  Hotwire calibration

The CTA bridges and wires were pre-calibrated once in 
the LWT. During the essential part of the recorded cross-
country flights, the ambient temperature T varied between 
5 and 20 °C, and air densities ρ between 0.9 and 1.1 kg/m3.  
The pre-calibration did not allow to vary temperature and 
density within this range.

Different approaches are published to address the effect 
of the large temperature changes on the CTA output. Here, 
an approach by Miley and Horstmann (1991) is used capa-
ble to regard for temperature and density effects:

with the CTA output voltage E, the velocity normal 
to the wire Ve, the fluid thermal conductivity K, the wire 
diameter dw, the kinematic viscosity υ and the air den-
sity during pre-calibration ρ0. The index f denotes film 
conditions, defined by the average of the wire tempera-
ture Tw and T. The parameters A, B, n1, n2 are calibration 
constants. The thermal conductivity can be calculated 
according to Kannuluik and Carman (1951), and υ from 
the Sutherland formula and from ρ. Hultmark and Smits 
(2010) showed that the physical terms in Eq. 2 are quali-
fied to represent the influence of even large temperature 
changes.

The calculation of u and v from the wire normal veloci-
ties follows the effective angle method, see Bruun (1995), 
applying a cosine yaw function. Several hours of operation 
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Fig. 2  Reference systems
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after the pre-calibration, the necessity for further correc-
tion becomes evident on both, the drift of the measured 
inflow angle α = arctan(v/u), and on the drift of the ratio 
of the measured, one-dimensional velocity spectra E11/E22, 
where index 1 applies to the longitudinal direction and 
index 2 to the transversal direction. The straightforward 
approach to calibrate A, B, n1, n2, Tw for each wire from 
UTAS requires the independent measurement of α to obtain 
each wire normal velocity. However, an independent meas-
urement of α was not implemented.

With the assumption that Eq. 2 is able to predict the 
influence of temperature and air density correctly, the 
remaining degree of freedom is the effective Tw, which 
could drift through ageing of the wires or other influences 
upon the CTA closed control loop. As only the tempera-
ture difference ΔT = (Tw − T) enters the equation, and not 
the absolute wire temperature, the parameters A, B, n1, n2 
for a given ΔT should not be affected by a varying Tw, as 
long as the physical properties Kf and υf are determined 
correctly for Tf = Tw − ½ΔT. Therefore, A, B, n1 for each 
wire are kept constant at the value of the pre-calibration.

Independent in-flight determination of the density expo-
nent n2 is not feasible, due to the strong coupling of ρ 
and T in the atmosphere, which leads to an ill-conditioned 
transformation of Eq. 2. Therefore, a value of n2 = 0.25 
was used, as described in Miley and Horstmann (1991).

The initial wire temperatures during pre-calibration are 
estimated as Tw,1 = 181 °C and Tw,2 = 151 °C, based on 
the wire cold resistances and the fixed hot resistance of 
20 Ω of the CTAs. To identify the best-to-assume value 
of Tw for a part of a flight and for each wire, the flight data 
is processed with different deviations from the initial Tw. 
The values are chosen according to the following criteria:

Inflow speed: UCTA =
√
u2 + v2 should match UTAS.

Isotropy: Due to the assumption of isotropy at small 
scales, ∂u'/∂x and ∂v'/∂x should not correlate.

The spatial derivatives ∂/∂x are calculated by applying 
the Taylor hypothesis (see Sect. 2.3):

The inflow speed criterion, i.e. the minimum of the 
root mean square (RMS) of ((UCTA  − UTAS)/UTAS), and 
the isotropy-criterion, i.e. (�u�∕�x)(�v�∕�x) = 0 , result in 
perpendicular curves in the Tw,1, Tw,2-plane, which allow 
an unambiguous choice of the Tw,1, Tw,2-values (Fig. 3). 
This process is repeated for every third of each flight. 
Assuming that the wire temperatures are a function of 
time, they can be fitted with a polynomial of degree 2. 
The trend within the flights fits well to the trend over all 

�∕�x = −(�∕�t)∕UTAS

Fig. 3  Determination of effective wire temperatures Tw,1 and Tw,2 
during flight from the curve of minimum error of the inflow speed 
δU = (UCTA  − UTAS)/UTAS and from the condition for non-correlation 
of ∂u'/∂x and ∂v'/∂x. Data for the central third of flight 1

Fig. 4  Effective wire temperatures Tw,1 and Tw,2 for flights 1–5 in 
chronological order. Values were determined for the first, central and 
last third of each flight, fitted with a polynomial of degree 2
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flights (Fig. 4). The resulting relative error of the CTA 
inflow speed δU = (UCTA  − UTAS)/UTAS for the five flights 
is plotted in Fig. 5, together with lines for ± 8%. The RMS 
value of δU remains between 2,0 and 3,9% for the differ-
ent flights. It follows from Eq. 1 that the relative error δε 
of the dissipation rate ε relates as (1 + δε) = (1 + δU)3, and 
therefore reaches peak values as large as 33%, but based 
on RMS(δU) = 3.9% it results in 12%.

Of course, the processed data can no longer be used to 
evaluate the correlation of ∂u'/∂x and ∂v'/∂x, because the 
non-correlation was used as a precondition.

2.3  Postprocessing

In cross-country flights, in contrast to previous stud-
ies (Weismüller 2011; Reeh 2014; Guissart et al. 2021), 
steady-state flight conditions are not maintained. To 
achieve a necessary degree of stationarity, the flights are 
divided into subsegments of 4 s. This time step is long 
enough for the evaluation of spectra and short enough 
to keep the changes in the flight and environmental con-
ditions small. Calculation of the u and v velocities are 
based on Eq. 2, where the electric signal E of the CTA is 
composed of the AC-coupled signal and a linear fit of the 
direct coupled signal. The AC-coupled signal is corrected 
by a Fourier and inverse Fourier transform procedure for 
amplification and phase shift of the amplifiers down to 
0.8 Hz. Power spectral densities (PSD) are calculated for 

each subsegment with the Welch algorithm (Bendat and 
Piersol 2010) on 50 blocks of  214 samples of the AC-signal 
with a Hann-window and 50% overlap. For frequencies 
below 6 Hz, the DC-signals are processed similarly with 
5 blocks of  217 samples. In general, the spectra from the 
AC-signals show a better signal to noise ratio (SNR) in the 
dissipation range. The frequency fonset noise, above which 
the SNR falls below 7 dB due to the CTA f 2-noise, ranges 
from 0.9 to 6.8 kHz depending on the turbulence level. 
For spectra of κ < 0.44 rad/m, the direct coupled CTA and 
environmental data are low-pass-filtered and downsampled 
to 94.5 Hz.

