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Abstract
The effect of a finite length hot-wire sensor on

the measured streamwise velocity fluctuations is
well understood in canonical wall-bounded flow. In
particular, the small-scale energy has been found to
be universal among canonical flows and invariant with
Reynolds number and has therefore been exploited
in correction schemes for attenuated measurements.
A straightforward application to non-canonical flows
such as strong adverse pressure gradient (APG) flows
has, however, been hampered since the effect of
Reynolds number and pressure gradient conditions
could not be studied separately due to the lack of
data with a clear scale separation. The present
experimental investigation at a fixed friction Reynolds
number of around 4000 in weak, moderate and strong
APG conditions with different wire lengths shows that
while spatial averaging effects are not only limited
to the inner layer but extent also into the outer layer,
their influence on both layers diminishes for strong
pressure gradient conditions. A note of caution is
hence warranted for measurements that seemingly
try to take the bias effect of spatial attenuation into
account by performing measurements with albeit long
but fixed viscous-scaled wire lengths.

1 Introduction
The effect of spatial averaging in the measurement

of small-scale turbulence energy appears to be well
understood in zero-pressure-gradient (ZPG) turbulent
boundary layers (TBL) [1]. Particularly, it is well
known how hot-wire measurements taken with vary-
ing viscous-scaled wire lengths l+, tend to mask true
Reynolds number effects [2, 3]. It was e.g., thought

that the outer peak in the streamwise variance pro-
file in ZPG TBLs emerges with increasing Re already
at moderate Re. However, well-resolved turbulence
measurements showed at these Re [4], that this effect
was an artefact of insufficient spatial resolution that at-
tenuates the small-scale energy near the wall [5]. In
fact, compelling evidence from ZPG TBLs but also
other canonical wall-bounded flows has shown, that
the small-scale energy is universal, i.e. independent of
Reynolds number [6], which in turn opened doors to
model the near-wall region by superimposing large-
scale information from the outer layer onto the a priori
known universal small-scale signal [7]. While these
observations have been made across various canonical
wall-bounded flows, there are several observations in
non-canonical flows that challenge the notion of small-
scale universality. As such, the small-scale energy re-
lated near-wall peak (y+ ≈ 15) is apparently weaker
in adverse-pressure-gradient (APG) TBL [8], while at
the same time the outer peak in light of the energized
large-scale motions increases to a greater extent com-
pared to ZPG TBLs [9]. Similarly, there are indi-
cations that the small-scale energy is shifted towards
larger scales [10], thereby inhibiting the utilization of
models based on the universal small-scale energy both
for modelling but also spatial resolution corrections
methods for measurement techniques [10]. Most of
these studies are, however, inconclusive, due to the dif-
ficulty to clearly distinguish between small and large
scales since either the numerical data exhibiting strong
APG conditions are limited to low Reynolds numbers
or experimental studies at higher Reynolds numbers
are (usually) limited to weak APG conditions.

The present work aims at further investigating the
importance of spatial averaging effects in measure-



Figure 1: Schematic of the test section at Czestochowa University of Technology, Poland.

ments of non-canonical wall-bounded flows such as
APG TBLs by considering a new data set obtained
from a wide range of pressure gradient conditions
(weak, moderate and strong) at a considerably higher
Reynolds number (relative to available numerical
works) by means of different hot-wire length in order
to address the implications on small-scale universality.

2 Experimental setup
The experiment was conducted in a wind tunnel

at Czestochowa University of Technology where
a TBL was developing along a 5035 mm long flat
plate allowing to reach the friction Reynolds number
of Reτ ≈ δ+ = 4000 (see Fig. 1). Different flow
histories, i.e. different Rotta-Clauser pressure-gradient
parameter β = δ∗/τw · dP∞/dx (where δ∗ is the

Figure 2: Distributions of the Rotta-Clauser pressure gradi-
ent parameter β and pressure coefficient CP . Tra-
verses obtained for similar values of β are marked
with the same colour. Dotted, dashed and solid
lines correspond to the weak, mild and strong APG
conditions, respectively.

displacement thickness, τw is the wall-shear stresses
and dP∞/dx is the streamwise derivative of the static
pressure in the free-stream) distributions presented
in Fig. 2 were obtained by applying different suction
conditions on the perforated upper wall in the measur-
ing section of the wind tunnel: sealed off perforation
(weak APG), perforation area 300 mm (moderate
APG) and perforation area 500 mm (strong APG). The
unique experimental data were obtained using single
hot-wire probes of different length l (0.41, 1.25 and
3.00 mm). The friction velocity uτ =

√
τw/ρ was

obtained using the method introduced by Niegodajew
et al. 2019 [9]. A more detailed description of the
experimental setup, including the information about
measurement uncertainties, can be found in our
previous work [8].

