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 a b s t r a c t

A new facility for studying turbulent boundary layer flows has been developed at the Delft University of Tech-
nology and is referred to as the DU-BLF: Delft University Boundary Layer Facility. Its design and boundary layer 
data characteristics are presented in the current work. The DU-BLF can be employed for a range of studies revolv-
ing around boundary layer flows, e.g., covering fundamentals of boundary layer development, flow control with 
passive surface modifications, and control efforts with active technologies. A modular setup of the test section 
allows for a relatively long development length, with both physical and optical access over its complete extent. 
For the present characterisation, a turbulent boundary layer was developed under a zero (streamwise) pressure 
gradient, with the aid of a flexible ceiling. We establish the general flow characteristics, including freestream 
turbulence intensity levels, acoustic noise characteristics, boundary layer-integral parameters, and wall-normal 
profiles of the first and second-order turbulence statistics. Results are validated by employing multiple mea-
surement techniques, namely, hot wire anemometry, particle image and tracking velocimetry, and wall-pressure 
measurements. Results are shown for friction Reynolds numbers up to 𝑅𝑒𝜏 ≈ 5 100, and reveal that the boundary 
layer flow adheres to the expected behaviour of canonical wall-bounded turbulence. Data of the current turbulent 
boundary layer measurements are made available online.

1.  Introduction

Wall-bounded turbulence is a widely observed phenomenon which 
has been studied extensively over the past 150 years [1]. Characteris-
ing, describing, and understanding its self-sustaining mechanisms has 
proven to be a major task, also because its details are strongly depen-
dent on the imposed flow conditions by, for instance, an external pres-
sure gradient or the nature of the wall (e.g., smooth or rough, flat or 
curvilinear surfaces). Experimental simulations of practically relevant 
turbulent boundary layer (TBL) flows are still advancing our fundamen-
tal understanding and ability to control these flows; this will eventually 
lead to efficient engineering systems [2]. In particular, we are interested 
in the study of moderate to high Reynolds number TBL flows, with fric-
tion Reynolds numbers of order 𝑅𝑒𝜏 = 

(

103
) to (106) as these oc-

cur commonly in practical applications, like the aerospace or maritime 
transportation sector.

High Reynolds number flows present a significant scale separa-
tion between the inner-scale (viscous length scale, 𝑙𝑣) and outer-
scale (boundary layer thickness, 𝛿), represented by 𝑅𝑒𝜏 ≡ 𝑈𝜏𝛿∕𝜈 = 𝛿∕𝑙𝑣, 
where the friction velocity is defined as 𝑈𝜏 ≡

√

𝜏𝑤∕𝜌 with 𝜏𝑤 being the 
wall-shear-stress, and 𝜌 and 𝜈 being the fluid’s density and kinematic 

∗ Corresponding author.
 E-mail address: m.w.knoop@tudelft.nl (M.W. Knoop).

viscosity, respectively (note that quantities that are scaled with the vis-
cous parameters are denoted with a ‘+’ superscript). As the scale separa-
tion increases (i.e. ∝ 𝑅𝑒𝜏 ), the dynamics of near-wall turbulence, already 
present in low 𝑅𝑒𝜏 flows, are complexified by the co-existing larger-scale 
motions [3]. Hence, studying wall-bounded turbulence with a broad-
band range of scales is needed, e.g., from the perspective of statistically 
describing the organisation of scales [4], or from the perspective of de-
veloping large-scale control [5,6].

Experimentally achieving high values of 𝑅𝑒𝜏 , while retaining a suf-
ficient measurement resolution in terms of the viscous length and time 
scales, is not trivial. To address this, the scientific community has made 
efforts to extend the development length of the TBL to accommodate the 
growth of 𝛿 while keeping 𝑙𝑣 in a measurable range. For instance, Öster-
lund[7] achieved 𝑅𝑒𝜏 ≈ 7 000 at a development length of 5.5 m in the 
MTL facility at the KTH Royal Institute of Technology; similarly, at a de-
velopment length of 9 m, Aguiar Ferreira et al. [8] attained 𝑅𝑒𝜏 ≈ 8 000
in the boundary layer wind tunnel at the University of Southampton; 
a longer working section allowed for 𝑅𝑒𝜏 ≈ 20 000 at a development 
length of 21 m within the University of Melbourne’s boundary layer fa-
cility [9]. Following the same design principle—of developing a high 
Reynolds number flow with a relatively long development length—the 
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Fig. 1. A selection of airflow facilities used for measurements of wall-bounded 
turbulence, in terms of their typical operating range of friction Reynolds num-
ber, 𝑅𝑒𝜏 , and viscous length scale, 𝑙𝜈 (the ordinate of 15𝑙𝑣 reflects the phys-
ical wall-normal distance of the inner-peak in 𝑢𝑢). Two facilities at the Delft 
University of Technology are considered: the W-TBL setup [6] and the current 
DU-BLF. Reference facilities include high Reynolds number pipe flow facilities 
[CICLoPE [10–12], CoLaPipe [13], Hi-Reff [14], Princeton Superpipe [15]] and 
high Reynolds number turbulent boundary layer facilities [Lille [16], Melbourne 
[17]].

Delft University Boundary Layer Facility (DU-BLF) was commenced, 
with a test section length of ∼ 7.2 m, double that of a previous boundary 
layer facility [6].

To place our facility in context, it is instructive to summarise 
the high-level capabilities of facilities designed for the study of wall-
bounded turbulence. For this, one can consider the range of 𝑅𝑒𝜏 that can 
be obtained while considering the corresponding viscous length scale in 
absolute units. Fig. 1 presents a map of 15𝑙𝜈 (representative of the phys-
ical wall-normal distance of the inner-peak in 𝑢𝑢) versus 𝑅𝑒𝜏 , populated 
with curves resembling the operation of several facilities. These curves 
represent a fixed measurement location, corresponding to the largest 
streamwise development length, while the bulk velocity is varied. Only 
combinations of 𝑙𝑣 and 𝑅𝑒𝜏 on the left-bottom-side of the trend lines 
can be achieved (considering that measurements can be performed at 
streamwise locations with a reduced development length). The highest 
𝑅𝑒𝜏 value of each trendline is facility-limited, while the lower limit is 
not necessarily an operating limit but may correspond to the lowest 𝑅𝑒𝜏
at which data was reported in the cited works (see caption of Fig. 1). Our 
facility neither operates in an unexplored flow regime (e.g., very high 
𝑅𝑒𝜏 domains), nor does it provide an unprecedented viscous length scale 
to allow for fully-resolved measurements. However, the DU-BLF oper-
ates in a Reynolds number range that is relevant to study the dynamics 
of high Reynolds number TBL flows governed by a range of coherent 
structures [18,19, among others]. That is, at 𝑅𝑒𝜏 values of several thou-
sands, the logarithmic layer is well-established and spans a full decade at 
the largest 𝑅𝑒𝜏 design point of 𝑅𝑒𝜏 ≈ 8 000. This full operational range is 
indicated by the light blue shaded patch in Fig. 1 and considers a closed-
loop design with the maximum power of the axial fan dictating the op-
erating limit. Though, for the present study, an open-loop configuration 
is considered because of current building/space limitations. In this con-
figuration, the maximum operating velocity results in 𝑅𝑒𝜏 ≈ 5 100; the 
four operational points considered in the current paper are shown with 

