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ABSTRACT
The wide use of wind tunnels, as a tool to measure the flow properties and the flow effects on different structures/ecosystems, makes it
necessary to guarantee the correct functioning of the facility and to carry out a continuous monitoring. The aim of this work is (i) to check
the homogeneity and quality of the air flow in an open-circuit boundary layer wind tunnel, (ii) to provide data and ideas that could help
other researchers to improve similar tunnels, and (iii) to compare some of the results with the behavior of a classic closed-circuit wind tunnel.
Experiments are carried out working with a constant reference velocity, using a hot cross wire anemometry system to obtain high resolution
measurements, in the entrance and test sections for different longitudinal and cross planes. The results concern the characteristics of the
mean and turbulent flow. In this manuscript, we report the analysis of the turbulence production, the Reynolds stresses, the vertical velocity
skewness, the vorticity, and the spectral properties, and a quadrant decomposition is also performed. Finally, comparing the results with
respect to a closed-circuit wind tunnel, it is shown that the turbulence intensity is generally higher and the mean flow is more homogeneous
in the present open-circuit wind tunnel. Moreover, the Reynolds number is similar in both tunnels, which indicates that both tunnels are
mechanically similar.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031613., s

I. INTRODUCTION

The multidisciplinary interest and the recent increase in the
use of wind tunnels are an expression of the need to study the
flow field and the effects of turbulence in a wide variety of practi-
cal cases. A classical example is the study of a model aerodynamics,
or the characterization of the Atmospheric Boundary Layer (ABL),
whose kinematic properties are fundamental to quantify the impact
of wind on infrastructures.1 In addition, in recent years, there has
been an increasing interest in the study of the flow around renewable
energy systems,2 around forests or different types of vegetation, and
around ecosystems. Furthermore, in a wind tunnel, it is also pos-
sible to study (i) the dispersion processes of pollutants, dust and
pollen, and (ii) the evolution of parameters such as the Reynolds

number in the presence of obstacles such as a group of trees and/or
buildings.3,4

Based on the shape, wind tunnels are classified into two main
types: open-circuit wind tunnel and closed-circuit wind tunnel. In
an open-circuit tunnel, the air flow follows a straight path from the
entrance through a contraction zone to the test section, followed by
a diffuser, a fan section, and an outlet. Such a tunnel may have a test
section with no solid boundaries (Eiffel type) or solid boundaries
(NPL type, which stands for National Physical Laboratory type).
On the contrary, in a closed-circuit wind tunnel, the air recirculates
continuously with little or no exchanges with the outside. A closed-
circuit tunnel with no solid boundaries at the test section is called
Prandtl tunnel, whereas it is defined as Göttingen tunnel if solid
boundaries are present at that section. Nevertheless, it should be
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remembered that almost endless variations on the specific features
of the various tunnels are possible.5

Open-circuit wind tunnels have the advantage of being more
economical and easier to build than closed-circuit tunnels. However,
the open-circuit type is influenced by atmospheric conditions, with
a strong dependence on (i) the architecture of the room in which
the tunnel is located, (ii) the size and shape of the different parts of
the tunnel, and (iii) the type of material used to construct the tun-
nel, mainly wood, so the structure could expand or contract with the
weather and be affected by humidity.5 In addition, continuous mon-
itoring is necessary to ensure the homogeneity and quality of the
flow, and a strict testing protocol must be followed to prevent any
exchange with adjacent rooms, even avoiding the occasional entry of
air through doors and windows. Closed-circuit tunnels allow a better
control of the flow, which is independent from the outer conditions,
and they are usually less noisy than open-circuit tunnels.

A boundary layer wind tunnel offers the possibility to measure
both the flow properties and the flow effects on different structures.
The wind is initially characterized by parallel current lines and a con-
stant mean velocity, and then, it evolves depending on the surface
roughness elements that are strategically arranged for the genera-
tion of the desired ABL.5 In general, the aim of an experimental
study in a wind tunnel is to obtain the mean and instantaneous val-
ues of the kinematic variables of the air flow, and in some cases,
the forces, pressures, and moments that wind exerts on the scaled
structures.

For the characterization and analysis of the ABL evolution in a
wind tunnel, a sufficiently large and homogeneous section is needed,
with a tunnel length approximately eight to ten times the height of
the section.6 Such a length guarantees the homogeneity of the flow
at the test section, and it is necessary to have enough space for plac-
ing the energy dissipating devices designed to model the target ABL.
The precise definition of all the geophysical variables that affect the
ABL over complex areas is non-trivial matter, and it is essential to
reproduce the physical characteristics of wind flow and its interac-
tion with the scaled models. The control of all these variables and the
fulfillment of the similarity conditions allow for the extrapolation of
the results to reality.7

Wind tunnel tests provide a large amount of information and
data, which represent a fundamental support to decision making for
the management and planning of projects.8 Currently, in order to
obtain more accurate and reliable results, data are frequently val-
idated and compared with in situ measurements9 and numerical
simulations. For example, Computational Fluid Dynamics (CFD)
methodologies were used to improve the ABL generation and to
design an optimized setup for an open-jet facility.10 Comparative
studies between tunnel tests and numerical simulations were also
useful for a proper and optimal design of new tunnels.8

The aim of this study is (i) to describe the average and turbulent
flow in an open-circuit boundary layer wind tunnel, (ii) to compare
the performances with those of a closed-circuit wind tunnel, which
has a similar geometry of the test section and to analyze the differ-
ences between them, and (iii) to highlight critical issues that may
be common to tunnels of the same type, providing data and ideas
useful for the management and the improvement of these facilities.
This paper presents detailed analysis that are not available in the
literature, especially for a tunnel located in a hosting room, which
was not designed for that purpose. Present results can serve as a

reference and recommendation for the construction and testing of
future wind tunnels.