Wavenumbers are calculated using the Taylor hypothesis 
of frozen turbulence x =  − UTAS t, leading to κ = 2π f/UTAS. 
The use of the Taylor hypothesis is justified, first because 
the velocity fluctuations are small compared to the mean 
velocity (Nobach and Tropea 2012), i.e. the flying speed of 
the sailplane, which typically ranges between 25 and 35 m/s 
(thermalling phases) and 28–50 m/s (straight legs). Second, 
there is no preferential convection velocity in the longitu-
dinal direction, which fulfils the criterion of Romano et al. 
(2007). However, limitations are discussed in Sect. 3.1.

The spatial resolution of the x-wires has an effect on the 
frequency response of the CTA system. A correction accord-
ing to Zhu and Antonia (1996) is applied, but has only an 
effect of 3–5% at a wavenumber of 700 rad/m, as well as 
it has only a negligible effect on the probability densities 
distributions (PDF) of ∂u'/∂t and ∂v'/∂t.

During some periods of time, the CTA signals display 
up to 20 peaks per metre along the flight path, each peak 
on a single x-wire channel only and one or two samples 
wide. These peaks probably stem from impact of pollen on 
the wires. Affected subsegments are excluded from esti-
mating the probability density functions because a single 
peak can increase the kurtosis by an order of magnitude. 
For the calculation of spectra, up to three peaks per second 
are tolerated.

Adopting the method of Djenidi and Antonia (2012), 
the dissipation rate ε is determined by least squares fit-
ting the Pope model spectrum of E11 (Pope 2000) to the 
inertial and dissipation range of the measured spectrum. 
The model spectrum is defined as:

where C = 1.5 is used, and fL(kL) and f�(k�) are non-dimen-
sional functions, determining the shape of the energy-con-
taining range and the dissipation range, respectively. The 
Kolmogorov lengthscale η calculates as:

(3)E(�) = C�2∕3�−5∕3fL(�L)f�(��)

(4)� =
(
�3∕�

)1∕4
.

Fig. 5  Relative error of calibrated UCTA  compared to UTAS from the 
Prandtl-probe versus flight time. Dotted lines at ± 8% for comparison. 
From top to bottom: flight 1 to 5
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The longitudinal E11 and transverse E22 spectra are 
derived as:

When possible, the subsegments are assigned to flight 
phases (Maughmer et al. 2017), based on the GPS-flight 
log. In particular, these phases are thermalling and straight 
legs. Basic criterion for thermalling phases is a minimum 
average rate of turn of 0.05 rad/s. Only thermalling phases 

E11

(
�1
)
=

∞

∬
�1

E(�)

�

(
1 −

�2
1

�2

)
d�

E22

(
�1
)
=

1

2

(
E11

(
�1
)
− �1

dE11

(
�1
)

d�1

)
.

with more than three turns are regarded and transients dur-
ing entering and exiting are removed. Straight legs continue 
as long as the flight path does not deviate from the general 
direction of this phase by more than 45°, and they have to 
last at least 60 s.

The vertical air velocity Wair is calculated from the rate of 
change of the total energy Etotal and the polar sink rate wpol 
of the sailplane:

where Etotal = Hg + 0.5 UTAS
2, with g as the gravitational 

acceleration and H as the pressure altitude. In thermalling 
phases, the average circling radius R and the flying speed are 
taken into account for the polar sink rate in turns:

Wair =
dEtotal

dt
∕g + wpol

Table 1  Cross-country flights used for this study

Flight 
Nr.

Date, 
Time of first and last 
record relative to solar 
noon
[h:min]

Duration w/o take-
off and landing 
[h:min]

Mean vertical air velocities 
during thermalling phases 
[m/s]
(mean ± std)

Relative humidity 
indicated in flight 
[%]
(14–86% percentile)

Mean wind speed in 
thermalling phases 
[m/s]
(14–86% percentile)

QNH
[hPa]

1 3 June 2018
 − 2:45 to 5:06

7:44 2.7 ± 1.5 5–20 1–5 1016

2 4 June 2018
 − 2:45 to 3:23

5:57 2.7 ± 1.6 0–15 1–6 1012

3 15 Aug. 2018
 − 2:30 to 3:23

4:30 2.2 ± 1.5 70–90 3–5 1020

4 17 Aug. 2018
1:00 to 3:18

1:48 3.3 ± 1.6 50–65 2–6 1015

5 16 Sept. 2018
 − 0:59 to 2:20

1:44 1.4 ± 1.3 5–10 2–4 1023

Flight 
Nr.

Convection condensation level 
from sounding, above MSL 
[m]

Showalter 
index [-] 
Lifted Index 
[°C]
CAPE [J/kg]

Clouds Remarks

1 1550  − 0.87
 − 2.58 °C
760 J/kg

Cu scattered—broken, Cs, Ci fields Small scale high-pressure ridge; cold high-
altitude air destabilising from South-West

2 2100  − 1.44
 − 2.54 °C
545 J/kg

Cu few-scattered Transition to flat low-pressure situation, weak 
stable stratification at 700–750 hPa

3 1400 2.96
3.43 °C
17.5 J/kg

Cu broken, in cyclic alternation 
with cloud screening

On the back of a cold front; a wedge of the 
Azores high coming in; strong inversion at 
2600 m

4 2500  − 1.17
 − 2.91 °C
400 J/kg

Cu scattered, broken,
overdevelopment and showers

Weak through of low pressure; becoming 
more unstable with an approaching cold 
front

5 3300 15.0
8.37 °C
0 J/kg

no Cu,
thin Cs

A high in Central Europe; low-pressure gradi-
ents; rough thermals



 Experiments in Fluids (2022) 63:162

1 3

162 Page 8 of 20

where S is the wing area, m is the sailplane mass, and cD(cL) 
is the drag coefficient of the sailplane.