Fig. 2. CAD impression of the DU-BLF with an annotation of the primary com-
ponents.

the diamond markers in Fig. 1. Aside from the reasonable 𝑅𝑒𝜏 range, 
the viscous length scale is kept large enough (15𝑙𝑣 ≳ 0.2 mm) to resolve 
near-wall turbulence with off-the-shelf hot wires or optical-based mea-
surement techniques.

The present contributions of the paper are as follows. We present 
design details of the DU-BLF and its key characteristics relevant for ex-
perimental studies (Section 2). Facility characteristics and turbulence 
statistics are measured with various techniques, including hot wire 
anemometry (HWA), particle image velocimetry (PIV), particle tracking 
velocimetry (PTV), and static and time-resolved pressure measurements, 
described in Section 3. Facility and boundary layer data are presented 
in Section 4, considering, among other things, the freestream turbulence 
and acoustics, the quality of the zero streamwise pressure gradient, and 
the turbulence statistics.

2.  Design of the facility

The new DU-BLF is integrated into a low-turbulence tunnel at the 
Delft University of Technology, schematically shown in Fig. 2. Parts of 
the tunnel facility—notably the diffuser downstream of the axial fan, 
the corner vanes, and the anti-turbulence screens—were reused from 
a dismantled facility known as the boundary layer tunnel at the Low 
Speed Aerodynamics laboratory of the Delft University of Technology 
[see Section 3.4.1 in 20]. The current tunnel can be configured in a 
closed- or open-loop configuration, and in the current work, we consider 
an open-loop setup. The tunnel is powered by a 75 kW axial fan, with 
a maximum rotation rate of 1 200 RPM, as such, achieving a maximum 
freestream velocity at the outlet of the contraction of ∼ 30 m/s (in the 
open-loop configuration). A heat-exchanger is installed for testing under 
stable temperature conditions. After two corner vane sections, a total of 
seven anti-turbulence screens in the plenum aid a low level of freestream 
turbulence intensity (see Section 4.1). The flow quality is also enhanced 
with the aid of a contraction with an 11:1 area ratio, comprising an 
outlet area of 𝐿 ×𝐻 = 0.9 × 0.6 m2, where 𝐿 and 𝐻 are the width and 
height, respectively. Along with a canonical TBL developing under a 
zero pressure gradient (ZPG) in the streamwise direction, the facility’s 
versatility permits the study of a wide variety of other flow cases, e.g., 
boundary layer flows subject to pressure gradients or ones subject to 
passive or active flow control.

The working section with a cross-sectional area of 0.9 × 0.5 m2 (span 
× height) has a streamwise length of approximately 7.3 m, consisting of 
four individual 1.8-m-long sections (numbered 1 to 4 in Fig. 3a). A side-
view schematic of the test section is depicted in Fig. 3(a), with alongside 
in Fig. 3(b) a photograph from the downstream end of the test section. 
The design considerations and key features are laid out below:

• For boundary layer studies, the TBL is generated on the suspended 
flat-plate floor, comprising an elliptical leading edge located ∼ 100
mm above the bottom wall of the contraction outlet (Fig. 3a,c). A 
diffuser plate is used to effectively bleed the air below the floor, 
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Fig. 3. (a) Schematic of the Delft University Boundary Layer Facility (DU-BLF). Several features of the facility are highlighted by means of photographs: (b) overview 
of the DU-BLF test section, (c) detail of the test section inlet, and (d) close-up of test-section 4 designed for measurements.

preventing unwanted separation on the overlying TBL. The boundary 
layer is tripped to a turbulent state by a 120 mm strip of P40-grit 
sandpaper applied all around the wall perimeter of test-section 1.

• The test section comprises a flexible top wall to achieve a certain 
streamwise pressure gradient (see Fig. 3a,b). Scales are included on 
the sidewalls to position the ceiling profile with an accuracy of ∼
1 mm. Pressure gradients can be quantified with 126 wall-normal 
static pressure taps, embedded in the bottom wall with a nominal 
streamwise spacing of 50 mm.

• Full physical and optical access along the streamwise direction is 
provided (Fig. 3b), offering ample opportunity for optically based 
measurements. All test sections were constructed out of lightweight 
extruded aluminium profiles with the walls of the working sections 
made out of 12 mm thick transparent polycarbonate. Each test sec-
tion has two hinged doors on one of its sides.

• Test-section 4 (Fig. 3d) is specifically designed for conducting TBL 
studies. A Pitot-static tube and a microphone are installed on the 
side wall to measure the freestream velocity and acoustic pressure, 
respectively. This section is equipped with a floor consisting of mul-
tiple panels, allowing for the insertion of test plates in an insert 
area of 1200 × 600 mm (in the streamwise and spanwise directions). 
Nominally, two test plates are installed (plates of 800 × 600 mm and 
400 × 600 mm in size, each with a thickness of 12 mm); the larger 
one can accommodate a smaller insert of 600 × 220 mm with a thick-
ness of 10 mm. Typically, a matt black anodisation is applied to 
the aluminium tooling plates to prevent strong laser-light reflections 
when performing near-wall laser-based measurements. In addition, 
the tunnel floor of test-section 3 allows for the insertion of a flush-
mounted, direct force balance system of Van Nesselrooij et al. [21]. 
Note that test-section 2 to 4 can be interchanged to vary the stream-
wise development length upstream of the measurement station.

• The outlet is equipped with a mesh, generating an over-pressure with 
respect to the ambient in the working section, making it less sen-
sitive to outside variations in pressure. Moreover, by changing the 
mesh configuration and setting the ceiling height, TBL flows with 
streamwise pressure gradients can be achieved.