To the best of our knowledge, there is no direct comparison
between data taken in an open circuit wind tunnel (OCWT) and the
same measurements in a closed circuit wind tunnel (CCWT), with
similar geometry, almost equal test section dimensions, and using
the same type of instrument for data recording.

We have studied the flow characteristics in both the transversal
and longitudinal planes, as well as the effects generated by the walls
and the floor. An exhaustive knowledge of the mechanical behavior
of the facility is required to plan improvements of the present tun-
nel, even considering a possible transformation in a climatic tunnel,
with the ability to control variations in temperature, humidity, etc.
Recently, many works have included climatic conditioning to classi-
cal studies conducted in wind tunnels.11–13 Therefore, this paper is a
research activity that is necessary for the development of such addi-
tional and relevant features, and that could help other researchers
willing to do the same.

This paper is organized as follows: in Sec. II, fundamentals of
the use of the wind tunnels, experimental setup, physical quanti-
ties, and scales used in this work are detailed. The main results are
presented and discussed in Sec. III, including the analysis of the
turbulence production, the Reynolds stresses, the vertical velocity
skewness, the vorticity and the spectral properties, and a quadrant
decomposition of the turbulence structure. The comparison between
the present tunnel and a CCWT tunnel is analyzed in Sec. IV, and
finally, the main conclusions are summarized in Sec. V.

II. STUDY CASE AND METHODOLOGY
In 2004, a boundary layer wind tunnel was built in the Labo-

ratory of Environmental Hydraulics at the Andalusian Institute for
Earth System Research (IISTA, University of Granada).

The IISTA wind tunnel is an open-circuit facility and its total
length is equal to 22 m. The closed test section is 13.6 m long, with
a 2.15 m wide and 1.80 m high cross section, constant in the lon-
gitudinal direction. Therefore, the tunnel layout is of the NPL type.
The choice of an open-circuit design was due, among other reasons,
to space limitations. Figure 1(a) shows the arrangement of the tun-
nel inside the laboratory. The schematic view and more technical
details can be found in Figs. 1(b) and 1(c). The flow velocity can be
regulated from 1 m/s to 55 m/s.

In the past years, the tunnel has been used for many research
activities, also involving the interaction between the wind field and
ecosystems and the aerodynamic effects on infrastructures and its
interaction with the environment.14–17

A. Experimental setup
Systematic measurements of the wind velocity were taken

working with a constant reference velocity, which was obtained set-
ting the rotation rate of the turbine. In the case of the IISTA tunnel,
the rotation generates a suction effect, which is responsible for the
air entering by the inlet and flowing through the test section toward
the turbine and the outlet. The operation of the device induces an
unavoidable air recirculation inside the room housing the tunnel
[Fig. 1(a)].
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FIG. 1. Experimental setup. (a) Sketch of the wind tunnel inside the IISTA laboratory. (b) Front view. (c) Top view with details of the sections where the measurements have
been taken. (d) Layout of the vertical profiles (A–K) in the cross section; hm is the distance from the bottom of the points where the speed has been measured.

A TSI constant temperature anemometer was used to obtain
high-resolution and instantaneous measurements of the streamwise
and vertical velocity components, u and w respectively. A cross-wire
X-probe (model 1241 − 20) was controlled by the IFA-300 board.
The hot wire is held by a TSI Standard Probe Support which in turn
is connected to a 3D positioning system. This positioning system
is rigid, and it is fixed with screws onto the surface of the tunnel

avoiding any possible vibration. The probe has a total length of
47.5 mm including the hot wire, and the sensor diameter is equal
to 3.2 mm. The probe was placed perpendicular to the air flow, with
the wires oriented so as to obtain the longitudinal component and
the vertical component of the wind speed vector.

The principle of operation of this instrument is based on the
heat transfer from the sensor to the surrounding fluid medium. The
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TABLE I. Tests carried out for each section and characteristics of data measuring and
reference values.

Entrance section Tests section

No. of vertical profiles 44 44
No. of points per profile 10 20
No. of total wind time series 440 880
Wind reference velocity (m/s) 3, 7.5, 10 3, 7.5, 10
Sample frequency (Hz) 1000 1000
Duration of the test (s) 130 130

relation between the sensor voltage output and the flow velocity is
established by means of a calibration transfer function. The IFA
300 system is characterized by a frequency response up to 300 kHz,
depending on the sensor used. The high-pass filter was disabled and
the low-pass filter was set to 1 kHz. During the calibration process
a thermocouple system is used to reduce uncertainty and incorpo-
rate temperature variations. The average absolute difference between
the instrument readings and the actual values (i.e., the velocities
imposed during calibration) is of the order of 2 mm/s; this gives an
estimate of the instrumental accuracy. The measurements in some
points were also repeated on different days, in order to check the
reproducibility of the experiment.

Eight different cross sections were selected for the data acqui-
sition, four at the entrance of the test section (group No 1, starting
at x = 0 m) and four at its end (group No 2, starting at x = 10.9 m);
see Fig. 1(c). Considering one group at a time, the cross sections are
0.20 m apart from each other for group No 1, and 0.175 m for group
No 2, and 11 equally spaced vertical profiles were acquired in each
of them. The vertical resolution in group No 2 is finer to give a bet-
ter description of the flow field in the testing region, where physical
models are located for research activities and the boundary layer is
more developed.