Of course, cD(cL) is associated with some uncertainty. As 
no flap settings were recorded, only an envelope polar can be 
used, and the drag of the installation can only be estimated, with 
ΔcDS = 0.015  m2. The use of the total energy Etotal accounts for 
the altitude gain in pull-ups and vice versa. Wair shows some 
scatter (see Figs. 12, 16), especially in turbulent air. This 
approach is unable to resolve dynamic situations as it assumes 
that the sailplane adapts its own climb rate to the changing Wair 
instantly. Systems designed specifically for wind measurements 
in flight are described in Pätzold (2018) and Wildmann et al. 
(2021).

2.4  Flights and meteorological conditions

Flights were conducted in southern Germany along the 
Swabian Alps from May to September 2018. The data of 
five flights were considered analysable, involving 22 h of 
recorded flight time (Table 1). Flights 3–5 are composites 
of more flights on that day (see Fig. 5), but nevertheless are 
referred to as a “flight”. General meteorological conditions 
ranged from low-pressure to high-pressure conditions. Days 
with normal smooth thermals are included as well as a day, 
on which thermals were experienced by the pilot as excep-
tional rough (flight 5). The flights were conducted in pres-
sure altitudes between 1000 and 2500 m. Atmospheric data 
given in Table 1 are based on ground and altitude weather 
maps, and radio soundings (Oolman 2021) from the Stuttgart 
airport (WMO station 10,739), which is located about 60 km 
west and about 330 m lower than the airfield. The classifica-
tion of clouds is based on notes, the meteorological data, and 
on a single snapshot in form of an afternoon satellite image.

3  Results

This study aims at the description of the FST during ther-
malling and on straight legs during soaring cross-country 
flights. Characteristic lengthscales and the possibilities of 
obtaining them from the data are discussed in Sect. 3.1. 
Statistic quantities of ∂u'/∂x and ∂v'/∂x including skewness 
and kurtosis as a measure of quality control are discussed 
in Sect. 3.2. The FST structure, mainly with respect to the 
obtained dissipation rates, is discussed in Sect. 3.3 for the 

cL =

√(
U2

TAS
∕R

)2
+ g2m∕

(
1

2
U2

TAS
�S

)

wpol = UTAScD(cL)
(
1

2
U2

TAS
�S

)
∕(mg)

typical thermalling phase, in Sect. 3.4 for the typical straight 
leg, and in Sect. 3.5 averaged over the whole flights.

3.1  Characteristic lengthscales

To describe the dimensions of turbulent spectra, lengthscales 
are used (Pope 2000). A measure for the energy-containing 
structures is the integral lengthscale Λi (Romano et al. 2007):

where R11(x) and R22(x) are the autocorrelation of u' and v', 
respectively. A measure for the intermediate scales between 
energy-containing range and dissipation range is given by 
the Taylor microscale λi, which is the distance at which a 
parabolic approximation of the autocorrelation Rii(x) van-
ishes (Romano et al. 2007).

However, for two reasons the in-flight measurements 
of this study do not qualify for the determination of either 
lengthscale. First, measurements are not made under sta-
tionary conditions. Control inputs and the sailplane lon-
gitudinal stability cause pitch and speed changes, and on 
the large scale the transversal flow at the boom is defined 
by the polar sink rate. Therefore, neither the large-scale 
turbulent fluctuations u' and v' can be isolated, nor can 
the onset of the energy-containing range in the atmos-
pheric spectra be determined. To overcome this problem, 
the proper motion of the sailplane must be determined, 
as described, e.g. in Pätzold (2018) or Wildmann et al. 
(2021). Second, the probe is not traversed in a straight 
line through the atmosphere, which corrupts the Taylor 
hypothesis of frozen turbulence on the large scale, and, as 
the probe returns to similar areas during thermalling, an 
artificial correlation is introduced.

In measurements that are not compromised by these dif-
ficulties, the size of the eddies with the most energy can be 
estimated from the wavelength Λm,i at which κi Eii peaks 
(Kaimal and Finnigan 1994). In the convective mixed layer 
and in the altitude band predominantly used for soaring, 
Λm,i is approximated with 1.5 zinv in horizontal direction 
and zinv to 1.6 zinv in the vertical direction (Caughey and 
Palmer 1979). With Λ1 ≈ 1/κm,1 = Λm,1 / (2π) (Kaimal and 
Finnigan 1994), the longitudinal integral lengthscale can be 
estimated as Λ1 ≈ 1.5 zinv / (2π) ≈ 0.2 zinv. Because cross-
country soaring flights only take place with zinv of several 
hundred metres, Λ1 can be expected to be of a magnitude of 
few hundred metres.

This also justifies the assumption of local isotropy at 
scales relevant for airfoil boundary layer transition—in 
case of sailplane this corresponds to κ ≥ 50 rad/m, or wave-
lengths ≤ 0.1 m. In comparison, Pope (2000) takes roughly 

�i =

∞

∫
0

Rii(x)dx
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1/6 Λ1 as a demarcation between anisotropic large eddies and 
the isotropic small eddies.

The remaining scale is the Kolmogorov lengthscale (Eq. 4), 
a measure for the scales of the dissipation range. Figure 6 
shows the PDFs of η for thermalling phases and straight legs 
for each flight. The distributions for thermalling phases are 
close to log-normal, whereas those for straight legs show con-
siderable scatter, deviating both from the log-normal distribu-
tion and from each other flight. The distribution of η is deter-
mined by ε because during the flights the kinematic viscosity 
ν varies only by a factor of 1.2, whereas ε varies by a factor of 
2·106. Why thermalling phases and straight legs show differ-
ent PDFs of ε, and thus of η, is discussed in Sect. 3.3 and 3.4.