3.  Experimental details

Here we detail the experimental methodology employed to charac-
terise the TBL flow in the DU-BLF. We establish a Cartesian coordinate 
system, originating at the measurement location, with (𝑥, 𝑦, 𝑧), denoting 
the respective streamwise, wall-normal, and spanwise directions, corre-
sponding to the instantaneous velocity components (𝑈, 𝑉 ,𝑊 ). A global 
coordinate system (𝑥′, 𝑦′, 𝑧′), denoted with prime superscripts, has its 
origin at the tunnel centreline and coincides with the downstream edge 
of the P40-grit sandpaper trip. Standard Reynolds averaging is applied 
where the capitalised quantity with an overline, and the lowercase quan-
tity, denote the temporally- or spatially-averaged mean and fluctuating 
components, respectively, e.g., 𝑈 = 𝑈 + 𝑢.

Measurements were conducted at two streamwise locations: (1) at 
the outlet plane of the contraction (near 𝑥′ = 0), and (2) within test-
section 4 at the nominal measurement location of 𝑥′ = 6.8 m (which 
coincides with the origin of the 𝑥, 𝑦, 𝑧 coordinate system). In addition, 
a characterisation of the pressure gradient along the full length of the 
working section was conducted. An overview of the respective measure-
ments is provided in Table 1. Experiments were conducted at four nom-
inal freestream velocities of 𝑈∞ ≈ 5, 10, 15, and 20 m/s (corresponding 
colours of lines/markers for differentiating the associated data in the 
graphs are indicated in Table 1). At both aforementioned measurement 
locations, HWA measurements were conducted (details are presented 
in Section 3.1) to characterise the freestream turbulence intensity. The 
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Table 1 
Overview of the conducted measurements at their respective 𝑥′ locations. We 
present the colour scheme associated with the individual methods, where the 
colour gradient denotes increasing streamwise velocity from 𝑈∞ ≈ 5 to 20 m/s.

TBL flow (at 𝑥′ = 6.8 m) was characterised by means of HWA, and PIV 
and PTV (described in Section 3.2). Moreover, the background acoustics 
and wall-pressure were also characterised at this location (Section 3.3). 
Lastly, the boundary layer’s ZPG was assessed through wall-based static 
pressure measurements (Section 3.3) over the full streamwise develop-
ment length.

3.1.  Hot wire anemometry

For time-resolved streamwise velocity measurements, a Dantec 
55P15 miniature boundary layer probe was employed with a TSA 
IFA-300 constant temperature anemometer. Conduction-based attenu-
ation through the prongs is minimised by having a sufficient length-to-
diameter ratio 𝑙∕𝑑 = 250 [22], with 𝑑 = 5 µm and 𝑙 = 1.25 mm. Time 
series were acquired for a duration of 𝑇 = 100 s, at a sampling fre-
quency of 𝑓𝑠 = 51.2 kHz. In Table 2, we provide the viscous wire length 
(𝑙+), viscous time separation (Δ𝑡+ = 1∕𝑓+

𝑠 ), and the acquisition length 
of the time series in terms of boundary layer turnovers (𝑇𝑈∞∕𝛿). An 
analogue low-pass filter of 20 kHz was applied to the voltage signal 
before A/D conversion with a 24-bit NI 9234 DAQ module. In-situ cali-
bration was performed by fitting a fourth-order polynomial to 17 points 
of streamwise velocity in the range 𝑈∞ ∈ [1.5, 23] m/s. Drifts in ambi-
ent temperature were corrected following the methodology of Hultmark 
and Smits[23]. Wall-normal profiles of the streamwise velocity were ac-
quired by employing a 300 mm Zaber X-LRQ traversing system (10 µm 
step accuracy). A total of 40 logarithmically-spaced wall-normal loca-
tions were sampled, ranging from approximately 0.1 mm to 210 mm 
(∼ 1.8𝛿). The wall-normal location of the HWA probe was determined 
using the camera from the PTV setup. In processing the streamwise ve-
locity profiles, the wall-normal position is more accurately determined 
by including a Δ𝑦 shift to the composite fitting procedure [24,25]. For 
statistical convergence of velocity spectra, we applied ensemble averag-
ing with ensembles of 𝑁 = 215 samples at a 50% overlap, each weighted 
with a Hanning window; this yields a spectral resolution of d𝑓 ≈ 1.56 Hz.

3.2.  Two-component velocity field measurements

To capture turbulence statistics, planar two-dimensional two-
component (2D2C) velocity field measurements were conducted in the 
streamwise–wall-normal plane (𝑥 − 𝑦), centred at 𝑥′ = 6.8 m. PIV and 

Table 2 
Overview of the measurement characteristics during the HWA experiment. The 
viscous length and time scales are defined as 𝑙+𝑣 ≡ 𝜈∕𝑈𝜏 and 𝑡+𝑣 ≡ 𝜈∕𝑈 2

𝜏 , respec-
tively.
   𝑈∞ 𝑙𝑣 𝑡𝑣 𝑙+ Δ𝑡+ 𝑇𝑈∞∕𝛿 
  (m/s)  (µm)  (µs)  
  5  77.7  394  16.1  0.05  4 640  
  10  42.8  119  29.2  0.16  8 350  
  15  29.4  56.1  42.5  0.35  12 600 
  20  23.0  33.7  54.3  0.58  16 800 

Table 3 
Imaging conditions and processing parameters for the separate PIV- and PTV-
based measurement techniques. The vector pitch range corresponds to the low-
est and highest freestream velocity considered (𝑈∞ = 5 and 20 m/s, respec-
tively).
    PIV  PTV  
  Field-of-view 169 × 209 mm2 21.0 × 17.6 mm2  
 ∼ 1.6 × 1.9 𝛿2 ∼ 0.19 × 0.15 𝛿2  
  Image resolution  14.0 px/mm  125.0 px/mm  
  Interrogation/binning window 32 × 8 px2 8 × 8 px2  
  Processing technique  cross-correlation  PTV  
  Overlap  75%  75%  
  Vector pitch  0.26mm  0.016mm  
 3.2 − 11.2 𝜈∕𝑈𝜏 0.19 − 0.68 𝜈∕𝑈𝜏 

PTV were performed, and for both cases, a total of 2 000 image pairs 
were acquired at a frequency of 15 Hz. Imaging was performed using one 
LaVision Imager sCMOS CLHS camera with a 12-bit sensor, comprising 
a resolution of 2560 × 2160 px2, and a pixel size of 6.5 µm. Atomised 
glycol water was used to inject ∼ 1 µm flow tracer particles.