Figure 1(d) shows the position of the profiles within a section.
The velocity was measured in several points along each vertical pro-
file; ten points in the case of profiles belonging to group No 1 and 20
points for group No 2. In sum, a total of 1320 wind speed time series
were acquired for a given wind reference velocity. All these data are
summarized in Table I. The spacing of the points on the vertical
increases from the bottom to the top, as the influence of the tun-
nel surface decreases. The 3D positioning system allows the probe to
be accurately placed in the desired position.

Since spectral and turbulence analysis require a high sampling
rate, data were acquired at each point with a sample frequency of
1 kHz for at least 130 s, under ergodicity assumption. A first sta-
tistical elaboration of the temporal series is necessary to perform a
real-time monitoring of the acquisitions. An example of the time
series obtained is shown in Fig. 2, for the two sections and three
representative heights. At a height of 0.025 m there is a strong influ-
ence of the wind tunnel surface. The low frequency content is related
to the presence of coherent structures that are generated close to
the bottom. Hairpin-like vortices18 may follow each other, growing
outwards from the wall and being responsible for this experimental
evidence.

This analysis and data recording were performed using Ther-
mal Pro software®. Measurements were repeated with three differ-
ent reference wind velocities (see Table I), which fall in the range
most commonly used in the study of environmental systems.

B. Physical quantities and scales
Experimental results from this work are reported as mean and

turbulent characteristics of the flow in the entrance and test sections
of the tunnel. ⟨u(z)⟩ is the mean streamwise velocity at a height
equal to z. As a velocity scale, we adopted the reference velocity
(7.5 m/s).

The Reynolds number is defined as

Re = ρ⟨u⟩Dt

μ
, (1)

FIG. 2. Time series recorded for (a)
entrance section (S1) and (b) tests sec-
tion (S5) for three representative heights.

Phys. Fluids 32, 125120 (2020); doi: 10.1063/5.0031613 32, 125120-4

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

where μ is the dynamic viscosity of the air, ρ is the air density, and
Dt = 1.96 m is the hydraulic diameter of the wind tunnel defined as

Dt =
2ab

a + b
, (2)

where a = 1.8 m and b = 2.15 m are the height and the width of the
tunnel section, respectively.

Notice that the velocity range of the present experiments
ensures the flow is fully turbulent (Re = 1.05 ⋅ 106) and the viscos-
ity effects on a local scale are minimal. This condition (i) is satisfied
when the Reynolds number is greater than 2300 (critical Re for the
pipe flow) and (ii) must be guaranteed in the case of tests performed
on reduced scale model in order to have a mechanically similar flow
around the model and the prototype.19,20

The turbulent part, or wind fluctuations u′, is defined as the
instantaneous value of the wind speed minus the mean value; such
a definition can be applied to all the other variables of interest.21

Therefore, the variance σ2 is defined as

σ2
u = u′2, σ2

w = w′2. (3)

The turbulence intensity, as the simplest descriptor of the atmo-
spheric turbulence for the x direction, is defined as IT and derived
from the variance,

IT(z) = σu(z)
U(z) . (4)

Moreover, to obtain the kinematic momentum flux, the follow-
ing expression was used:21

u2
∗ =∣ τ/ρ ∣=∣ u′w′ ∣, (5)

where u∗ is the friction velocity, τ is the Reynolds stress, and ρ is the
air density.

The velocity fluctuations of the wind are caused by the superpo-
sition of eddies, which are transported by the mean flow. Turbulence

is characterized by vorticity and energy transfer processes, and it can
be analyzed and represented through its energy spectrum, among
others variables.

The energy spectrum can be obtained using the Fourier trans-
form of its auto-correlation function. From the energy spectral den-
sity function, it is also possible to represent how the Turbulent
Kinetic Energy (TKE) is distributed with respect to the frequency.22

There is a relationship between the generation of turbulent
Reynolds stresses and the interaction between vorticity and the
velocity field. The vorticity, which is twice the rate of rotation of the
fluid,23 is also defined as the curl angular velocity (CAV),

CAV = ∇× u. (6)

A positive angular velocity indicates a counter-clockwise rota-
tion. In the present work, the vorticity has been calculated only in
longitudinal planes, since just two components of the wind velocity
are available (longitudinal, x, and vertical, z).

III. RESULTS AND DISCUSSION
The present section describes the results of measurements and

data processing, with the aim of characterizing the flow field in the
entrance and test regions. The area of the cross section where the
flow can be tested without being affected by the blockage effect
is defined, and this will be useful for planning the future research
activities.

A. The mean flow
To check the characteristics of the flow field and validate the

wind tunnel in the present configuration, the average values of the
velocity are analyzed at first. Figure 3 shows the contour of the
dimensionless wind velocity, u/uref , for all the investigated sections
(both in the entrance and in the test regions), with the effect of the

FIG. 3. Mean streamwise velocity of the
wind, u/uref , in the entrance region (a)
and in the test region (b). The color bar
is the same for both panels.
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solid boundaries: flow retardation and turbulence enhancement in
the areas adjacent to the walls. However, it is possible to observe
that, outside the boundary layer and at a sufficiently large distance
from the side walls, the homogeneity of the wind field is fairly good.
Few vertical patterns are visible and they may be due to an asym-
metry in the flow resistances outside and/or inside the tunnel. The
different spacing of the walls surrounding the tunnel could prevent
an uniform air supply at the entrance. Moreover, some imperfec-
tions on the side walls (e.g., very small steps between the covering
panels) may arise as a consequence of the thermal deformations of
the structure, and they could be responsible for local variations in
roughness.