3.2  Statistic quantities of ∂u'/∂x and ∂v'/∂x

Statistics of velocity derivatives �u�∕�x ≈
(
u
�(x + Δx, t)

−u�(x, t)
)
∕Δx (correspondingly for v; the time argument 

is omitted in the following) can provide information on the 
structure of the turbulence in the inertial and dissipation range, 
which the spectra cannot. For example, the scale-dependent 
intermittency at small scales and high turbulent Reynolds 
numbers (Kraichnan 1974), which is indicated by the pro-
nounced tails and increased kurtosis Ku of the PDF of ∂u'/∂x, 
is evidence that dissipative eddies are not uniformly distributed 
in space (Tennekes 1968). The skewness Su of the same PDFs 
represents the rate of production of vorticity through extension 
of the vortex lines. (Taylor 1938; Batchelor and Townsend 
1947).

The velocities u’, v’ are processed separately for each sub-
segment, using its η and average UTAS. They are low-pass-
filtered at different cut-off normalised wavenumbers (κη)c to 
probe the signals at different scales from the inertial range 
to the dissipation range. Filtering is done by eliminating the 
corresponding Fourier coefficients above fc = (κη)c UTAS/(2πη). 
The derivatives are calculated from central differences, and 
then are downsampled to a sampling rate of fSR > 2fc to remove 
redundant information. The derivatives are separated into bins 
of different turbulence levels based on η. Only for Fig. 7, the 
data are filtered at cut-off wavenumbers κc and categorised 
into bins of ε, with two bins per decade. No differentiation by 
flight phase is made.

According to Kolmogorov (1962), the RMS of the u’ differ-

ence over a distance r, i.e. 
√

(u�(x + r) − u�(x))2 , scales with 

�(x)1∕3r1∕3 in the inertial range for isotropic turbulence, which, 
e.g. Guissart et al. (2021) demonstrated for their data. As the 
derivative �u�∕�x ≈

(
u�(x + r) − u�(x)

)
∕r is additionally 

divided by r, its RMS value must scale with �(x)1∕3r−2∕3 . In 
our calculation of the derivative, Δx remains constant, but the 
low-pass-filtering removes all contributions above r = 2π/κc, 
so that:

can be applied. Figure 7 shows RMS(�u�∕�x)∕�
2∕3
c  ver-

sus the average ε of the bins, for six different cut-off wave-
numbers κc. Only those combinations are plotted where 

(5)r ∼ �−1
c

Fig. 6  PDFs of the Kolmogorov lengthscale η for thermalling phases 
(open symbols) and straight legs (full symbols). Log-normal distribu-
tion (dashed lines) based on mean and standard deviation of all flights

Fig. 7  Velocity derivative ∂u'/∂x divided by the low-pass cut-off 
wavenumber κc

2/3. Values and ε ensemble averaged over ε-bins. Lim-
ited to inertial range with κcη < 0.1
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κc (νref
3/ε)1/4 < 0.1, to restrict the curves to the inertial range 

(with νref = 1.7·10−5  m2/s, as a typical value). Because the 
curves collapse to a single curve proportional to ε1/3, the pre-
sent data is in agreement with this prediction of the theory.

The calculation of PDFs of the ∂u’/∂x and ∂v’/∂x requires 
long enough recordings under stationary conditions. As 
flights were cross-country flights, this is not granted. A first 
measure to address this is the use of spatial derivatives, a 
second is to create the PDFs separately for different bins 
of turbulence levels. The third measure is to normalise the 
derivatives (Reeh 2014) with the nonstationary mean and 
mean square values, which are estimated from moving aver-
ages of 4 s integration time (Bendat and Piersol 2010):

The corresponding definition applies for (∂v'/∂x)+.
The skewness Su and kurtosis Ku for (∂u'/∂x)+ are defined 

as:

The Sv and Kv for (∂v'/∂x)+ are defined accordingly.
Burattini et al. (2008) have investigated the influence 

of the spatial and temporal resolution of the hotwire on 
the measurement of the skewness. Wire length and dis-
tance between wires are smaller than 2η in the present 
study. In this case, according to Burattini et al. (2008), 
the normalised distance between two measuring points 
m+  = UTAS / (fSR η) is more relevant. The sampling rate 
fSR is much higher than fonset noise, therefore, an effective 
fSR,eff = 2fonset noise is applied. The limit fonset noise depends on 
the turbulence level, however, on the (κη)-scale this limit 
turns out to be located at (��)onset noise = 0.7 with a standard 
deviation of 0.12. This results in m+ = �∕(��)onset noise ≈ 4 . 
According to Burattini et al. (2008), this leads to values of 
Su too low by a factor of 0.8. As the differentiation is done 
after the low-pass-filtering, but with the original sampling 
rate, there is no effect of the filter cut-off frequency on the 
discretisation error during differentiation. Filtering only 
removes the influence of the smaller scales.

Spectra, skewness and kurtosis were calculated for each 
suitable subsegment. Only such η-bins were used in the 
following that contain contributions of at least 500 of such 
subsegments.
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Figure 8 shows the influence of the cut-off normalised 
wavenumber (κη)c on skewness Su,c, Sv,c and kurtosis Ku,c, Kv,c 
(index c when based on low-pass-filtered data). To illustrate 
the part of the spectrum that has been cut-off, a plot of the dis-
sipation spectra, i.e. the spectra of ∂u'/∂x, versus κη is added 
(Fig. 8a). The spectra (solid lines with markers) are binned 

Fig. 8  Statistic quantities of velocity derivatives covering all flights, 
averaged for bins of different η as a measure for different levels of 
turbulence. a Spectra of ∂u'/∂x compared to κ2E11 of the Pope model 
spectrum, both normalised. b Skewness and c kurtosis of ∂u'/∂x (solid 
line) and ∂v'/∂x (dotted line), both low-pass-filtered for different cut-
off normalised wavenumbers (κη)c
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and averaged for different η, but due to the κη-scaling and the 
normalisation with ν/ε, the spectra of all η-bins collapse.