For the PIV experiment, we sought to capture the full wall-normal 
extent of the TBL. The camera was mounted with 200 mm Nikkor-
AF objectives at an aperture of f/8. The resulting field-of-view (FOV) 
was 169 × 209 mm2 (∼ 1.6 × 1.9 𝛿2), in the 𝑥- and 𝑦-directions, respec-
tively, and comprised a resolution of 14.0 px/mm. Image analysis was 
performed in LaVision DaVis 10.2 software, employing a multi-pass 
cross-correlation algorithm [26] with an adaptive window deformation 
method [27]. A final window pass of 32 × 8 px2 with a 75% overlap 
was employed, resulting in a vector pitch of ∼ 0.26 mm.

The aim of the PTV measurement was to infer the wall-shear stress, 
and concurrently the viscous-scaling parameters, from a direct measure-
ment of 𝑑𝑈∕𝑑𝑦 in the viscous layer. We employed a 200 mm Nikkor-
AF objective at f/8, in combination with a 2× teleconverter for dou-
bling the magnification. This resulted in a FOV of 21.0 × 17.6 mm2

(∼ 0.19 × 0.15 𝛿2), in the 𝑥- and 𝑦-directions, respectively, and a reso-
lution of 125 px/mm. PTV was performed in DaVis 10.2, after which the 
particle tracks were binned in windows of 8 × 8 px2 with 75% overlap, 
resulting in a vector pitch of ∼ 0.016 mm. To summarise, we present the 
details of the imaging conditions, viscous scaling, and analysis parame-
ters in Table 3.

3.3.  Pressure measurements

In order to assess the streamwise pressure gradient, mean static pres-
sure measurements were conducted with 40 pressure taps embedded 
within the bottom wall of the test section, spanning a streamwise fetch 
of 𝑥′ ≈ 0.65 to 7.2m. Their streamwise spacing is nominally 150 mm, 
and occasionally reaches a maximum spacing of 350 mm because of the 
junctions between the four test sections. The mean total pressure was 
acquired with the aid of a Pitot-static tube mounted to the tunnel’s side 
wall at 𝑥′ ≈ 6.8m.

Fluctuating pressure measurements were conducted using multiple 
GRAS 46BE 1/4-inch pressure microphones at 𝑥′ ≈ 6.8m. One micro-
phone was positioned in the external flow region to capture the acoustic 

Aerospace Science and Technology 168 (2026) 110972 

4 



M.W. Knoop, A. Hassanein and W.J. Baars

Fig. 4. (a) Turbulence intensity (TI) of the freestream streamwise velocity, corresponding to locations at the inlet of the contraction (𝑥′ = 0 m) and within the test 
section at the nominal measurement location (𝑥′ = 6.8 m), for 𝑈∞ ≈ 5 to 20 m/s. A 20 to 8 000 Hz band-pass filter was employed to remove low-frequency breathing 
and high-frequency anemometer noise. The corresponding energy spectra of the streamwise velocity fluctuations are presented in (b) for 𝑥′ = 0m, and in (c) for 
𝑥′ = 6.8m.

noise, whereas five microphones were embedded as an array in the bot-
tom wall to infer the TBL-induced wall-pressure fluctuations. The one in 
the external flow was equipped with a GRAS RA0022 1/4-inch nosecone 
to remove pressure fluctuations from the turbulence in the stagnation 
point [similar as used by 28]. For the wall-pressure measurements, all 
five microphones were mounted in a sub-surface cavity and communi-
cated with the flow through a pinhole. Their equidistant spacing in the 
spanwise direction was 20 mm (∼ 0.18 𝛿). The pinhole–cavity dimen-
sions were taken as follows: a pinhole orifice diameter of 𝑑 = 0.4mm 
(corresponding to 𝑑+ ≈ 5 to 17), a pinhole depth of 𝑙 = 1.0mm, a cavity 
diameter of 𝐷 = 6.0mm and a cavity length of 𝐿 = 2.0mm. This config-
uration resulted in a Helmholtz resonance frequency of 𝑓0 ≈ 2 725 Hz 
(or 𝑓+

0 ≈ 1.1 to 0.082). The measured pressure signals need to be cor-
rected for the occurrence of Helmholtz resonance. This is done by con-
sidering a Helmholtz transfer kernel: this frequency-dependent relation 
relates the (measured) cavity pressure to the orifice-inlet pressure (the 
true wall-pressure). The correction itself is performed by dividing the 
spectra of the measured pressure signals by the gain of the Helmholtz 
transfer kernel [for details, see Appendix A in 28]. Because of the non-
anechoic tunnel environment, acoustic noise also needs to be corrected 
for. At each time step, acoustic noise was removed by subtracting the 
spanwise mean of the wall-pressure across the microphone array. This 
approach assumes that the hydrodynamic (turbulence-induced) wall-
pressure fluctuations are only energetic at spanwise scales smaller than 
the span of the array (roughly 0.9𝛿).

The microphone sets used had a nominal sensitivity of 3.6 mV/Pa, 
with an accuracy of ±1 dB in the frequency range of 10 Hz to 40 kHz. The 
microphones’ dynamic range spans 35 to 160 dB, based on a reference 
pressure of 𝑝ref = 20 μ𝑃𝑎. Sampling was performed using the same NI 
9234 DAQ module and settings as those used for the HWA acquisition, 
except that time series were acquired for a total duration of 𝑇 = 750 s for 
each freestream velocity. As for the hot-wire data, ensemble averaging 
was applied for generating wall-pressure spectra. Ensembles of 𝑁 = 215

samples were taken at a 50% overlap, each weighted with a Hanning 
window; this yields a spectral resolution of d𝑓 ≈ 1.56 Hz.

4.  Facility and boundary layer data

In this section, we first consider the data characteristics associated 
with the external (inviscid) flow in the DU-BLF (freestream turbulence 
and ZPG assessment). Subsequently, data of the ZPG TBL will be pre-
sented. Throughout this section, we denote the respective measurements 
by their colour scheme indicated in Table 1; an increasing colour inten-
sity indicates the trend with an increase in 𝑈∞.

4.1.  Freestream turbulence characteristics

We characterise the freestream turbulence intensity (TI) of the 
streamwise velocity fluctuations, defined as TI ≡

√

𝑢𝑢∕𝑈 . Streamwise 
velocity measurements were acquired with HWA between 𝑈∞ ≈ 5 to 
20m/s, at the outlet plane of the contraction (𝑥′ = 0, without the work-
ing section installed) and the nominal measurement station with the 
working section installed (𝑥′ = 6.8m). A digital filter with a band-pass 
range of 20 to 8 000 Hz was applied before computing the TI values. 
These lower and upper frequency bounds were chosen to remove any 
low-frequency breathing that does not affect the boundary layer, and 
spurious high-frequency energy attributable to the noise floor of the 
anemometer (see discussion below).

