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Chapter

Wind Tunnel Experiments on 
Turbulent Boundary Layer Flows
Adrián R. Wittwer, Acir M. Loredo-Souza, Jorge O. Marighetti 

and Mario E. De Bortoli

Abstract

The knowledge and experimental development of boundary layer turbulent flows 
is extremely important in applications related to the building aerodynamics, wind 
comfort, atmospheric dispersion, and even aeronautics. The Aerodynamic Laboratories 
of the UFRGS and UNNE have been making joint activities related to wind engineering 
such as those mentioned earlier for more than 25 years. In this work, a compilation of 
different experiments on turbulent boundary layer flows realized in these both labora-
tories is carried out. The characteristics of flows that develop on a smooth surface of the 
wind tunnel are experimentally evaluated. Then, reduced-scale models of atmospheric 
boundary layer flows are analyzed including the effects of turbulence generators and 
surface roughness. Special attention on the behavior of the turbulent parameters in the 
case of experimental studies using low mean velocity is paid. Finally, some comments 
referring to recent studies on thermal effects in turbulent boundary layer flows and the 
development of reduced-scale models of convective flows are included.

Keywords: wind engineering, aerodynamics, turbulence, scale models, smooth and 
roughness surface effects

1. Introduction

The wind tunnel is an experimental device for aerodynamic studies. Turbulent 
boundary layer flows are modeled within the test section of a wind tunnel in order to 
apply them to complex experimental studies. The physical simulation of atmospheric 
boundary layer (ABL) flows is one of the bases of wind engineering. That type of 
experimental procedure requires a careful investigation of the characteristic param-
eters of mean flow and turbulence. Different measurements must be carried out with 
specific equipment to be able to evaluate the velocity fluctuations of the turbulent flow.

Boundary layer flows are commonly characterized by their mean velocity and 
turbulent intensity profiles. The Prandtl logarithmic law (Eq. (1)), proposed from 
similarity theories, can be used can be used to compare experimental results. In this 
mathematical expression, U is the mean velocity, u* is the friction velocity, k is 0,4 
(Kármán constant), and z0 is known as the roughness height:

 ( ) ( ) ( )∗ =
0

/ 1/ ln /U z u k z z  (1)
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Effects of the surface roughness, temperature, and others properties are transmit-
ted by turbulent flows in case of the atmospheric boundary layer (ABL). Turbulent 
exchanges are very weak when there are very stable thermal stratification wind 
conditions [1]. The atmospheric boundary layer over nonhomogeneous terrain is not 
well defined because topographical features generate highly complex flows. The depth 
of the atmospheric boundary layer is only 100 m during stable nighttime conditions 
and could reach 1 km during unstable daytime conditions [2]. The aforementioned 
expression of Prandtl’s law is modified when applied near the surface in the case of a 
neutral boundary layer (Eq. (2)). The zero-plane displacement zd is then included for 
very rough surface:

 ( ) ( ) ( )∗ = −  0/ 1/ ln /dU z u k z z z  (2)

Another widely used expression used to characterize the vertical profile is the 
power law (Eq. (2)). The exponent α varies between 0.10 and 0.43, and the thickness 
of the boundary layer zg ranges from 250 to 500 m, depending on the type of terrain 
[2]. This type of vertical velocity distribution is verifiable under conditions of neutral 
stability, which are those to be considered for the analysis of wind loads:

 ( ) ( ) ( )α=/ /g gU z U h z h  (3)

The turbulence spectrum is the analytical tool used to investigate the velocity fluc-
tuation characteristics of laboratory turbulent flows. Experimental spectra are fitting 
to some functional form to define dimensionless turbulence spectra in accordance 
with a similarity theory [3, 4]. Using similarity theory will allow the dimensionless 
spectra of atmospheric and laboratory flows to collapse, if the dimensionless spectra 
were formulated with the appropriate parameters [5].

2. Boundary layer wind tunnels

The most efficient tool to experimental study of aerodynamic phenomena is the 
wind tunnel. Basically, there are three types of wind tunnels. Aerodynamic tunnels, 
called the “first generation” of wind tunnels, are mainly used in aeronautics and 
vehicular applications. Boundary layer tunnels, called “second generation,” are used 
for studies involving atmospheric boundary layer (ABL) flows. Finally, the “third 
generation” of wind tunnels is beginning, the three-dimensional tunnels, in which 
different types of flow can be simulated. An example of the “third generation” of 
wind tunnels is the WindEEE Dome [6, 7], a hexagonal wind tunnel with 25 m in 
diameter and 40 m in diameter for the external return built in recent years in Canada.