3 Results
Figure 2 illustrates the streamwise distributions of

β and pressure coefficient CP = 1 − (Ue/Ue,in)2

(where the subscript in denotes inlet conditions, i.e. at
x = 0, cf. Fig. 1 for exact location) that were obtained
in the present experiment by modifying the suction
conditions. Similar values of β obtained for different
pressure gradients distributions are marked with sym-
bols of the same colour and connected using horizon-
tal lines. Circles, squares and diamonds correspond
to a weak, mild and strong β evolution, respectively.
Hence, throughout the remainder of the present work
weak, mild and strong pressure gradients in the con-
text of APG TBLs refer not to the local β value, but to
the streamwise distribution of CP . A strong CP evo-
lution can therefore exhibit β values around 5.5, 10
and 20 when e.g., following the solid line in Fig. 2.
A moderate CP exhibit β < 20 on a longer distance
(x = 1200 mm) and weak CP exhibit near-constant
β ≈ 5.7 at the distance x = 800 − 1200 mm. This is



Figure 3: Effect of hot-wire spatial averaging on streamwise Reynolds normal stress for β ≈ 5.7 (a - weak APG, b - moderate
APG and c - strong APG), β ≈ 10 (d - moderate APF, e - strong APG) and β ≈ 20 (f - moderate APG and g -
strong APG). Dark symbols: l = 0.41 mm; blue symbols: l = 1.25 mm; red symbols l = 3.0 mm, Blue line: Smits
l = 1.25 mm; red line: Smits l = 3.0 mm; Cyan line: Segalini l = 1.25 mm & l = 3.0 mm



in line with the assumption that the flow adapts to the
cumulative effect of β rather than to its local value,
cf. Refs. [11, 12]. Also when a flow exhibits a strong
pressure gradient it can adapt to a local gradient of the
pressure coefficient δindCP /dx which was shown in
diagnostic plot scaling of the turbulence intensity pro-
file introduced by Dróżdż et al. [13]. It can be noticed
that the CP distribution is the same up to x = 500 mm
from the ZPG inlet (see Fig. 2).

Figure 3 depicts a compilation of plots of the inner-
scaled streamwise variance profiles for various pres-
sure gradient conditions. The measured values with
different hot-wire lengths are indicated through col-
ored symbols. Dark symbols: l = 0.41 mm; blue
symbols: l = 1.25 mm; red symbols l = 3.0 mm.
The results for the considered range of l+ values show
that spatial averaging in APG TBLs is complex and
not restricted to the inner layer only since small-scale-
energy attenuation is also visible in the outer layer.

Figure 4: Effect of hot-wire spatial averaging on stream-
wise Reynolds normal stress maxima with β at
inner peak a) and at outer peak b). Uncertainty
level 5.0%. The triangle symbol represents the
data from Ref. [14]

Figure 3 shows that the effect of spatial averaging
weakens with increasing local β, i.e., there are clear
differences between the profiles measured with dif-
ferent wire lengths especially for β values of 5 and
10. The effect of wire length diminishes for β ≈ 20.
This observation indicates a clear bias towards large-
scale energy compared to small-scale energy (where
small in this case denotes scales smaller than the wire
length). This observation is in line with the recent find-
ing of Deshpande et al. [14].

When comparing different APGs one should ob-
serve that the weak APG case at β ≈ 5.9 (Fig. 3a)) is
similar to the strong APG case at β ≈ 9.7 (Fig. 3e))
in terms of near-wall and outer peaks levels. It can
be concluded that with the increase of APG strength
the outer peak weakens for the same β values. It is in
line with the conclusions of Bobke et al. [11] and San-
miguel Vila et al. [15] who noted, from observing the
viscous-scaled mean statistics, that flows with increas-

Figure 5: Effect of hot-wire spatial averaging on stream-
wise Reynolds normal stress maxima with
β/(δindCP /dx) at inner peak a) and at outer peak
b). Uncertainty level 5.0%



ing β exhibit behaviors akin to those at much smaller
β, and thus retain the character of the upstream con-
dition. The attenuated energy is at a similar level for
those cases which may indicate a similar small-scale
energy content at different local β.

To investigate the effect of spatial averaging and
the associated attenuation of small-scale energy in
more detail it is helpful to consider the difference in
amplitude of the streamwise variance profile for both
the inner and outer peaks. Fig. 4 depicts the percent-
age in difference between the profiles measured with
the shortest and longest probe for all β evolution as
a function of local β. A clear decay of the effect of
attenuation at the location of the inner-peak is appar-
ent, from nearly 50% attenuation for the low value of
β down to below 10% at a high value of β. This dras-
tic decrease is related to the dominance of small-scale
energy around the near-wall cycle. The level of atten-
uation at the location of the outer peak is clearly less
pronounced to start with, but also here, an increase of
β brings a clear decrease of the effect of attenuation
with it; with values diminishing within the uncertainty
of the measurements. It is hence clear that small-scale
energy becomes less dominant throughout the entire
boundary layer with increasing local β, thereby under-
lining the transition of a wall-dominated flow towards
a wake-dominated flow. For comparison also one data
point from the study of Deshpande et al. [14] at a lower
local β is shown confirming the trend of the present
data. It is interesting to note that this implies that with
increasing APG strength (increase in dCP /dx), spa-
tial resolution issues become more important.