As shown in Fig. 4(a), the TI at both streamwise locations is posi-
tively correlated with 𝑈∞, and increases from approximately 0.03% to 
0.07%. Contrasted to other turbulent boundary facilities, e.g., Marusic 
et al. [9] report turbulence intensities of 0.15% to 0.2%, whereas Da-
come et al. [6] report 0.35%. The TI slightly exceeds the TI < 0.03% 
range reported by Rius-Vidales and Kotsonis [29] for the Low Turbu-
lence Tunnel at the Delft University of Technology. This tunnel was 
developed for laminar flow and transition studies, and we therefore 
consider the current TI to be of sufficient quality. The energy spectra 
of the velocity fluctuations (𝜙𝑢𝑢) are presented in Fig. 4(b,c), for the 
two streamwise locations, respectively. As a function of 𝑈∞, the spec-
tral energy increases at both locations, corresponding to the monotonic 
increase in TI. In addition, regardless of the freestream velocity, a series 
of spectral peaks located at 150, 250, 350, …, 4 000 Hz, are attributed to 
low-magnitude electromagnetic noise as previously noted for the same 
anemometer by Merino-Martínez et al. [30]; moreover, their influence 
on the TI is negligible given their low magnitude and narrow spectral 
footprint.

4.2.  Open-jet characterisation

To characterise the uniformity of the tunnel flow, the spatial vari-
ation in streamwise velocity was assessed within the open jet forming 
from the outlet plane of the contraction (without the working section 
installed). Using a Pitot-static tube, the mean streamwise velocity, 𝑈 , 
was measured at a nominal velocity of 𝑈∞ = 10m/s. The variation of 
𝑈 was characterised with 9 point measurements along 𝑥∕𝐻 ∈ [0, 1.6]
at ̂𝑦 = 𝑧 = 0 (exit height 𝐻 = 0.6m). Here ̂. denotes a coordinate system 
with its origin in the spanwise centre and mid-height of the contrac-
tion’s outlet plane. The uniformity of the jet and the free shear later 
were characterised in one quadrant at ̂𝑥∕𝐻 = 0.5, comprising 13 and 11 
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Fig. 5. Streamwise velocity profiles of the open jet at 𝑈∞ = 10m/s, (a) streamwise profile at the jet centreline (𝑦 = 𝑧 = 0), (b) wall-normal profile at ̂𝑥 = 0.5𝐻 , ̂𝑧 = 0, 
and (c) spanwise profile at ̂𝑥 = 0.5𝐻 , ̂𝑦 = 0. Grey-shaded patches indicate the uncertainty interval 𝑈∞ ± 1%. The black lines in (b,c) show the Görtler [31] fit following
(1).

Fig. 6. Sound pressure spectrum level of the acoustic pressure measured in the 
freestream, for freestream velocities in the range 𝑈∞ ≈ 5 to 20m/s.

point measurements along 𝑦∕𝐻 ∈ [0, 0.6], and ̂𝑧∕𝐻 ∈ [0, 0.85], respec-
tively. 

A negligible variation of the 𝑈 velocity in the potential core is shown 
in Fig. 5(a), where 𝑈 remains within 𝑈∞ ± 0.3% (the grey shaded patch 
indicates 𝑈∞ ± 1%). The spanwise and wall-normal profiles (Fig. 5b,c) 
reveal a variation of velocity in the potential core flow of less than 
𝑈∞ ± 0.5%. The black lines in Fig. 5(b,c) indicate that the open-jet shear 
layer is well represented by the semi-empirical model of Görtler [31], 
which provides a self-similar solution based on Prandtl’s eddy viscosity 
hypothesis via a fitted model function:
𝑈
𝑈∞

= 1
2
[

1 + erf
(

𝜉 + 𝜉0
)]

. (1)

The self-similarity variable is represented by 𝜉 = 𝜎𝑦∕𝑥 for the vertical 
profile along ̂𝑦 (𝜎 = 10.6 represents the spreading rate of the shear layer, 
and 𝜉0 = 0.431 accounts for the outward movement of the shear-layer 
centreline), or by 𝜉 = 𝜎𝑧∕𝑥 for the spanwise profile along 𝑧 (𝜎 = 16.5
and 𝜉0 = 0.007). 

With the inflow to the working section regarded as being nominally 
uniform in 𝑦- and 𝑧-directions, the flow inside the working section de-
velops in a symmetric manner (the working section is fully symmetric 
by design). When considering the size of the working section, in terms 
of its dimensions normalised by the boundary layer thickness 𝛿 (here 
taken as 𝛿 = 110mm, see Section 4.5 below), the cross-sectional area 
is ∼ 8.2𝛿 × 5.5𝛿 (span × height) at the most downstream measurement 

location of 𝑥′ ≈ 62𝛿 (𝑥′ = 6.8m). This size is regarded as sufficient for 
accurate TBL measurements without influences of the side/top walls, 
given its comparison to other facilities: e.g., the facility in Lille has a 
cross-sectional area of 5.9𝛿 × 2.9𝛿 (span × height) at a streamwise loca-
tion of 58𝛿 [following data of 16], and the facility in Melbourne has a 
cross-sectional area of 6.5𝛿 × 3.3𝛿 (span × height) at a streamwise loca-
tion of 67𝛿 [following data of 17]. 

4.3.  Background acoustic characteristics

The Sound Pressure Spectrum Level (SPSL) was used to assess the 
noise level in the tunnel, calculated from the energy spectrum of the 
pressure fluctuations (𝜙𝑝𝑝), following:

SPSL(𝑓 ) = 20 log

(

𝜙𝑝𝑝(𝑓 )

𝑝2ref

)

, (2)

with 𝑝ref = 20 μ𝑃𝑎. Fig. 6 presents the SPSL-based spectra for differ-
ent freestream velocities. An increase in the SPSL is noticeable across 
all frequencies with an increase in freestream velocity. The background 
acoustics in the tunnel are predominantly broadband in nature and are 
most energetic in the low-frequency range (2 to 100 Hz). In addition, a 
minor tonal peak is observed with a frequency of 65 Hz for all freestream 
velocities.