In this work, measurements of flow velocity realized in two different boundary layer 
wind tunnels will be used for the experimental analysis. The closed-return wind tunnel 
“Prof. Joaquim Blessmann” of the Laboratório de Aerodinâmica das Construçoes, 
Universidade Federal de Rio Grande do Sul, UFRGS, Brazil [8] and the “Jacek Gorecki” 
open-circuit wind tunnel of the Laboratorio de Aerodinámica, Universidad Nacional 
del Nordeste, UNNE [9] are the boundary layer tunnels employed to develop the 
experiments. Both wind tunnels can be considered as low-speed tunnels.
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The “Prof. Joaquim Blessmann” wind tunnel of UFRGS has a cross section of 
1.30 m 0.90 m at downstream end of the main working section that has 9.32 m long 
(Figure 1). Characteristics and performance of this wind tunnel are described by 
Blessmann [9]. The “Jacek Gorecki” UNNE wind tunnel is a 39.56 m-long channel, 
and the test section is a 22.8-m-long rectangular chamber (2.40 m width × 1.80 m 
height) with two rotating tables to place test models (Figure 2).

3. Boundary layer flows on smooth surface

In this first part, we show the behavior of the boundary layer that develops on the 
smooth surface (floor) of a wind tunnel. Different measurements were made in both 
wind tunnels, the J. Blessmann tunnel at UFRGS and the J. Gorecki tunnel at UNNE, 
where different wind speeds were used. Figure 3 shows the general characteristics of 
the interior of both tunnels, with the dimensions of the test chamber being 1.30 m 
width × 0.90 m high × 9.32 m long for the UFRGS tunnel and 2.40 m width × 1.80 m 
high × 22.8 m long for the UNNE tunnel, respectively.

Figure 1. 
The “Prof. Joaquim Blessmann” boundary-layer wind tunnel of the UFRGS.

Figure 2. 
The “Jacek Gorecki” boundary-layer wind tunnel of the UNNE.



Boundary Layer Flows - Modelling, Computation, and Applications of Laminar, Turbulent...

4

The different experiments used to characterize the smooth surface boundary layer 
flow are described in Table 1. TI and TII refer to rotating Tables I and II of each tun-
nel (positions of rotating tables are indicated in Figures 1 and 2). Most of the mea-
surements were made in the central position of the test chamber, but for the UNNE 
tunnel, two measurements are indicated at 0.6 m to the left (L) and right (R) of the 
central position in order to illustrate the lateral homogeneity. Each experiment is 
considered stationary, and it is characterized by the reference velocity Uref measured 
at the top of the boundary layer, the boundary layer height HBL, and the Reynolds 
number ReH.

All measurements were made with a constant temperature hot-wire anemometer. 
Acquisition time and sampling frequency of the velocity records were modified in 
each case according to the type of boundary layer flow and the reference speed of the 
experiment. These values are indicated later in the text where the description and 
analysis of the different experiments are made. In the case of the experiments carried 
out at UFRGS, the CTA System Data Acquisition System—DANTEC-Stream-Line 
Pro [10] was used. On the other hand, the measurements at UNNE were made by 
a Dantec 56C constant temperature hot-wire anemometer connected to a Stanford 

Experiments. Position Uref [m/s] HBL [m] ReH

UFRGS -TI Center line 38.9 0.075 1.95 × 105

UNNE –TI Center line 22.7 0.130 1.97 × 105

UFRGS -TII Center line 39.5 0.125 3.29 × 105

UNNE –TII – 00 Center line 24.5 0.300 4.90 × 105

UNNE –TII – 06(L) Left side 24.5 0.300 4.90 × 105

UNNE –TII – 06(R) Right side 24.5 0.300 4.90 × 105

UFRGS-LV1 Center line 0.9 0.175 1.05 × 104

UFRGS-LV2 Center line 2.1 0.150 2.10 × 104

UFRGS-LV5 Center line 4.7 0.150 4.70 × 104

Table 1. 
Characteristic parameters of the smooth surface experiments.

Figure 3. 
Test sections for smooth surface experiments at the UFRGS wind tunnel (left) and at the UNNE wind tunnel 
(right).
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amplifier with low- and high-pass analogic filters. Hot-wire signals were digitalized 
by a DAS-1600 A/D converter board controlled by a computer which was also used 
for the analysis of the results. Voltage output from hot wires was converted in mean 
velocity and velocity fluctuations [11, 12] by the probe calibration curves previously 
determined.