The mean velocity profiles in the near-wall region of a turbulent
boundary layer over rough walls can be expressed by the logarithmic
profile. This gives the velocity at a height above the surface u(z) as

u(z) = u∗
k

ln(z/z0), (7)

where z0 is the aerodynamic roughness length, u∗ is the friction
velocity, and k is the von Karman constant, taken here as 0.41. In
the present study, a logarithmic profile is evident in the test region,
where the data fitting allows us to obtain both the values of z0 and
u∗. On the contrary, the wind profile at the entrance is not suf-
ficiently developed and there are not enough measurements near
the bottom to carry out any quantitative evaluation. The roughness
length is almost constant in the test region and it is of the order of
1 × 10−4 m, with very limited variations except near the right wall
(for y = 1 m). Figure 4(a) shows some of the measured profiles in
the test region and the thickness, zb, of the boundary layer. The
value zb = 0.18 m, obtained by means of the classical 99% method,
is in accordance with the values 0.181 and 0.188 calculated using the
well-known expression24

zb = 0.37
x

Re1/5
x

(8)

for sections S5 and S8, respectively. Rex = ux/ν is the Reynolds
number in the x direction, and ν is the kinematic viscosity of the
air.

The friction velocity map in the test region is represented in
Fig. 4(b), and it is possible to observe that u∗ is almost constant, with
most of the values in the range 0.38 m/s–0.40 m/s. Again, near the
right wall, an anomaly is present with the friction velocity decreasing
to 0.2 m/s. This behavior can be due to the asymmetry of the hosting
room or to a local disturbance (e.g., a discontinuity in the bottom
coating).

A comparison of some velocity profiles with the classical law of
the wall is shown in Fig. 5(a). In the logarithmic region,

u+ = 1
k

ln(y+) + C − Δu+, (9)

where u+ = u/u∗ and y+ = zu∗/ν are dimensionless velocity, C is
assumed to be a constant for smooth-walled flows (C = 5.1 accord-
ing to Ref. 19), and Δu+ is defined as the roughness function and it
represents a roughness-caused shift. As expected for a rough surface,
the experimental profiles are located below the smooth wall profile,
with Δu+ ≈ 8.5.

Near a rough wall, the characteristic scale instead of being con-
trolled by a frictional scale may be controlled by roughness length z0;
if z0 > zf ≡ ν/u∗, a better scaling is z+ = z/z0, as shown in Fig. 5(b).

A summary of the main parameters and variables that define
the boundary layer obtained for the tests section is shown in
Table II.

B. Spectral analysis
The energy distribution in the frequency domain is described

by the power spectrum, which has a significant influence (i) on the
wind–structure interaction and (ii) on the aerodynamic loads.25

In particular, turbulence has a wide range of length (time)
scales. As is known, the fluctuation energy is produced at the
large eddies (with low frequencies). The vortex stretching mecha-
nism then generates smaller and smaller eddies, and energy flows
down the spectrum to high frequency region. Finally, the energy is
mainly dissipated into heat at the smallest eddies (of the order of
the Kolmogorov scales). Larger eddies have a significant contribu-
tion to the aerodynamic loads; however, smaller eddies can affect
bluff bodies more.25 Inside the boundary layer, the turbulent eddies

FIG. 4. Vertical profiles of the mean
wind velocity (a) and friction velocity map
(b) in the test region. z0 is the rough-
ness length and zb is the boundary layer
length. For clarity, only a limited number
of profiles are shown in panel (a).
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FIG. 5. Vertical profiles of wind speed
and turbulence intensity measured in the
tunnel entrance section (a) and in the
tunnel test section (b).

transfer momentum deficit away from the surface, meaning that
a low momentum fluid is transported away from the surface and
replaced by fluid with more momentum that came from above the
surface.

The power spectra of the streamwise velocities are calculated
via FFT (Fast Fourier Transform) and compared with the classi-
cal von Karman formula26 for the dimensionless spectrum of the
longitudinal component of atmospheric turbulence,

nSu(n)
σ2

u
= 4nu

(1 + 70.8n2
u)5/6

, (10)

where nu = nLu/U, n is the frequency, U is the longitudinal mean
wind speed, σu is the standard deviation, and Lu is the longitudinal
length scale. It is proved (for large n) that if a von Karman spectrum
is plotted on log–log axes, the high frequency part of the spectrum
will approximate to a straight line of gradient −5/3. The position of
this line is determined by U, σu, and Lu.

Figure 6 shows two spectra obtained at heights z = 0.08 m and
1.00 m in the test region (section S8, profile F). Values of the spectral
function decrease as the distance from the tunnel floor z is increased.
It is also possible to see a good definition of the inertial subrange
(−5/3 slope) starting at a frequency ≈10 Hz.

The comparison with Eq. (10) was obtained for the spectra
measured at different heights and in different sections, but it is only
shown for the spectra represented in Fig. 6. The agreement is fairly
good both in and out of the boundary layer.

TABLE II. Boundary layer characteristics: average value in sections S5–S8.

Section zb z0 (m) u∗ (m/s)

S5 0.181 0.99 ⋅ 10−4 0.382
S6 0.183 1.09 ⋅ 10−4 0.382
S7 0.186 1.02 ⋅ 10−4 0.373
S8 0.188 0.96 ⋅ 10−4 0.371

C. Vorticity
The vorticity describes the local spinning motion of a contin-

uum (e.g., the tendency of the fluid to rotate), and it is twice the local
rotation rate. The curl angular velocity (CAV) is shown in Fig. 7 for
two longitudinal sections in the inlet region [panels (a) and (b)] and
for two longitudinal sections in the test region [panels (c) and (d)].
It is possible to observe that the CAV is almost nil out of the bound-
ary layers, while it increases toward the bottom up to −20 s−1 in the
test region and up to −60 s−1 in the entrance region. The minus sign
indicates a clockwise rotation direction. The generation of vortic-
ity in the inlet region can be attributed to some small irregularities

FIG. 6. Power spectral density of the streamwise velocity in section S8 (test region)
at different heights. Dashed and dotted-dashed lines are the von Karman spectra.
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FIG. 7. Curl angular velocity map. Inlet
region: (a) plane F and (b) plane K. Test
region: (c) plane F and (d) plane K.

between the section S1 and the entrance of the tunnel. No appre-
ciable variation is present between planes F and K, which are at the
center of the tunnel and close to the wall, respectively.