4.4.  Zero pressure gradient assessment

We assess the quality of the ZPG along the streamwise direction by 
considering the pressure coefficient, 𝐶𝑝 ≡ 1 − (𝑈𝑒∕𝑈∞)2. Here, 𝑈𝑒 is the 
local edge velocity of the TBL calculated from the static pressure ports, 
under the assumption of a zero-valued wall-normal pressure gradient. 
Fig. 7 presents streamwise profiles of 𝐶𝑝, and reveals that the varia-
tion in 𝐶𝑝 is within ±2% (corresponding to a variation of 𝑈𝑒 ± 1%) for 
all freestream velocities considered. Note that the static pressure for 
𝑥′ ≳ 7m is affected by the over-pressure mesh, as indicated by the grey 
markers. As such, we exclude these points from our assessment and con-
sider measurements valid up to 𝑥′ = 6.8m. To quantify the ZPG, we make 
use of the acceleration parameter, 𝐾 ≡ (𝜈∕𝑈2

𝑒 )|(𝑑𝑈𝑒∕𝑑𝑥)| [32]. The lo-
cal value of which is kept to within 𝐾 < 1.3𝑒 − 7 along the entire work-
ing section for all operation conditions, whereas its median is of order 
𝐾 ≈ 1 × 10−8 to 1 × 10−9. Taking into account the available literature 
[e.g., 𝐾 < 1.6 × 10−7 and 𝐾 < 1 × 10−8 for, 6,32, respectively], we deem 
these values sufficient to achieve ZPG development of the TBL flow.  The 
ceiling height profile remains fixed when varying 𝑈∞. As a result, there 
are minor variations of the acceleration parameter for each freestream 
velocity. However, these remain well within the acceptable limits for 
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Fig. 7. Streamwise variation of the pressure coefficient. Data curves are con-
secutively offset in the vertical direction with a value of 0.1 for each increase 
in freestream velocity. Grey-shaded patches indicate the uncertainty interval 
𝐶𝑝 ± 2%. Note that the grey markers at the downstream end of the working sec-
tion signify the region influenced by the over-pressure mesh; hence, these data 
were excluded from the assessment.

ZPG conditions. Owing to the relatively large cross-sectional area of the 
working section, the pressure coefficient is not sensitive to small vari-
ations in the ceiling height. The indicated 𝐶𝑝 ± 2% (grey shaded area) 
corresponds to changes in the ceiling height of approximately ± 5mm, 
which exceeds the ∼ 1mm accuracy in setting the ceiling profile. 

4.5.  Mean velocity profiles and integral parameters

Fig. 8 presents the inner-scaled mean streamwise velocity profiles 
for all 𝑅𝑒𝜏 conditions, obtained from HWA (blue, square markers), PIV 
(yellow, plus markers), and PTV (purple, circle markers) measurements. 
Both the HWA and PIV measurements captured the full wall-normal ex-
tent of the TBL, of which we obtained the boundary layer characteristics 
employing a composite profile fit (sequential quadratic programming), 
using the log-layer constants 𝜅 = 0.384 and 𝐵 = 4.17 [25]. Specifically, 
we obtain 𝛿, Π, 𝑈𝜏 from the composite fit, where Π is the wake param-
eter. An uncertainty of 𝑈𝜏 ± 0.7% is assumed, based on the 95% confi-
dence interval reported for this method by Rodríguez-López et al. [33]. 
For the PTV data, the skin-friction velocity is directly determined from a 
linear fit to the data points residing in the region 1 ≤ 𝑦+ ≤ 4.5. Following 
the method by Knoop et al. [34], the uncertainty is determined based on 
the standard error of the linear fit and Student’s t-distribution for small 
sample sizes to obtain the 95% confidence interval. The numerical inte-
gration of the data points was used to obtain the displacement thickness, 
𝛿∗, and the momentum thickness, 𝜃. Table 4 provides an overview of the 
relevant boundary layer parameters, inferred from the data correspond-
ing to the three different measurement methods. At the highest velocity 
this manuscript considers (𝑈∞ ≈ 20m/s), a friction Reynolds number of 
𝑅𝑒𝜏 ≈ 5 100 is achieved. At the same time, the viscous length scale is 
kept within the measurable range at ∼ 23 µm.

The full wall-normal extent of the mean velocity profiles, from the 
HWA and PIV experiments, are compared to a profile from a direct 
numerical simulation (DNS) of a TBL flow at 𝑅𝑒𝜏 ≈ 2 000 obtained 
from Sillero et al. [35]. A match of the experimental and DNS data in 
the inner-layer reflects a canonical ZPG TBL, whereas the deviation 
from the DNS in the outer-layer can be attributed to the differences
in 𝑅𝑒𝜏 .

To further evaluate the canonical behaviour of the ZPG TBL, we 
present in Fig. 9 the variation with 𝑅𝑒𝑥 ≡ 𝑈∞𝑥′∕𝜈 of the skin friction co-
efficient, 𝐶𝑓 ≡ 2(𝑈𝜏∕𝑈∞)2, the shape factor, 𝐻 ≡ 𝛿∗∕𝜃, and the momen-
tum thickness Reynolds number, 𝑅𝑒𝜃 ≡ 𝑈∞𝜃∕𝜈. Comparisons between 
the experimental data and canonical scaling laws from the literature are 
made, details of which are included in the caption of Fig. 9. Skin friction 

Fig. 8. Mean streamwise velocity profiles for the Reynolds number range of 
𝑅𝑒𝜏 ≈ 1 400 to 5 100. An inner-scaling of the data is applied using the 𝑈𝜏 values 
of the respective techniques presented in Table 4. Profiles are consecutively 
offset in the vertical direction with a value of 5 for each increase in 𝑅𝑒𝜏 . The 
profile of the DNS data corresponds to a TBL simulation at 𝑅𝑒𝜏 ≈ 2 000 [35] and 
is added onto all measured profiles for reference.

coefficients (obtained via HWA, PIV, and PTV) in Fig. 9(a) are compared 
to the scaling law by Schlichting and Gersten[36], which was later refit-
ted by Nagib et al. [37] to a wide range of independent OFI experiments 
spanning beyond the range of our experimental data. A general agree-
ment of our data with this refitted scaling law can be observed. The devi-
ation of 𝐶𝑓  values from different measurement techniques is attributed 
to the uncertainty (outside of the statistical 95% confidence interval) of 
determining 𝑈𝜏 from each of the datasets. To give the reader an idea of 
the variation, we include the dashed line indicating 𝑈𝜏 ± 2%. As for the 
other two indicators (𝐻 and 𝑅𝑒𝜃 , in Fig. 9(b,c), respectively), these are 
not dependent on the friction velocity but rather on the integral scales 
of the TBL, i.e., 𝛿∗ and 𝜃. Chauhan et al. [25] proposed the shape factor, 
𝐻 , as a reliable metric to assess the quality of a ZPG TBL, in contrast to 
Reynolds number trends of Π, which showed a significant scatter among 
the ten ZPG TBL datasets used in their study. In fact, they revealed that 
for the majority of the data, 𝐻 varies ±2% from the indicated scaling 
law, whereas Fig. 9(b) shows that the current 𝐻 values are confined to 
±1% (as indicated by the dotted lines). Lastly, a scaling law by Nagib 
et al. [37] is employed to validate 𝑅𝑒𝜃 , which is derived from a large 
experimental dataset encompassing the present range of 𝑅𝑒𝑥. Fig. 9(c) 
illustrates that the trend between 𝑅𝑒𝑥 and 𝑅𝑒𝜃 closely aligns with its 
canonical behaviour.