3.1 High-velocity measurements

Firstly, the mean speed and turbulence intensity profiles obtained with relatively 
high speeds, between 20 and 30 m/s, shown in Figure 4 are analyzed. Velocity profiles 
are dimensionless with the reference velocity measured “outside” the boundary layer, 
where the mean velocity remains approximately constant. The vertical coordinate z 
is not dimensionless in order to show how the height of the boundary layer varies in 
each case. In this way, we can observe that the UNNE tunnel, where the cross section 
of the test section has larger dimensions, the thicknesses of the boundary layer gener-
ated are relatively greater. Likewise, it is observed that in the rotating Table I, located 
at the beginning of the test section, the boundary layer thicknesses developed in both 
tunnels are less than the thicknesses obtained in the rotating Table II.

The fluctuating speed records measured with a hot-wire anemometer have a 
duration of 60 seconds in the tests carried out in the UFRGS tunnel and 90 seconds 
in the tests carried out in the UNNE tunnel. The acquisition frequency of the velocity 
records is 2048 Hz for the UFRGS measurements and 3000 Hz for the UNNE mea-
surements. Finally, low-pass filtering was implemented for the analog signals mea-
sured at UNNE, while low-pass filtering was not used for the UFRGS measurements.

Velocity profiles indicate a fairly harmonic velocity distribution and even good lat-
eral homogeneity, with respect to flow quality. The maximum turbulence intensities 

Figure 4. 
Mean velocity and turbulence intensity profiles for smooth surface experiments (high velocity).
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measured at distances of 15 to 30 mm from the floor do not exceed values of 10% and 
“outside” the boundary layer are less than 1%. In general, the vertical distribution 
shows a fairly harmonic behavior, except in the measurements corresponding to rotat-
ing Table I—UFRGS wind tunnel, where a localized increase is observed for height 
z = 100 mm, possibly due to a vortex shedding phenomena located at the convergent.

3.2 Low-velocity measurements

The mean velocity and turbulence intensity profiles for relatively lower mean 
velocities are now analyzed. All fluctuating speed records used for the low-speed analy-
sis have a duration of 180 seconds, and the acquisition frequency for the speed records 
is 2048 Hz. These records come from the tests carried out on the rotating Table II of the 
UFRGS tunnel, and the corresponding analog signals do not include low-pass filtering.

The analysis of the vertical distribution of the mean velocity (Figure 5) shows 
an increase in the thickness of the boundary layer when the velocity decreases from 
150 mm (Uref =4.7 m/s - LV5) to approximately 200 mm (Uref =0.9 m/s - LV1). The 
profile obtained with the lowest speed (LV1) presents a more irregular behavior than 
the others, probably because the effects of viscosity are more noticeable. Figure 5  
also includes the profile obtained on Table II of the UFRGS tunnel at high speed  
(Uref =39.5 m/s – TII - HV) to compare and verify a more harmonic behavior when 
the mean flow speed is higher.

The turbulence intensity profiles accompany the behavior shown by the average 
speeds. The highest values of Iu obtained up to 200 mm height correspond to the 
measurements of lower speed (LV1). However, the measurement point closest to the 
tunnel floor shows a slight decrease in Iu with respect to the one immediately above it 
(from 0.13 to 0.10) as a result of viscous effects.

Figure 5. 
Mean velocity and turbulence intensity profiles for smooth surface experiments (low velocity).
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3.3 Spectral analysis

Spectral results from longitudinal velocity fluctuations were obtained by Fourier 
analysis applied to different sampling series, obtained in the UNNE wind tun-
nel (high velocity) and UFRGS wind tunnel (low velocity). Time acquisition and 
sampling frequency are given in Table 2. The obtained series were divided in blocks 
to which a fast Fourier transform (FFT) algorithm was applied [13]. Three spectra 
obtained at the UFRGS wind tunnel and a spectrum measured at the UNNE wind 
tunnel are shown in Figure 6. Values of the spectral function decrease as the mean 
velocity also decreases. The spectrum obtained at the measurement point closest to 
the tunnel floor with low speed allows verification of the behavior observed in the 
turbulence intensity profile (it shows a slight decrease in Iu at this point with respect 
to the immediately higher one). Viscous attenuation effects start around 10 Hz at 
this measurement point. An important characteristic of the spectra measured with 
high velocity is the presence of a clear region with a − 5/3 slope, characterizing 
Kolmogorov’s inertial subrange.

4. Physical models of the atmospheric boundary layer

Jensen [14] established in 1958 that: “The correct model test with phenomena 
in the wind must be carried out in a turbulent boundary layer, and the model-law 
requires that this boundary layer be to scale as regards the velocity profile.” Later 
studies on physical reduced-scale models of atmospheric boundary layer attempted to 
reproduce as closely as possible the mean flow and turbulence structure of the atmo-
spheric flow, in particular, those properties related to neutral atmospheric boundary 
layer and wind loading effects.