Figure 5 presents the same data as in Fig. 4, how-
ever as a function of β/(δindCP /dx). As can be seen,
the data in such a presentation form becomes even
more arranged and the decaying trend of attenuation
with increasing β/(δindCP /dx) is even more severe
for both inner and outer peak when compared to the
one from Fig. 4.

To quantify the attenuated energy of small scales
in the inner and outer layer separately for the moder-
ate APG β = 5.8 case, the iso-contours of the wavelet
energy spectra E (equivalent to premultiplied energy
spectra), scaled by the friction velocity uτ , are pre-
sented in Fig. 6 as a function of the normalised time
scale τ+ and normalised wall distance y+. As shown
in Ref. [16], the convection velocity distribution is
universal in the inner region of TBL. Therefore, the
convection velocity was used to show the streamwise
spatial scale λ+ = 4000 (red line) which splits the
wavelet energy spectra into regions with small and
large scales (values of τ+ below and above that line),
respectively. It confirms that the small scales energy is
attenuated for both near-wall and outer region.

Turning now to the correction schemes, and con-
sidering the one introduced by Smits et al. [17], which
per definition is only valid in canonical flows in which
small-scale universality holds. A straightforward

application of their correction regardless of range
of applicability, is given through the solid lines in
Fig. 3. As can be anticipated, there is an apparent
overestimation of the variance profiles in the inner
layer, due to shift of energy from small to large scales
with increasing APG strengths. A method that might
not be limited to cases in which the universality of
the small-scale energy is a prerequisite is the method
by Segalini et al. [18] which is also shown in Fig. 3.
This method clearly performs better in the inner layer,
since it relies on the information from two measured
attenuated profiles; which is also the method’s draw-
back compared to other methods requiring only one
profile.

4 Conclusions
This paper explores the effect of hot-wire sen-

sor length on the measured streamwise velocity
fluctuations at a fixed friction Reynolds number of
around 4000 under weak, moderate and strong APG
conditions. The results show that spatial averaging
effects that takes place due to attenuation of small
scale energy are not limited to the inner layer, but
extent also into the outer layer. The influence of
wire length (for the considered range of wire lengths)
in both layers reduces for strong pressure gradient
conditions when β reaches ≈ 20. In general, in
terms of flow history, with growing APG strength for
the same β values the attenuation becomes stronger
which indicates that the share of the small-scale

Figure 6: Effect of hot-wire spatial averaging on inner
scaled streamwise premultiplied time-scale spec-
tra for moderate APG β = 5.7. The red line cor-
responds to streamwise spatial scale λ+ = 4000
where the convection velocity was used instead of
mean velocity. Continuous line l = 0.41 mm,
dashed line l = 1.25 mm and dotted line l = 3.0
mm. Increments between level equals 0.5.



energy also increases in the flow. Interestingly, the
correction scheme of Segalini et al. [18] performs
well in reproducing both inner and outer peaks for the
investigated cases since it does not rely on universality
of small-scale structures.
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[13] A. Dróżdż, P. Niegodajew, W. Elsner, R. Vinuesa,
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L. Lindić, and I. Marusic. Reynolds-number
effects on the outer region of adverse-pressure-
gradient turbulent boundary layers. arXiv
preprint arXiv:2304.08714, 2023.

[15] C. Sanmiguel Vila, R. Örlü, R. Vinuesa,
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son, J.-D. Rüedi, and A. Talamelli. A method to
estimate turbulence intensity and transverse tay-
lor microscale in turbulent flows from spatially
averaged hot-wire data. Exp. Fluids, 51:693,
2011.