4.6.  Second-order turbulence statistics

We consider wall-normal profiles of Reynolds stresses and stream-
wise energy spectra as second-order statistics. Wall-normal profiles of 
the streamwise Reynolds stress, 𝑢𝑢, are presented in Fig. 10(a) for all 
𝑅𝑒𝜏 conditions and by considering the HWA and PIV data. Note that 
we adopt the same colour and marker styles as previously introduced in 
Figs. 8 and 9. We again include the DNS data from Sillero et al. [35] for 
reference. At the inner-peak location of 𝑦+ = 15 (denoted by the verti-
cal dashed line), the HWA data is subject to an attenuation of energy in 
relation to the DNS profile. This attenuation is ascribed to spatial filter-
ing effects caused by the HWA probe’s relatively long wire length [22]. 
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Table 4 
Overview of the ZPG TBL characteristics across the HWA, PIV, and PTV measurement techniques: note that only the 
inner scaling parameters could be obtained for the PIV method due to the limited wall-normal extent of the FOV. 
 Method 𝑈∞ 𝑅𝑒𝑥 𝑅𝑒𝜏 𝑅𝑒𝜃 𝛿 𝛿∗ 𝜃 Π 𝑈𝜏 𝑙𝑣 𝑡𝑣

 (m/s)  (mm)  (mm)  (mm)  (m/s)  (µm)  (µs)
 HWA  5.0 2.2 × 106  1 400  3 400  108  14.6  10.6  0.439 0.197 ± 0.0014  77.7  394.1

 9.9 4.4 × 106  2 800  7 500  120  15.8  11.7  0.533 0.359 ± 0.0025  42.8  119.1
 14.9 6.5 × 106  4 000  10 600  119  14.7  11.1  0.488 0.525 ± 0.0037  29.4  56.1
 19.8 8.6 × 106  5 100  13 700  119  14.4  10.9  0.487 0.684 ± 0.0048  23.0  33.7

 PIV  4.6 2.1 × 106  1 400  3 100  109  13.7  10.0  0.351 0.185 ± 0.0013  80.8  437.9
 9.2 4.1 × 106  2 400  6 500  108  14.6  10.7  0.543 0.335 ± 0.0023  44.9  133.9
 13.7 6.2 × 106  3 600  9 200  108  13.5  10.1  0.470 0.492 ± 0.0034  30.5  62.0
 18.3 8.3 × 106  4 600  12 000  108  13.1  9.8  0.477 0.641 ± 0.0045  23.3  36.4

 PTV  4.6 2.1 × 106  –  –  –  –  –  – 0.180 ± 0.0003  83.9  464.4
 9.2 4.1 × 106  –  –  –  –  –  – 0.327 ± 0.0014  45.2  135.4
 13.7 6.2 × 106  –  –  –  –  –  – 0.487 ± 0.0073  32.2  68.2
 18.3 8.3 × 106  –  –  –  –  –  – 0.628 ± 0.0161  23.7  36.9

Fig. 9. Variation with 𝑅𝑒𝑥 of (a) the skin friction coefficient, errorbars de-
note the 95% confidence interval; Solid line: Schlichting’s relation 𝐶𝑓 =
[2 log10(𝑅𝑒𝑥) − 0.65]−7∕3 [37]; Dashed lines: 𝑈𝜏 ± 2%. (b) The shape factor 
𝐻 ; Solid line: scaling law 𝐻 = (1 − 7.2∕

√

𝐶𝑓 )−1 [25]; Dashed lines: 𝐻 ± 1%. 
(c) The momentum thickness Reynolds number; Solid line: power-law 𝑅𝑒𝜃 =
0.01277𝑅𝑒0.8659𝑥  [37].

Shown with the solid blue lines, the spatial filtering effect is corrected 
for following the method outlined by Smits et al. [38]. Their relation 
(3.8) is used and considers measured, attenuated inner-peak magnitudes 
of 𝑢𝑢. The growth of the inner-peak magnitude with 𝑅𝑒𝜏 , relative to the 
reference profile of DNS at 𝑅𝑒𝜏 ≈ 2 000, is now captured. In fact, the cor-
rected data closely follow the scaling law for the inner-peak magnitude 

proposed by Chen and Sreenivasan[39], 𝑢𝑢+𝑝𝑒𝑎𝑘 = 46
(

0.25 − 0.42∕𝑅𝑒0.25𝜏
)

, 
shown with the cross markers. In the outer-layer (𝑦+ ≳ 100), the stream-
wise Reynolds stress increases with friction Reynolds number, a trend 
well captured by both PIV and HWA, demonstrating strong agreement 
between the two methods.

Fig. 10(b) displays wall-normal profiles of the Reynolds stresses, 𝑢𝑣
and 𝑣𝑣, obtained through PIV for various Reynolds numbers, with DNS 
data provided for reference. In the outer region of the TBL, an increase 
in the absolute values of Reynolds stresses is evident with rising 𝑅𝑒𝜏 , 
which is typical for wall-bounded flows [40–42].

Based on the HWA data, Fig. 11(a) presents the energy spectro-
grams of the streamwise velocity, 𝜙𝑢𝑢(𝑓, 𝑦), with two isocontour levels 
of 𝑓+𝜙+

𝑢𝑢 = [0.4, 1.5]. We can observe that the location of the inner-
spectral peak is well-resolved across all friction Reynolds numbers, 
appearing at the expected location (𝑓+; 𝑦+) = (0.01; 15). To further as-
sess the streamwise velocity spectra, Fig. 11(b) presents the spectra at 
𝑦+ ≈ 15 for all 𝑅𝑒𝜏 conditions. As observed previously, an increase in the 
friction Reynolds number leads to a reduction in the magnitude of the 
inner-spectral peak, again attributed to the spatial filtering due to the 
finite-length hot-wire sensor. Moreover, we observe an increase in low-
frequency energy correlated with 𝑅𝑒𝜏 in Fig. 11(c), where the stream-
wise velocity spectra at 𝑦+ = 200 are presented. This increase in energy 
of the outer-spectral peak corresponds to an energisation of the LSMs 
and VLSMs [3] and the growing range of energetic turbulent scales at 
higher 𝑅𝑒𝜏 conditions.