In the preceding section, it was verified that the boundary layer thickness achieved 
with a smooth surface is relatively small. Structural model tests require higher bound-
ary layer thicknesses and turbulence structures representative of atmospheric winds. 
This problem gave rise to different methods of physical simulation of atmospheric 
flows in a wind tunnel.

The general similarity requirements for reproducing ABL flows in wind tunnels 
are geometric, kinematic, dynamic, thermal, and boundary conditions similar-
ity. In terms of dimensionless parameters, it is necessary to maintain the equality 
of Reynolds, Richardson, Rossby, and Prandtl numbers, in addition to geometric 
similarity and boundary conditions [15].

The fluid used in wind tunnels for ABL simulation is air, so the Prandtl number 
is automatically the same in the model and prototype. On the other hand, Rossby 
number equality cannot be considered in conventional tunnels, so applications are 
restricted to flow conditions where the effects of terrestrial rotation are negligible. 

Experiments Time [s] Sampling frequency [Hz] Low-pass filter [Hz]

UFRGS –TII – LV1 180 2048 —

UFRGS –TII – LV5 180 2048 —

UNNE – TII – HV 60 3000 1000

Table 2. 
Characteristic parameters of time series for spectral analysis.
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The Reynolds number is usually much smaller in the wind tunnel than the real 
scale, so the equality condition is relaxed. The aim is simply to reach values high 
enough to obtain the aerodynamic similarity of the phenomenon. Finally, the 
Richardson number describes the relationship between thermal and mechanical tur-
bulence [16], establishing the difference between thermally stratified and neutral 
boundary layers.

4.1 Wind tunnel simulation of atmospheric neutral boundary layer

Counihan [17] and Standen [18] have developed simulation techniques particu-
larly suitable for reproducing ABL’s in neutral stability employing the roughness, 
barrier, and blending methods. These techniques make it possible to obtain represen-
tations of the boundary layer flows that are generated over rural and urban terrains. 
Particularly, Standen technique allows the full-depth and part-depth simulations of 
ABL. Thus, it is possible to change the model scales for the tests.

These physical models of ABL under neutral stability conditions behave well at 
the relatively high speeds used in wind tunnels for aerodynamic loading studies. 
Atmospheric dispersion tests must be carried out at lower speeds, and it is normal for 
exaggerated speed fluctuations to occur in the low-frequency region of the turbulence 
spectrum. These fluctuations do not reproduce the characteristics of atmospheric 
wind [19]. For this reason, it is necessary to make a more thorough evaluation of  
the wind tunnel performance before carrying out diffusion studies [20]. Most studies 
in wind tunnels are carried out using simulations of neutral ABL; however, atmo-
spheric thermal stratification must be considered in some cases. The drawback of 
modeling thermal stratification is the requirement of a large investment in equipment 
for its development. A relatively simple way of considering some non-neutral flow 
characteristics was proposed by Janssen [21] by modifying the layout and roughness 
elements of a simulation of neutral characteristics.

Next, some experimental results obtained in ABL simulations carried out in the 
UFRGS and UNNE wind tunnels are shown and analyzed.

Figure 6. 
Spectra for smooth surface experiments (low and high velocity).
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4.2 Experimental analysis on atmospheric boundary layer models

A first ABL simulation method (UFRGS – S1) was applied at the UFRGS wind 
tunnel. Four perforated spires, a barrier and surface roughness elements were used to 
simulate a full-depth boundary layer. The arrangement of the simulation hardware is 

shown in Figure 7 (left).
Then, an ABL full-depth simulation (UNNE – S2) was implemented in the UNNE 

tunnel based on the Counihan method. Four high elliptic vortex generators and a bar-
rier were used, together with prismatic roughness elements placed on the test section 
floor along 17 m (see Figure 7—center). Finally, two Irwin-type generators separated 
1.5 m were used to simulate the part-depth boundary layer by means of the Standen 
method (UNNE – S3). The windward plate of the simulator has a trapezoidal shape. 
The roughness elements distributed on the test section floor are the same that were 
used for the Counihan method (Figure 7—right).

Five experiments were analyzed to characterize the modeled boundary layer 
flow in each simulation. Different average speeds were evaluated only for simulation 
UFRGS – S1. Characteristic parameters of the different experiments on ABL simula-
tions are indicated in Table 3.