Figure 8 shows the profiles of the CAV (averaged in the
x and y direction); error bars refer to one standard deviation.
The variability is very low, except for the points close to the
bottom, where horseshoe vortexes are generated. Their origin is
related to the instability of the instantaneous velocity profile evolv-
ing into transverse vortices,18 whose structure is described in the
literature.27

FIG. 8. Profiles of the CAV (averaged in the x and y direction) for both the inlet and
the test region. Error bars refer to one standard deviation.

D. Turbulence and Reynolds stresses
In order to study the air-flow turbulence and to provide a better

characterization of the flow in both sections, the turbulence intensity
(IT) in the cross sections has been analyzed.

Figures 9(a) and 9(b) show the contour map of the turbulent
intensity in section S3 and section S7, respectively. It is possible to
observe the influence exerted by the surface of the bottom and of the
lateral walls, with the turbulent intensity presenting the maximum
values inside the bottom boundary layer. The variation along the x
axis is practically nil within both group 1 and group 2. Most of the
variables related to the turbulence are represented with a logarith-
mic vertical scale in order to evaluate the details in the area near the
tunnel bottom due to the fact that the turbulence itself is higher right
there.

Figures 9(c) and 9(d) show the vertical profiles of the turbulent
kinetic energy in two sections of group 1 (S1 and S3) and in two
sections of group 2 (S5 and S7), respectively. Also in this case, it is
possible to observe the effect of the lateral walls with a particular
asymmetry between profile A and profile K, especially in the inlet
region (group 1). This behavior can be once again addressed to the
positioning of the tunnel in the hosting room, with an external re-
circulation of the air that cannot be symmetrical.

The Reynolds shear stresses, non-dimensional with respect to
the reference velocity, are shown in Fig. 10. In the inlet region, as
the x coordinate increases, it is possible to observe an evolution of
the shear stress profile within the boundary layer. On the contrary,
in the test region, there is no appreciable variation between the dif-
ferent sections. A layer of constant shear stress u′w′ was observed
in the range of z/H = 0 to ≈0.06. Error bars refer to one standard
deviation, and it is possible to observe that their maximum ampli-
tude is reached near the bottom at the entrance and at upper limit
of the boundary layer in the test region. This may be attributable to
the following reasons: (i) the thickness of the boundary layer itself
undergoes modest variations along the transverse direction, (ii) the
side walls locally modify the entity and the distribution of shear
stresses.
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FIG. 9. Turbulence intensity. (a) Section
S3, (b) section S7, (c) vertical profiles
of the turbulent kinetic energy in sec-
tion S1 (empty symbols) and S3 (filled
symbols), and (d) vertical profiles of the
turbulent kinetic energy in section S5
(empty symbols) and S7 (filled symbols).

E. Reynolds stress tensor’s principal axes
The interaction between the mean flow and the fluctuating

velocity can also be analyzed observing the Reynolds stress tensor.
In the case of the action of a constant pure plane strain on an ini-
tially isotropic turbulence,28 the principal axes of the Reynolds stress
tensor are those of the mean rate of strain, and the turbulent motion
appears as oriented by the strain field. When the strain field changes,
the axes of the Reynolds stress tensor have a tendency to be reori-
ented along the axes of the new strain, with a delay that depends on
the time scale of the imposed strain. If the strain tensor reduces to a
pure shear stress, for isotropic turbulence, the principal axes of the
Reynolds stress tensor are not aligned with those of the strain, which
is a consequence of the mean rotation. The two principal stresses in
the xz plane29 are

σa,b =
u′u′ + w′w′

2
±

¿
ÁÁÀ(u′u′ − w′w′

2
)

2

+ (u′w′)2, (11)

and their orientation is

ασ =
1
2

arctan( 2u′w′

u′u′ − w′w′
). (12)

In the present experiments, it results in σa/σb = 2–8 in the
boundary layer, with the highest value close to the bottom. The ratio
tends toward unity in the outer region, especially in sections S5 to
S8, while its value is a bit higher in the inlet region [see Figs. 11(a)
and 11(b)].

For comparison, the ranges of values in three traditional flows
are

σa/σb = 3 to 4 (boundary layer), (13a)

σa/σb = 3 to 5 (channel), (13b)

σa/σb = 2 to 6 (plane wake). (13c)

The orientation angle found in the boundary layer and channel
flow is ασ ≈ −20○ to −25○ and ασ ≈ 70○–65○, while that in the wake
is ασ ≈ 40○–50○ and ασ ≈ −50○ to −40○, as reported by Champagne
et al.29

Figures 11(c) and 11(d) show the principal axis angle of turbu-
lence in sections S3 and S7, respectively. In the present experiments,
the Reynolds stress tensor has a principal axis at ≈−15○ close to the
bottom, with values that progressively grow up to ≈−35○ near the
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FIG. 10. Reynolds shear stress. (a) Sec-
tion S3, (b) section S7, (c) vertical pro-
files averaged in the spanwise y direction
in the inlet region, and (d) vertical profiles
averaged in the spanwise y direction in
the test region. Error bars refer to one
standard deviation.

upper limit of the boundary layer. In section S7, it is also possible
to observe the influence of the right wall where the orientation is
mainly in the range ≈15○ to ≈35○. In the upper part of the outer
region, the pattern is not homogeneous, but we bear in mind that
the values of the shear stresses are almost nil in that area, resulting
in greater uncertainty in the estimation of ασ .