The electronic noise of the CTA gradually sets in above 
(κη)c = 0.66, however, the slope of the spectra can be esti-
mated up to (κη)c = 0.8 by subtracting a f 2-fit of the noise 
in the spectrum of each subsegment. The dashed curve 
shows the dissipation spectrum of the Pope model spec-
trum (Pope 2000), calculated as κ2 E11(κ) ν/(εη). In the 
dissipation range, the in-flight spectra show a deficit of up 
to 9% in amplitude compared with the model spectrum, the 
reason for which could not yet be determined.

Figure 8(b) shows the skewness Su,c (solid lines) and Sv,c 
(dotted lines). Each symbol represents the average within 
the corresponding η-bin and within the surrounding range 
of (κη)c. For clarity, not all symbols are plotted. The Sv,c 
are close to zero, which is plausible for symmetry reasons, 
as in the small scales every directional information is lost, 
and all transversal directions must be equivalent. Sukori-
ansky et al. (2018) pointed out that for (κη)c in the inertial 
range, Su,c must be independent of the cut-off wavenumber, 
and they determined a value between − 0.239 and − 0.198 
for Su,c for Kolmogorov constants C between 1.5 and 1.7, 
respectively. The value of 0.24 is shown by a dashed line. 
Below (κη)c =  10−2, Su,c falls off, which according to Suko-
riansky et al. (2018) results from the lacking contributions 
of lower wavenumbers.

In the same way, Fig. 8(c) shows the kurtosis Ku,c (solid 
lines) and Kv,c (dotted lines). As Sreenivasan and Antonia 
(1997) point out, the kurtosis of 

(
u�(x + r) − u�(x)

)
 over an 

inertial range distance r has shown in experiments to scale 
with r−0.1. Because of Eq. 5, Ku,c ~ κc

0.1 can be expected. In 
Fig. 8c, the dashed line with the slope of (κη)0.1 is in fact 
parallel to the curves of Ku,c in the inertial range.

In the inertial range, the curves of Ku,c for the different 
η-bins collapse closer, when plotted over the cut-off wave-
number κc alone, see Fig. 9a. This indicates that the process 
that increases the kurtosis, is independent of the turbulence 
level, but dependent on the dimensional κ. Furthermore, 
Fig. 9b shows that the change in slope of Ku,c at the begin-
ning of the dissipation range is associated with κη0.6.

Wyngaard and Tennekes (1962) derived relations of Su 
and Ku with the Taylor microscale Reynolds number  Reλ. 
However, with the difficulties in determining a reliable value 
for λ1, a correlation with  Reλ cannot be demonstrated with 
the present data. With  Reλ eliminated, Su ~ Ku

3/8 remains. 
Figure 10 shows Su,c and Ku,c for the largest exploitable 
(κη)c = 0.66, each dot representing a subsegment of the 
flights. Although there is considerable scatter, a linear least 
square fit in the log–log plane results in an exponent of 0.41, 
thus only 9% higher than the theoretical value.

The statistic quantities of ∂u'/∂x and ∂v'/∂x show excel-
lent agreement with the predictions of the theory through-
out the different levels of turbulence. The deviation in the 

dissipation range of the dissipation spectrum remains to be 
clarified, however, the data are suitable for the analysis of 
the FST within thermalling phases and between them.

Fig. 9  Kurtosis of ∂u'/∂x plotted a versus the cut-off wavenumber 
κc, matching the curves in the inertial range, b versus κc η0.6, match-
ing the curves in the transition to the dissipation range. Insets show 
enlargements. For legend, see Fig. 8

Fig. 10  Relation between skewness Su and kurtosis Ku at small scales. 
Each dot represents a 4 s subsegment of the flights, solid lines levels 
of the joint PDF. Least square fit indicates an exponent of 0.41 com-
pared to 3/8 = 0.375 from Wyngaard and Tennekes (1962)
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3.3  Thermalling phases

Thermalling phases make up 27% of the flight time, two-
third or 99 of these extend over more than three turns, 58% 
of the flight time is recognised as straight legs, and the 
remaining 15% are either not classified or are counted as 
transients.

During thermalling, average flying speed was 31.5 m/s 
with a standard deviation of 2 m/s. For every thermal, a 
mean circling radius is determined, which in average over 
all thermalling phases is 139 m with a standard deviation 
of 24.5 m.

The thermalling phase with the largest altitude gain of 
1500 m is used to present some characteristics (flight 4, ther-
mal 7). Figure 11 shows the flight path, with symbols the 
size of which represents the magnitude ε* =  log10(ε/(m2/s3)) 
of the dissipation rate and their colour denotes the vertical 
air velocity Wair. The most noticeable feature is the displace-
ment by the wind and the irregularities due to the pilot's 
attempts to manoeuvre into the direction of the strongest 
climb. Thus, the pilot to some degree corrupts the statistical 
independence of successive data points, however under the 
influence of wind this active control is required not to leave 
the thermal to the lee side, as the air rises steeper than the 
sailplane.

The dissipation rate ε and Wair do not change significantly 
with height, but more within single turns. This is shown 
more clearly in Fig. 12, in which ε and Wair are plotted 

versus the angle φ, from the flight path to the centre of the 
circles. The correlation of ε* with the angular position is 
most prominent around φ = 3600°. The glider must have cir-
cled between areas of different turbulence intensity. It is not 
possible to demonstrate an equally well correlation between 
Wair and ε, which is due to the significantly larger time con-
stant in the determination of Wair.

Figure 13 shows the longitudinal spectra E11 and the PDF 
of ε*. The spectra of three subsegments represent the 5%, 
50% and 95% percentile of the ε-range within this thermall-
ing phase. All spectra are clipped at fonset noise. The spectra 
fit closely to the Pope model spectra.