Figure 8 shows the mean speed and turbulence intensity profiles for the five cases 
analyzed. The vertical z positions are dimensionless (the reference height Href is the 
boundary layer thickness). The vertical non-dimensionalization allows a better com-
parison of the profiles obtained in both wind tunnels and also of the different simula-
tion methods used. The velocity profiles show a fairly harmonic behavior and the 
values remain consistent with those obtained by the power law using exponents 0.23 
and 0.25. The Iu profiles indicate a distortion of the values in the two low-speed cases, 

Figure 7. 
Simulation hardware: Perforated spires, barrier, and roughness (UFRGS – S1); Counihan method (UNNE – S2); 
Standen method (UNNE – S3).

Experiment Position Uref [m/s] Href [m] ReH

UFRGS –S1 - HV Center line 35 0.60 1.40 × 106

UFRGS –S1 – LV1 Center line 1 0.60 4.00 × 104

UFRGS –S1 – LV2 Center line 3.5 0.60 1.40 × 105

UNNE – S2 – HV Center line 27.5 1.17 2.15 × 106

UNNE – S3 – HV Center line 25.3 1.21 2.04 × 106

Table 3. 
Characteristic parameters of the experiments on ABL models.
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Figure 8. 
Mean velocity and turbulence intensity profiles for atmospheric boundary layer models.

Figure 9. 
Spectra for atmospheric boundary layer models (low and high velocity).
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mainly in the lowest speed one (UFRGS – S1 – LV1). On the other hand, an increase in 
turbulence levels is observed from z/H ≈ 0.3 for the profile corresponding to part-
depth simulation. This is consistent with the proposed model (part-depth) that aims 
to simulate the lower part of the ABL where the turbulence intensities are higher.

Two spectra obtained at low speed at the position z/H = 0.25 are shown in Figure 9 
to verify the energy distribution when the mean velocity decreases. Fluctuating veloc-
ity records used for the spectral analysis were acquired with a sampling frequency of 
1024 Hz. These two spectra are compared with the spectrum obtained at high speed 
at the position z/H = 0.15. A poor definition of the Kolmogorov’s inertial subrange is 
observed for the spectra measured at velocity Uref = 1 m/s.

The objective of the evaluation of the mean flow, the turbulent parameters, and 
the spectral analysis is the general comparison between simulations carried out in two 
different tunnels, implemented with different methods and analyzed for different 
mean speeds. A comparison with data measured in the atmosphere is not intended. 
This type of analysis requires the non-dimensionalization of the spectra for their 
comparison with atmospheric spectra (see [22, 23]).

4.3 Some comments about stratified boundary layer

Most of the wind tunnel simulations do not include some effects measured in field 
experiments, such as vertical thermal flows due to the presence of solar radiation and 
other thermal sources [24–26]. The physically relevant quantities in turbulent winds 
are horizontal and vertical wind speeds, vertical temperature, pressure profile, and 
humidity distribution. These quantities are subject to fluctuations due to the flow 
dynamics and due to the complex conditions of the boundary layer [27]. The experi-
ments in the wind tunnel use mechanical and thermal forces to simulate realistic ABL 
as observed in the literature [28, 29].

A recent study carried out in the UFRGS wind tunnel includes thermal effects 
in experiments that simulate a boundary layer. To carry out this work, a sector of 
the wind tunnel test section was equipped with a metal sheet and Peltier elements 
attached to it. Peltier elements heat or cool the floor of the wind tunnel depending on 
the polarity. Thus, heating the floor simulates the effects of solar radiation. Thermal 
effects generating new flow patterns become feasible to realize comparisons of wind 
tunnel simulations to stratified boundary layer conditions [30].

This work realized in the UFRGS Aerodynamics Laboratory presents and discusses 
the turbulent energy spectrum of the velocity fluctuations obtained with different 
mean incident wind velocities [31]. Smooth wind tunnel floor measurements were 
repeated under the same conditions with floor roughness. The time series of the lon-
gitudinal velocity component is determined with hot-wire anemometry and analyzed 
using the Hilbert-Huang transform method. Both neutral and convective wind tunnel 
boundary layers are considered in this study.

5. Final considerations

This work presents a compilation of different experiments on turbulent bound-
ary layer flows realized in the UFRGS and UNNE wind tunnels. First, boundary 
layer flows developed on a smooth surface of the wind tunnel test section are 
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experimentally evaluated; next, some scale models of neutral ABL developed by 
different methods are analyzed. General characteristics and turbulence spectra are 
determined considering the effects of the average velocity variation and the influ-
ence of the dimensions of the test section. Finally, some studies on thermal effects in 
turbulent boundary layer flows developed in wind tunnels are analyzed. Specifically, 
a work recently carried out in the UFRGS tunnel to evaluate the thermal and rough-
ness effects is analyzed and commented.
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