F. Skewness
The statistics of turbulence can also be characterized by the

vertical velocity skewness, which is given by

s = w′3/w′23/2
, (14)

and it is indicative of the structure of the motion,30 since the triple
correlation w′3 represents the vertical transport of w′w′ by the turbu-
lence itself. Skewness plays the same role in the equation for the evo-
lution of turbulent kinetic energy (TKE). Hence, when w′w′ (there-
fore skewness) is positive, both w′w′ and TKE are being transported
upwards. That, as expected, is what happens inside the boundary lay-
ers for the present experiments. Figure 12 shows the contour map of
the skewness in two different sections.

G. Quadrant analysis
To give a more detailed description of the turbulence structure,

Reynolds shear stresses contributions are categorized according to
their origin and divided into four quadrants.31 Then, conditionally
sampling according to the quadrant gave the statistics of the events,
as shown in Fig. 13.

The event-averaged shear stress for the ith quadrant is com-
puted as

⟨u′w′⟩
i
= 1

Ni

Ni

∑
j=1
[u′w′j]i for i = 1, . . . , 4, (15)

where N i is the number of events in the ith quadrant and j is the
current sample number. The average shear stress for the ith quadrant
is

u′w′i =
1
N

Ni

∑
j=1
[u′w′j]i for i = 1, . . . , 4. (16)

The ratio, N i/N, is the relative permanence of the events in the
i-quadrant, and hence,

u′w′i =
Ni

N
⟨u′w′⟩

i
, (17)
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FIG. 11. Ratio of the maximum–minimum
stresses: (a) section S3 in the inlet region
and (b) section S7 in the test region.
Time-averaged principal axis angle of
the Reynolds stress tensor: (c) section
S3 and (d) section S7.

and the total shear stress is

u′w′ =
4

∑
i=1

u′w′i. (18)

In a turbulent boundary layer, ejections and sweeps are gener-
ally the main contributors to the transfer of momentum, as it is pos-
sible to observe in Figs. 14 and 15, which show the event-averaged
shear stress for the inlet and the test region, respectively.

FIG. 12. Skewness map. (a) Section
S3 in the inlet region. (b) Section S7 in
the test region.
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FIG. 13. Quadrant decomposition of the fluctuating components of the velocity.

H. Turbulence production
The rate of energy transfer from the mean flow to turbulence is

considered a production term of TKE and is given by31

P = −u′v′
∂u
∂z

, (19)

while the contribution from the ith quadrant is

Pi = −u′v′i
∂u
∂z

. (20)

The proper scaling is through the boundary layer thickness, δ,
and the reference velocity, Uref .

Figure 16 shows a contour plot of the TKE production in two
different longitudinal sections belonging to the test region. In most
of the tunnel (sections A–J), the energy transfer is confined to the
boundary layer and reaches a maximum near the bottom.

From the quadrant decomposition, ejections appear slightly
more efficient than sweeps. The inward and outward interactions
(Q1 and Q3) give a negative contribution but are almost one order
of magnitude smaller than the positive contribution. These results
can be compared with the results from Nolan et al.,32 who found
dominant activity in the inner half of the boundary layer (close to
the wall).

Near the right side wall (sections K), a more varied scenario
is present, with peaks of production less intense and at different
heights.

FIG. 14. Event-averaged shear stress quadrant decomposed for section S3 in the inlet region.

Phys. Fluids 32, 125120 (2020); doi: 10.1063/5.0031613 32, 125120-12

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 15. Event-averaged shear stress
quadrant decomposed for section S7 in
the test region.

Figure 17 shows the distributions of the mean turbulent energy
production for some vertical profiles in the test region. The distri-
bution is similar to a self-preserving boundary layer, with minor
differences near the bottom, which can be attributed to a small
positive-gradient pressure in the experimental boundary layer.31 For
comparison, the zero-pressure-gradient boundary layer distribution
(Klebanoff 1955) and two positive-gradient-pressure boundary layer
distributions (a = −0.15 and a = −0.225), where a is the exponent
of the velocity variation with the fetch, U∞(x − x0)a, are shown.
The profile K that is close to the right wall seems to be subject to
a relevant positive-gradient pressure.

IV. COMPARISON WITH A CCWT
The behavior of the IISTA wind tunnel is also compared with

some literature data describing the behavior of a classic closed-
circuit wind tunnel (CCWT),13 since such a type of tunnel is gen-
erally supposed to develop a more homogeneous and uniform flow.5

A. Description of the closed-circuit wind tunnel
The climatic boundary layer wind tunnel from the Center of

Excellence Telč (CET) of the Institute of Theoretical and Applied

Mechanics (ITAM), Prague (Czech Republic), is a Göttingen closed-
circuit type wind tunnel and its layout is shown in Figs. 18(a) and
18(b). The tunnel has a 11 m long aerodynamic test section with a
1.9 m wide × 1.8 m high cross section.

The data are available in the literature and were acquired by
the authors through a Dantec Dynamics cross hot-wire anemome-
ter, with a sampling rate of 1 kHz for a period equal to 20 s at each
point. The reference velocity was uref = 13.5 m/s. The test program
and the complete description of the tests are detailed in the original
manuscript.13

The Reynolds number has similar values in both tunnels: Re
= 1.05 ⋅ 106 for the OCWT and Re = 1.6 ⋅ 106 for the CCWT, with
Dt equal to 1.96 m and 1.85 m, respectively. This suggests that
the tunnels are mechanically similar, and the comparison between
scaled quantities can be performed even if the reference velocities
are different.