	001_f_CHAOUAT
	002_f_CHAOUAT
	004_f_Bosco-Premkumar
	005_f_Davidson
	006_f_Hildebrand
	007_f_Hildebrand
	008_Simon-Keren
	009_f_Abdelsayed
	010_f_Volpiani
	012_f_Katsamis
	013_f_Vinuesa
	014_f_Sun
	015_f_Trautner
	019_f_Blau
	020_f_Marchioli
	021_f_Veldman
	025_f_Nishi
	026_Geurts
	027_f_Knoop
	028_f_Rinc╟ⁿn
	029_f_Lazaro
	030_f_Guastoni
	031_f_Di-Giusto
	032_f_Husson
	033_f_VERVISCH
	034_f_Gonzalez
	035_f_Kissel
	038_f_Rahman
	039_f_Stempka
	041_f_Trautner
	043_f_Fanizza
	044_f_KIM
	045_Chaugule
	046_f_Kim
	048_f_Kubacki
	049_f_Zhou
	050_f_Korobenko
	051_f_Ho
	052_f_Mortimer
	053_f_Mortimer
	056_f_Fehn
	058_f_Colin
	059_f_Dacome
	060_f_Wolde
	061_f_Bouchard
	064_f_Zhao
	065_Zachariah
	066_Patel
	068_f_Ahnn
	069_f_Sandberg
	070_f_Soria
	071_f_Yoshimi
	072_f_CHEN
	073_f_Nagata
	077_f_Amarloo
	078_f_Grundl
	079_f_Kuwata
	080_Brethouwer
	081_f_Tamaki
	083_f_Sauvage
	084_f_Doehring
	085_f_Tobita
	088_f_Yang
	089_f_Saeedipour
	090_f_Tsubokura
	091_f_Jones
	092_f_Zehtabiyan-Rezaie
	093_f_Zhang
	094_f_Menter
	095_f_Hattori
	096_f_Anderson
	097_f_Emes
	098_f_Kong
	099_SM
	100_f_Probst
	Abstract
	1 Introduction
	2 Numerical Method
	For details on the methods, refer to the cited literature.
	2.1 Embedded wall-modelled LES
	2.2 Wall-functions for hybrid RANS-LES
	2.3 Local grid adaptation in LES regions
	3 Test cases and results
	3.1 NASA Wall-Mounted Hump Flow
	3.2 NACA0021
	3.3 CRM-HL
	4 Discussion and Conclusions
	Acknowledgements
	References

	101_f_Hasslberger
	102_f_Bayron
	103_f_Griffond
	105_f_Lim
	106_van-Gastelen
	Rationale
	Methodology
	Discretizing PDEs
	Filtering and closure modeling
	Energy conservation

	Results and conclusion

	107_f_Treacy
	109_Knopp
	111_f_Remer
	112_f_Mehl
	113_f_Simoni
	115_f_Kottakalam
	116_f_Gkantonas
	117_f_CHERROUD
	118_f_Boldini
	119_f_Chakraborty
	120_Mariotti
	122_Salvetti
	124_f_ROQUES
	127_f_Matar
	129_f_Caban
	130_f_Wawrzak
	132_f_W╟¼stenhagen
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 MRV
	2.2 CFD
	2.3 Data Matching
	3 Results
	4 Conclusions
	Acknowledgements
	References


	133_f_Trias
	135_f_Bernades
	136_f_Matar
	138_f_Masclans
	139_f_Preskett
	140_f_Chellini
	141_f_Boguslawski
	142_f_Vitulano
	144_f_Mandler
	146_f_Piomelli
	147_f_Hopman
	148_f_Su╟¡rez-Morales
	149_Elsner
	152_f_Klein
	154_f_Pizzi
	155_f_Tian
	156_f_Folch
	157_f_Rodriguez
	158_f_Dr╟ⁿÅ¼dÅ¼
	160_f_Grinstein
	161_Kobayashi
	ABSTRACT

	162_f_Placco
	163_f_MIMOUNI
	164_f_Manchester
	165_f_Della-Posta
	166_f_Wallin
	167_f_Hultsch
	169_f_Singh
	170_f_Tayeh
	171_f_Hirai
	172_f_Yee
	173_f_Amani
	176_f_Rodrigues
	177_f_John
	179_f_L╟⌠hrer
	180_f_Ventosa-Molina
	181_f_Mallor
	182_f_De-Michele
	184_f_CASACUBERTA
	185_f_Kawai
	186_f_Miro
	187_f_Coppola
	188_f_Eiximeno
	189_f_Cavallazzi
	191_f_Jee
	192_f_Secchi
	193_f_Danciu
	194_f_Yildiran
	195_f_Jones
	196_Dalla-Barba
	Introduction and numerical approach
	Validation and results

	197_f_Balaras
	198_f_Bahramian
	200_f_Montal╟ -Sales
	206_f_GATTI
	208_Massa
	209_f_Tarpin
	210_f_Trias
	211_f_Plana-Riu
	212_f_Santos-Serrano
	213_f_Modesti
	214_f_Tangermann
	215_f_Wu
	216_f_Shahzad
	218_f_Wang
	219_f_Baskaya
	220_f_Dwight
	221_f_Mangani
	222_f_Garcia-Berenguer
	223_Colombo
	224_f_Abo-Amsha
	225_f_Alsalti-Baldellou
	226_f_Kavroulakis
	227_f_Tyliszczak
	228_Lehmkuhl
	Introduction
	Mathematical and numerical model
	Results

	231_f_Taborda
	233_f_Palha
	234_f_Jakirlic