4.7.  Wall-pressure spectra

We assess the wall-pressure spectrum to assess whether the hydro-
dynamic, TBL-induced pressure fluctuations can be resolved. Generally, 
wall-pressure measurements are of interest in this facility from the per-
spective of, for instance, using wall-pressure as input to flow estimators 
for flow control schemes [28,43].

Fig. 12 presents the premultiplied wall-pressure spectra, 𝑓𝜙𝑝𝑤𝑝𝑤 , 
for all 𝑅𝑒𝜏 conditions. Our experimental spectra are compared with 
the wall-pressure spectrum from a DNS of turbulent channel flow at 
𝑅𝑒𝜏 ≈ 2 000 obtained from Lee and Moser[41]. The resonance frequency 
of the pinhole–cavity configuration (recall Section 3.3) coincides with 
a range where pressure fluctuations remain energetic for the three 
highest Reynolds numbers (𝑅𝑒𝜏 ≈ 2 800 to 5 100). Despite applying a 
Helmholtz correction in the frequency domain, the experimental wall-
pressure spectra exhibit an overshoot within the small-scale range. This 
intensification of energy is related to the imperfect correction with the 
Helmholtz transfer kernel’s gain—the gain was derived from an acoustic 
experiment without effects of the grazing flow being present [this is a 
common issue in case the resonance frequency overlaps with the ener-
getic frequencies of the turbulence, see 44]. The frequency range where 
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Fig. 10. (a) Wall-normal profiles of the streamwise Reynolds stress 𝑢𝑢+ for the Reynolds number range of 𝑅𝑒𝜏 ≈ 1 400 to 5 100. The HWA data are corrected (solid 
blue lines) following Smits et al. [38] and compared to 𝑢𝑢+𝑝𝑒𝑎𝑘 values (x-markers) taken from the scaling law proposed by Chen and Sreenivasan[39]. (b) Wall-normal 
profiles of the wall-normal and shear Reynolds stresses, 𝑣𝑣+ and 𝑢𝑣+, respectively. In both (a) and (b) the profiles are consecutively offset in the vertical direction 
with a value of 4 for each increase in 𝑅𝑒𝜏 . Profiles of the DNS data correspond to a TBL simulation at 𝑅𝑒𝜏 ≈ 2 000 [35] and are added onto all measured profiles for 
reference. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. (a) Premultiplied energy spectrogram of the streamwise velocity fluctuations, 𝑓+𝜙+
𝑢𝑢, obtained from the HWA data for the Reynolds number range of 

𝑅𝑒𝜏 ≈ 1 400 to 5 100; two isocontour levels are shown: 𝑓+𝜙+
𝑢𝑢 = [0.4, 1.5]. The two horizontal dashed lines in (a) correspond to the locations for which the spectra are 

presented in sub-figure (b) 𝑦+ ≈ 15, and (c) 𝑦+ ≈ 200, respectively.

data reliability is limited due to the influence of the pinhole–cavity res-
onance is highlighted with the light-shaded grey lines and the circles 
signifying the onset of this frequency range.

When inspecting the resolved portions of the wall-pressure spectra, 
it is evident that the low-frequency energy increases with higher values 
of 𝑅𝑒𝜏 . Additionally, the magnitude of the inner-spectral peak slightly 
grows as the friction Reynolds number increases from 𝑅𝑒𝜏 ≈ 1 400 to 
𝑅𝑒𝜏 ≈ 2 800. A main difference between the experimental spectra and 

the spectrum of the DNS of turbulent channel flow is that the former 
is more energetic, especially in the frequency range centred around the 
location of the inner-spectral peak (𝑓+ = 0.04). This observation aligns 
with findings reported in the literature [40,44]; note that the compari-
son is also for qualitative purposes only, as the flow geometry is different 
(experimental TBL flow versus DNS of channel flow) and the DNS spec-
trum is a spatial spectrum (converted into a temporal spectrum using 
using 𝑓+ = 𝑈+

𝑐 ∕𝜆
+
𝑥 , with 𝑈+

𝑐 = 10).
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Fig. 12. Premultiplied wall-pressure spectrum 𝑓+𝜙+
𝑝𝑤 𝑝𝑤

 for the Reynolds num-
ber range of 𝑅𝑒𝜏 ≈ 1 400 to 5 100. Data are compared to a wall-pressure spectrum 
obtained from a DNS of turbulent channel flow at 𝑅𝑒𝜏 ≈ 2 000 [41]; note that 
the wavelength spectrum from the DNS is converted into frequency spectrum us-
ing 𝑓+ = 𝑈+

𝑐 ∕𝜆
+
𝑥 , with 𝑈+

𝑐 = 10. Additionally, the light-shaded grey lines signify 
the frequency range corresponding to unreliable data due to the pinhole–cavity 
resonance, and the circles signify the onset of this high-frequency range.

5.  Concluding remarks

The development of the DU-BLF was motivated by attaining a mod-
erate friction Reynolds number for studying TBL flows with a sufficient 
scale separation. A ZPG TBL facility was developed, with the working 
section comprising a streamwise extent of ∼ 7.2m, double that of a pre-
vious boundary layer facility at the Delft University of Technology [6]. 
While the current scope was to present the flow characteristics asso-
ciated with a TBL flow developing under a zero (streamwise) pressure 
gradient, the design of the working section allows for boundary layer 
research under a variety of conditions, e.g., with different streamwise 
pressure gradients, and/or with flow control efforts via active or passive 
methods. Moreover, there is physical access along the full streamwise 
extent of the working section, while its polycarbonate walls permit full 
accessibility for optical measurement techniques.

Regarding the general flow characteristics related to the tunnel fa-
cility, we established that the turbulence intensity is low with an in-
tensity less than ∼ 0.1%. For the TBL flow study, the flow developed 
under a nominally zero (streamwise) pressure gradient over its entire 
development length. Measurements conducted at freestream velocities 
ranging from 𝑈∞ ≈ 5 to 20 m/s provided validation data from which it 
was concluded that the boundary layer adheres to the established trend 
for canonical ZPG TBL flow. Under these conditions, a moderately-high 
friction Reynolds number is attained in the downstream part of the sec-
tion, ranging from 𝑅𝑒𝜏 ≈ 1 400 to 5 100.
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