B. Methods and results
Two pairs of cross sections have been selected to perform the

comparison. For the inlet region, we will refer to sections S1 (x/H
= 0.06) and S1b (x/H = 0.33) belonging to IISTA and CET tun-
nel, respectively. For the test region, we will refer to section S5
(x/H = 6.06) and section S2b (x/H = 5.26). Data are available at
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FIG. 16. Time-averaged production of the turbulent kinetic energy by the Reynolds shear stress of each quadrant decomposed.

FIG. 17. Mean turbulent energy production for some vertical profiles in the test
region.

nine points within the area where models are usually located and
measurements are taken. The points are in the lower-central area
of the section, avoiding (i) excessive proximity to the walls, (ii)
possible distortions due to the different width of the tunnels, and
(iii) the blockage effect exerted by the lateral and upper contours
of the section [see Fig. 18(b)]. The coordinates of the points are
measured in a coordinate system with origin on the bottom at the
center of the section (Tables III and IV report the coordinates in
millimeters).

The comparison concerns the non-dimensional mean velocity,
Uc = u/uref, and the turbulent intensity, ITc (%). Table III con-
tains the values measured at the inlet cross section in both the
tunnels; Table IV contains the same for the test cross section. A
comparison parameter for the turbulence intensity is also reported:
rI = IIISTA/ICET, which is the ratio between the turbulence intensi-
ties in the two tunnels. Values of rI lower than unity mean that the
turbulence intensity is lower in the IISTA tunnel than in the CET
tunnel.

The non-dimensional velocity data are represented in Fig. 19.
Considering the inlet regions, a comparison can be made between
panels (a) and (c). Both the tunnels present (i) a negative gradient
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FIG. 18. Climatic boundary layer wind tunnel at CET. (a) Layout of the tunnel showing (i) the two test sections (i.e., aerodynamic and climatic), (ii) the turbine, (iii) the
mouthpiece, and (iv) the section for the placement of roughness elements. A more complete sketch is shown in the work of Ref. 13. (b) Cross section S2 compared with the
section of the IISTA wind tunnel (OCWT is represented in black and CCWT in red). The points selected for the comparison are shown (1–9).

from the left-hand side to the right-hand side and (ii) velocities
slightly lower with respect to the reference one. In the case of
the CET tunnel, the gradient can be expression of the flow field
non-homogeneity induced by the curves of the closed circuit. In
the case of the IISTA tunnel, it is probably due to the lack of sym-
metry in the positioning of the tunnel in the hosting room. Panels
(b) and (d) allow the comparison of the velocity distribution in the
test regions. The flow is more homogeneous in the IISTA tunnel
with respect to the CET one, with values very closed to the refer-
ence velocity and minimal gradients. We infer that the open circuit
geometry allows the flow to recover uniformity, while that does not
happen in the other facility. Also a quantitative analysis is performed
by considering the local flow velocity deviation from the average
velocity,

Dev = U −U
U

, (21)

where U is the local velocity and U is the average velocity over sec-
tion. A zero deviation means that the local velocity magnitude is

TABLE III. Data in the inlet cross sections S1 and S1b (IISTA and CET tunnel,
respectively).

Uc (-) ITc (%)

Point (#) y (mm) z (mm) IISTA CET IISTA CET rI

1 −600 200 0.96 0.91 1.4 1.8 0.8
2 −600 400 0.96 0.91 1.3 1 1.3
3 −600 600 0.95 0.92 1.4 1.1 1.3
4 0 200 0.93 0.90 1.2 1.3 0.9
5 0 400 0.93 0.91 1.2 1 1.2
6 0 600 0.93 0.90 1.4 1.2 1.2
7 600 200 0.92 0.86 1.1 1.4 0.8
8 600 400 0.91 0.87 1.4 1.5 0.9
9 600 600 0.90 0.86 2.4 1.8 1.3

Mean value 0.93 0.89 1.42 1.34 1.08
Standard deviation 0.02 0.02 0.38 0.31 0.22

the same as that of average velocity. The average deviation index
explains the overall behavior of flow uniformity, and it can be
calculated as

DI = (∫
A0

U −U
U

dA)A−1
0 , (22)

where dA is the differential element of area and A0 is the total area
of the section. The deviation index represents local distribution very
well in cases where the flow uniformity is high.33 In the IISTA tun-
nel, DI is equal to 1.7% and 0.8% for the inlet and test section,
respectively. In the CET tunnel, the deviation index is higher, with
values equal to 2.2% (inlet section) and 1.9% (test section).

The turbulence intensity is generally higher in the IISTA tun-
nel, with the exception of the lower part of the inlet cross section,
where the ratio rI presents values between 0.8 and 1. The main dif-
ferences can be found in the test cross section, with values of rI up to
2.9, especially in the lower region. Figure 20 shows the contour maps
of the parameter rI . In any case, the maximum value of the turbulent
intensity is equal to 4.3%.

TABLE IV. Data in the test cross sections S5 and S2b (IISTA and CET tunnel,
respectively).

Uc (-) ITc (%)

Point (#) y (mm) z (mm) IISTA CET IISTA CET rI

1 −600 200 0.98 0.99 3.0 2.5 1.2
2 −600 400 0.98 1.01 1.3 1.3 1.0
3 −600 600 0.97 1.02 1.5 1.0 1.5
4 0 200 0.99 0.99 4.3 1.5 2.9
5 0 400 1.00 0.99 1.9 1.2 1.6
6 0 600 1.00 0.98 1.8 0.9 2.0
7 600 200 0.99 0.96 3.2 1.5 2.1
8 600 400 1.00 0.96 1.6 1.4 1.1
9 600 600 0.99 0.95 2.4 1.8 1.3

Mean value 0.99 0.98 2.09 1.54 1.64
Standard deviation 0.01 0.02 0.83 0.46 0.60
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FIG. 19. Non-dimensional wind velocity,
u/Uref . Panel (a) and panel (b) refer to
the IISTA inlet and test region, respec-
tively. Panel (c) and panel (d) refer to the
CET inlet and test region, respectively.