For more information about the statistical distribution of 
the dissipation rate, all thermalling phases of each flight are 
combined. The dissipation rates of the subsegments within 
the i-th thermal are normalised to make them comparable.

where μi and σi are the mean and the standard deviation of 
ε* within thermal i. Figure 14 shows the PDFs of ε*norm for 
all five flights. They agree well with the standard normal 
distribution, which suggests a log-normal distribution of ε. 
Table 2 lists the mean values and standard deviations of μi 
and σi/μi, which allow to model distributions of absolute 
values of ε.

The log-normal distribution of ε is in agreement with 
the assumption made by Obukhov (1962) and Kolmogo-
rov (1962) in context with the refined similarity hypotheses 

�∗
norm

=
(
�∗ − �i

)
∕�i

Fig. 11  Thermal with largest altitude gain: Flight path with ε repre-
sented by symbol size and Wair by colour. GND: above ground level

Fig. 12  Thermal of Fig.  11: ε* and Wair as functions of the angular 
position within the circles of the flight path
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(Pope 2000). They assumed the local dissipation rate εr 
for a small volume of radius r to be log-normally distrib-
uted. Obviously, the distance flown within the subsegments 
(~ 120 m) is sufficiently small, and despite the fluctuations of 
ε partially correlate with the angular position in the circles, 
the turbulence is sufficiently homogeneous along the helical 
flight path around the thermal core.

3.4  Straight legs

Within the flights, 217 straight legs have been identified. 
The flying speed averaged 38 m/s with a standard devia-
tion of 5.8 m/s. While thermalling is made exclusively 
in updrafts, it is less straightforward to associate certain 

atmospheric conditions with the straight flight between ther-
mals. Although the glider pilot seeks to fly through raising 
air, the sailplane may also have crossed areas of still air 
or downdrafts. The straight leg with the longest duration is 
presented in Figs. 15, 16 and 17. Figure 16 shows that in the 
first 600 s the pilot is able to maintain his altitude due to an 
average Wair of 0.9 m/s. Between t = 600 s and 840 s the aver-
age Wair drops to − 0.4 m/s. A change of the mean dissipation 
rate ε is visible between both periods, from 2.1·10−3  m2/s3 
(t = 0–600 s) to 4.6·10−4  m2/s3 (t = 600–840 s), see dashed 

Fig. 13  Thermal of Fig. 11: Longitudinal spectra of 4 s subsegments, 
the dissipation rates of which represent the 5%, 50% and 95% per-
centiles in this thermal. Comparison with Pope model spectra (black). 
Inset: PDF of ε* recorded in this thermal

Fig. 14  PDF of ε*norm, which is ε* normalised with the mean and the 
standard deviation of ε* within the thermal it was recorded in

Table 2  Statistics of the dissipation rate in thermalling phases of the 
five flights

Based on the average μi and the standard deviation σi of ε* within 
thermal i, where ε* =  log10(ε/(m2/s3)) is the magnitude of the dissipa-
tion rate

Flight Mean μi Std.dev. μi Mean (σi/μi) Std.dev. (σi/μi)

1  − 2.38 0.19  − 0.098 0.025
2  − 2.45 0.17  − 0.096 0.024
3  − 2.49 0.16  − 0.100 0.030
4  − 2.40 0.12  − 0.109 0.030
5  − 2.42 0.11  − 0.100 0.024

Fig. 15  Straight leg with longest duration: Flight path with ε repre-
sented by symbol size and Wair by colour. MSL: above sea level
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lines in Fig. 16. The loss of 400 m of altitude between 
t = 600 s and 840 s not only accounts to the sinking air mass, 
but also to the acceleration and higher polar sink rate, as the 
pilot increases the flying speed according to the speed-to-
fly theory. The 5%, 50% and 95% percentile spectra show a 

good agreement with the Pope model spectrum (Fig. 17), but 
the PDF of ε* now deviates clearly from a normal distribu-
tion as it is a composite of at least two normal distributions 
for different mean values.

The flight phases between thermals do not represent uni-
form atmospheric conditions, and the dissipation rate ε can-
not be expected to follow a specific probability distribution.

3.5  Overall spectra and dissipation rates

Figures 18, 19, 20 and 21 show E11 and E22 averaged over all 
thermalling phases and straight legs, respectively, of each 
flight. The flight spectra for κ > 0.44 rad/m are averaged 
from the spectra of the subsegments, whereas spectra for 
κ < 0.44 rad/m are calculated from downsampled 94.5 Hz 
data with a blocklength of  214 only for thermalling phases 
or straight legs of at least 174 s duration. Therefore, the 
low wavenumber spectra use only a fraction of the flights 
as data basis. For κ < 0.1 rad/m, the flight spectra deviate 
strongly from the − 5/3 slope. At these wavenumbers, the 
E11-spectra rise due to variations of the flight speed, while 
the E22-spectra are attenuated, as the sailplane adopts to 
the climb or sink rate of long wavelength vertical gusts. 
The continuing increase in E22 towards low wavenumbers 
in Fig. 21 may be related to the changes of angle of attack 

Fig. 16  Straight leg of Fig. 15: ε*, Wair, GPS altitude above sea level 
HGPS MSL and UTAS plotted versus time t. Dashed lines: mean values 
for t = 0 to 600 s and for t = 600 s to 840 s

Fig. 17  Straight leg of Fig.  15: Longitudinal spectra of 4  s subseg-
ments, the dissipation rates of which represent the 5%, 50% and 95% 
percentiles in this straight leg. Comparison with Pope model spectra 
(black). Inset: PDF of ε* recorded in this straight leg

Fig. 18  Longitudinal spectra averaged over all thermalling phases 
of the five flights (solid lines, colour code see Fig.  22). Low wave-
number spectra (dashed dot lines) include motion of aircraft. Pope 
model spectra representing 5%, 50% and 95% percentiles of ε over 
all flights. Spectrum of LWT at 30 m/s (Romblad et al. 2022), corre-
sponding to the average inflow speed in thermalling phases
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of the x-wires as the changes of the flight speed are larger 
during straight legs.

Although the flights were conducted at different soar-
ing conditions, their spectra collapse well, particularly the 
longitudinal spectra of the thermalling phases. The average 
spectra are accompanied by model spectra approximating the 
mean dissipation rate (thermalling phases: 3.5·10−3  m2/s3;  
straight legs: 1.5·10−3  m2/s3) and their 5% and 95% percen-
tiles (thermalling phases: 1.2·10−3  m2/s3 and 1.1·10−2 m2/s3;  
straight legs: 7.6·10−5 m2/s3 and 5.9·10−3 m2/s3). For the 
model spectra Eq. 3, a kinematic viscosity ν of 1.7·10−5 m2/s 
and a lengthscale L of 150 m are used.

Figures 18, 19, 20 and 21 are complemented by spectra 
from x-wire measurements in the LWT (Romblad et al. 
2022) for the range of inflow speeds in thermalling phases 
(30 m/s) and straight legs (30–50 m/s). These are clearly 
below the in-flight spectra, especially for the thermalling 
case. In this case and at frequencies of 0.2 kHz, the very low 
end of typical TS-frequencies for the present flight configu-
ra t ions ,  t he  spec t ra  d i f fe r  by  a  fac tor  o f 
E11,f light∕E11,LWT = 5000 , which corresponds to an ampli-

tude ratio of 
√

E11,f light∕E11,LWT = 70.
As discussed in Sect. 3.1, local isotropy at small scales 

can be expected. In isotropic turbulence and in the inertial 
range the ratio between E11(κ) and E22(κ) theoretically takes 
the value of 0.75 (Pope 2000). Figure 22 presents the ratio 
E11(κ) / E22(κ) averaged for all subsegments of each flight. 
For κ = 0.5 to 50 rad/m the ratio remains close to the theo-
retic value, but deviates on later flights, possibly indicating 
a degrading accuracy of the values derived in the pre-cal-
ibration. Above 30 rad/m, the ratio E11(κ) / E22(κ) falls off 

Fig. 19  Transversal spectra in thermalling phases, corresponding to 
Fig. 18

Fig. 20  Longitudinal spectra averaged over all straight legs of the five 
flights (solid lines, colour code see Fig. 22). Low wavenumber spec-
tra (dashed dot lines) include motion of aircraft. Pope model spectra 
representing 5%, 50% and 95% percentiles of ε over all flights. Spec-
tra of LWT at 30 m/s and at 50 m/s (Romblad et al. 2022), covering 
the range of typical inflow speeds in straight legs

Fig. 21  Transversal spectra in straight legs, corresponding to Fig. 20
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as it does in the model spectrum. For comparison, the data 
presented by Sheih et al. (1971) is plotted in Fig. 22. They 
attribute the scatter to experimental errors.

Figure 23 shows the PDF of the dissipation rates for 
thermalling phases and straight legs in comparison with 
dissipation rates obtained by other authors. In thermalling 
phases, there is only a small spread, ranging from what has 
been labelled “lightly turbulent” to “moderately turbulent”. 
In contrast, the straight legs also include crossing of less 
turbulent air, thus stretching the distribution asymmetrically 
towards the low-ε end.

Section 3.3 showed that dissipation rates in thermalling 
phases seem to be log-normally distributed. This is not 
the case for the straight legs between thermals. We regard 
this as a key finding of this study, which has significant 
input on the simulation of FST in wind tunnel for appli-
cations related to the convective mixed layer. Especially 
the narrow range of dissipation rates found during ther-
malling allows a simplified mapping to these conditions, 
whereas the wide range of ε found during interthermal 
flight requires a more sophisticated approach. The latter 
one can take advantage of the PDFs presented in Fig. 23.

For the prediction of ε in the convective mixed layer of 
the atmosphere, the meteorological measures buoyancy 
flux and buoyancy parameter have been found appropriate 
(Kaimal and Finnigan 1994). However, for the purpose of 
testing airfoils for sailplane applications, it is useful to dis-
cuss the relationship of ε with metrics, which are essential 
in the modelling of cross-country flights, and which can be 
obtained from flight records, such as altitude, time of day 
or vertical air velocity. Certainly, the results of this study 
are based on a limited set of data and are only applicable to 
comparable weather situations in similar climatic regions.

The dissipation rate does not show a recognisable trend 
with respect to the relative altitude, from ground to the 
usable upper end of the thermals. The latter is estimated 
from an envelope of the maximum altitudes reached. This 
result agrees with Caughey and Palmer (1979), showing 
a constant dissipation rate throughout most of the vertical 
extend of the convective mixed layer.

Figure 24 shows the dissipation rate versus the time of 
day. In this figure, and in Fig. 25, every dot represents a 
subsegment of the flights. The time is normalised to range 
from sunrise to sunset. This is a rough model, as begin and 
end of thermal activity depends on additional meteorological 
factors. The diurnal pattern of convective activity is not to 
be described with these few data, only the remark is made 
that low dissipation rates were only found either early or at 
times so late that they show no more use of thermals in cir-
cling flight. This is in line with the observation that turbulent 
kinetic energy decreases in the afternoon when the surface 
buoyancy flux decays (Darbieu et al. 2015).