FIG. 20. Ratio of the turbulent intensity
in the OCWT tunnel with respect to the
same quantity in the CCWT tunnel.
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V. CONCLUSIONS

The multidisciplinary use of wind tunnels and its application
to different systems and work scales makes it necessary to guarantee
the correct functioning of the facility and to carry out a continuous
monitoring.

Experimental tests to study the air flow inside a boundary layer
wind tunnel have been carried out in the open-circuit wind tunnel of
the Andalusian Institute for Earth System Research from the Univer-
sity of Granada (Spain). The analysis regards the mean and turbulent
characteristics of the flow, it includes details about the turbulence
production, the Reynolds stress, the vertical velocity skewness, the
vorticity, and the spectral properties, and finally, a quadrant decom-
position was conducted too. To get an overview of the tunnel per-
formance, data have been taken for the tunnel entrance and the test
section.

For both sections, there are a flow retardation and turbulence
enhancement in areas adjacent to the wall; however, at a distance
large enough from the side walls, the wind field is quite homo-
geneous. Agreement between the power spectra of the streamwise
velocities and the von Karman spectrum is very good in and out of
the boundary layer, except for the highest frequencies. For both sec-
tions, the curl angular velocity is almost nil out of the boundary layer
but increases toward the bottom, being higher for the entrance of the
tunnel, with a clockwise rotation direction.

A detailed description of the turbulence structure is provided
by the quadrant analysis, where Reynolds stresses contributions
are categorized according to their sign. In the boundary layer, (i)
ejections and sweeps are the main contributors to the transfer of
momentum, (ii) the energy transfer is confined to the boundary layer
and reaches a maximum near the surface, and (iii) the turbulence
intensity has increasing values toward the bottom. To complete the
turbulence analysis, according to the results for the vertical velocity
skewness, it has been proven that there is a turbulent kinetic energy
transport upwards.

A lack of symmetry in the behavior of the tunnel has been
observed. This behavior could be addressed to the positioning of the
tunnel in the hosting room, with an external recirculation of the air
that cannot be symmetrical.

The results obtained for the OCWT have been compared with
similar data from the climatic boundary layer wind tunnel from the
Center of Excellence Telč (Czech Republic), a closed-circuit wind
tunnel. This comparison shows that, in both tunnels, velocities are
slower with respect to the reference one. The mean flow is more
homogeneous in the OCWT, but the turbulence intensity is gener-
ally higher. Finally, similar values of the Reynolds number suggest
that the tunnels are mechanically similar.

In summary, we have performed a flow characterization that (i)
allows us to estimate the behavior of an open circuit wind tunnel and
(ii) represents a fundamental knowledge to better schedule tests and
to better interpret results of future activity. Moreover, this work is a
collection of useful data for the improvement of similar CCWTs or
for the design of new devices.

Based on the results obtained, a series of modifications are pro-
posed, which may be applicable to all tunnels under similar con-
ditions. For example, the open circuit tunnel should be isolated
from the hosting room conditions by eliminating all possible ele-
ments that, being located in the room, could generate distortions.

This should result in an improvement of the air flow generated in
the exterior circuit around the tunnel. A first enhancement can be
achieved by installing some deflectors in the room, especially in the
area close to the turbine, in order to adjust the symmetry of the flow.
Unfortunately, in the present case, it is not possible to install con-
trol sections (e.g., critical flow Venturi and sonic throat) that are
widely used to improve the behavior of similar devices. This limi-
tation is common to all the cases with a lack of space around the
tunnel and a limited length of the tunnel itself. Furthermore, the
turbulent intensity could be reduced by (i) improving the flow con-
ditioner (honeycomb) at the entrance, placing screens in the settling
duct,34 and (ii) modifying the roughness of the surfaces where the
turbulence is generated (e.g., replacing the tunnel panels with new
sheets of a smoother material). Some imperfections (small steps and
gaps) can be present at the joints between the panels, they may be
due to the deformation of the structure, and they should be removed
to obtain a better behavior of the facility.

NOMENCLATURE

ABL atmospheric boundary layer
C constant for smooth-walled flows
CAV curl angular velocity
CCWT closed circuit wind tunnel
CET Center of Excellence Telč
CFD computational fluid dynamics
Dev local flow velocity deviation
DI deviation index
Dt hydraulic diameter
FFT fast Fourier transform
HWA hot wire anemometer
IT turbulence intensity
IISTA Andalusian Institute for Earth System Research
ITAM Institute of Theoretical and Applied Mechanics
ITc turbulence intensity comparison
k von Karman constant
Lu longitudinal length scale
n frequency
Ni number of events
OCWT open circuit wind tunnel
P production term
Re Reynolds number
Rex Reynolds number in the x direction
rI ratio between the turbulence intensities
s skewness
t time
TKE turbulent kinetic energy
U longitudinal wind velocity
u wind velocity
Uc mean velocity comparison
u′ gust velocity
u∗ friction velocity
u2
∗ kinematic momentum flux

u′v′ shear stress
WTW wind tunnel width
x distance from the beginning of the inlet region
z height
zb thickness of the boundary layer
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zo aerodynamic roughness length
δ boundary layer thickness
μ air dynamic viscosity
ρ air density
σ2 variance
τ stress

DATA AVAILABILITY

The data that support the findings of this study are available
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