Fig. 22  Ratio of longitudinal and transversal spectra, averaged for the 
five flights, compared with theoretical value from Pope model spec-
trum. Symbols from Sheih et al. (1971)

Fig. 23  PDFs of ε for thermalling phases (+) and straight legs (o) 
estimated for the individual flights and over all flights. Values from 
Literature for comparison: MacPherson and Isaac (1977): (1) in 
cumulus clouds, (2) between cumulus clouds; MacCready (1962): (3) 
soaring; Weissmüller (2011): (4) low turbulence, (5) moderate tur-
bulence; Reeh (2014): (6) calm air, (7) light turbulence from thermal 
convection, (8) light turbulence from wind shear under stable condi-
tions, (9) moderate turbulence from thermal convection; Guissart 
et al. (2021): (10) calm to moderately turbulent conditions
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Figure 25 shows the dissipation rate versus the vertical 
air velocity Wair. The plot for straight legs shows that low 
dissipation rates can only be found in air masses with small 
Wair. A linear trend with the 50% percentile curve can be 

found for both, raising and sinking air. The difference may 
stem from the fact that updrafts are closer to the source of 
convective energy than downdrafts. However, these relations 
are certainly a question of how often which kind of air mass 
was crossed. The plot for thermalling phases does not show 
such a comprehensive trend, although for Wair > 4 m/s there 
is a slope comparable with the straight legs. However, not 
only is Wair in a dynamic environment, like a thermal, insuf-
ficiently resolved by the system, moreover, transient vertical 
velocities close to zero are not a measure for the absence of 
turbulence. Therefore, Fig. 26 plots integral values of Wair 
and ε, each symbol representing the average over one ther-
mal. There is considerable scatter, but again a linear least 
square fit yields a slope of dε/dWair ≈ 6·10−4 m/s2.

The aim of this study is to provide a basis for the simula-
tion of turbulence in wind tunnel experiments, e.g. by using 
passive grids for smaller scales (Romblad et al. 2022) and 
active grids (Wester et al. 2022) for larger scales. However, 
the following limitations should be noted: First, Guissart 
et al. (2021) have shown that in free flight and in the wind 
tunnel, with apparently similar FST at the relevant scales, 
the results, e.g. the transition location, still can be different. 
Second, the measurements of this study were not carried out 
under predefined traversing strategies, i.e. the active guid-
ance of the pilots is embedded in the data. This applies all 
the more to the straight legs, in which completely different 
types of air masses are crossed according to the pilots' deci-
sions. It must be recognised that data from this study reflect 
the Central European convective mixed layer from the per-
spective of a cross-country flying sailplane.

Fig. 24  Relation between time of day and ε. Time in relation to the 
span between sunrise and sunset. Every dot represents a 4 s subseg-
ment. 16% and 84% percentile comparable to one standard deviation 
in a normal distribution

Fig. 25  Relation between vertical air velocity Wair and ε. Every dot 
represents a 4  s subsegment. Colour code as in Fig.  24. Linear fit 
between ε and Wair

Fig. 26  Relation between vertical air velocity Wair and ε, both aver-
aged over each thermalling phase
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4  Conclusion

NFL-airfoils are state of the art for general aviation and wind 
turbines. To regard the operational inflow conditions dur-
ing the design process, it requires to characterise the FST 
under the intended operation. This study focuses on cross-
country flights of sailplanes, i.e. on one hand on the convec-
tive mixed layer of the atmosphere, on the other hand on the 
specific flight phases that are associated with cross-country 
flights, namely circling in thermals and straight legs between 
thermals. For this purpose, the longitudinal u and transversal 
v velocities were recorded with a CTA x-wire-probe during 
cross-country flights, continuously up to 9 h. Additionally, 
environmental data (temperature, relative humidity, static 
and dynamic pressure) and supplemental data (GPS-flight 
path, probe accelerations) were recorded to get an accurate 
picture of the flight profile and to support the postprocess-
ing. Twenty-two hours of flight time were included in the 
analyses, covering Central European soaring weather con-
ditions, with average vertical air velocities of 1.5 to over 
3.5 m/s. The evaluation of such long CTA measurements 
requires the compensation of varying temperature and air 
density as well as the cross-check with the inflow speed from 
dynamic pressure. This revealed that the effective tempera-
ture of the x-wires cannot be assumed to be constant over 
several hours. However, without an accurate supplementary 
inflow angle measurement, it is not possible to determine 
directly the specific correction of each wire. An approach 
was developed that uses the assumption of isotropy at small 
scales to determine the appropriate values of the effective 
wire temperatures.

Because of the instationary flight conditions, it was not 
possible to determine either the integral lengthscale nor the 
Taylor microscale. The Kolmogorov scale η is found to be 
close to log-normal distributed in thermalling phases, with 
a mean value of about 1.1 mm, whereas in the straight legs, 
the PDFs of η do not show a comparable uniformity.

Several predictions of Kolmogorov's inertial range theo-
ries concerning the velocity derivatives ∂u'/∂x and ∂v'/∂x 
can be confirmed. The RMS value of ∂u'/∂x scales with ε1/3 
and with the spatial scale r−2/3. In the inertial range, the 
skewness Su,c of ∂u'/∂x is nearly constant at a value of 0.24 
and thus independent of the level of turbulence and of (κη)c 
(cf. Sukoriansky et al. 2018), whereas the kurtosis Ku,c of 
∂u'/∂x shows a slope of (κη)c

0.1, which is consistent with the 
expected relationship to the spatial scale r (cf. Sreenivasan 
and Antonia 1997).

In thermalling phases, the FST can well be characterised, 
and ε shows little spread within and between the different 
flights. The turbulence in thermalling phases shows a log-
normal distribution. Over all thermalling phases, the dissi-
pation rate averages 3.5·10−3  m2/s3, with a narrow spread of 

1.2·10−3 to 1.1·10−2  m2/s3 (5% and 95% percentiles). This is 
considerably higher than at the LWT, e.g. the longitudinal 
spectrum in thermalling phases at 0.2 kHz is 37 dB higher 
than in the LWT for a comparable speed (30 m/s).

For the straight legs, no uniform description of turbu-
lence could be found. The probability distribution of ε does 
not have a standardised shape, but depends on the air mass 
crossed by the glider, like, e.g. areas with little convection. 
Therefore, values of ε lower than in thermalling phases 
occur. Very low values of ε, as, e.g. below 5·10−6  m2/s3, 
however, are not observed during the thermally active period 
of the day. As predicted by the meteorological model the 
altitude shows no evident influence on ε in the convective 
mixed layer. However, both in straight legs and in thermall-
ing phases, a linear trend of ε with respect to the vertical air 
velocity is found.

For the transfer into wind tunnel experiments, it should be 
noted that the processed results of this study are of course a 
function of the pilots' flight strategies and therefore represent 
only a biased statistics of the convective boundary layer.
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