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Abstract: Buildings are commonly characterized by bluff and sharp edges bodies which lead to a very complex flow 
structure. Wind engineering conducts studies related to wind loads and flow field near walls, roofs and surrounding buildings 
to predict building behaviour under different weather conditions, so experimental tests are usually performed. The aim of this 
study is to characterize the flow structure around a building and minimize the possibility to be hazard to roof-mounted 
equipment. Passive flow control devices (CVG – Columnar Vortex Generator) have been tested by modifying different 
geometrical parameters with the aim of reducing the adverse aerodynamic effects. Wind tunnel tests have been carried out to 
obtain experimental results. Particle image velocimetry technique has been used to provide quantitative information about the 
flow field. The best CVG configuration tested has presented encouraging results where the detachment angle has been reduced 
up to 71% with respect to the reference case. Furthermore, conical vortices mitigation at an incident yaw angle of 45° has been 
also investigated where a high reduction of the lateral vortices has been obtained. 

Keywords: Columnar Vortex Generator, Flow Control, Civil Aerodynamic, Conical Vortices, Particle Image Velocimetry, 
Wind Tunnel 

 

1. Introduction 

Wind engineering is the part of aerodynamics in charge of 
the study of bluff bodies with sharp edges such as buildings 
or bridges [1] affected by wind conditions. These 
configurations present detached flow on its surfaces. The 
non-stationary and complex structures imply that 
experimental tests are the best procedure to analyse the flow 
field. Buildings have been deeply investigated on different 
wind tunnels [2-7]. Wind loads generated on building roofs 
and walls by different weather conditions have been analysed 
due to the unfavourable consequences such as structural 
damage. In addition, aerodynamic studies are important to 
determine the proper operation of ventilation systems, which 
control the building temperature and humidity [8, 9]. 

From those previous investigations, it can be concluded 
that a massive flow separation with large recirculation 

regions are formed when the incoming flow interacts with 
buildings [5, 7]. Considering a wind direction β = 0° which 
means that the wind is perpendicular to the upwind face, it 
leads to a recirculation bubble in the lower part, flow 
acceleration in the upper part and a stagnation point between 
them. Furthermore, the sharp edges cause a great detachment 
on the roof where low-velocity recirculation bubbles appear. 
Considering the lateral edges, three-dimensional effects 
modify the flow configuration. In addition, when the wind 
incidences with β ≠ 0°, strong conical vortices appear on the 
roof [10-13] characterized by high speeds which cause large 
negative pressures near roof corners. Notice that, the high 
suction generated on the roof can be estimated using a simple 
approximation, ��~1/√��	
��� 
� ����� [14]. 

Active and passive flow control devices are highly used to 
investigate the mitigation of adverse aerodynamic effects 
generated. Several studies have been carried out to 
investigate solutions to reduce the dangerous aerodynamic 
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conditions on buildings [6, 14-22]. Flow control devices help 
to reduce drastic pressure changes. This is an important 
consideration, for example to guarantee safe operational 
conditions of helicopters at roofs. Curved roofs with smooth 
surfaces [12], wall corner modifications [16, 19-21] and 
passive flow control devices are two interesting methods to 
reduce the adverse aerodynamic characteristics. Although 
modern architecture trend is more related to non-flat roofs, it 
is an expensive solution. However, simple architectural 
elements can also reduce high wind-induced suction [16]. 
Parapets [15, 18] are the simplest and the most used flow 
control devices on buildings, which consist of small walls 
located on the roof corner to modify the flow and move the 
recirculation bubble various heights above the roof surface. 
Some studies to compare different configurations (vertical, 
horizontal and with different porosity) have been developed 
by Franchini et al. [14]. Other investigations have been 
carried out to study cantilevered parapets and conical vortex 
originated at the corner on a curved roof [10-13]. Finally, a 
comparison between traditional parapets and more 
aerodynamic solutions have been studied by Lin et. al [22]. 
All of them achieved a significant suction reduction on the 
roof between 30 and 70%. 

In the present paper, a columnar vortex generator has been 
used to study the reduction of the adverse aerodynamic 
effects which appear on the roofs. A CVG is a passive flow 
control device which consist of a spiral shaped open cylinder 
with tangential flow ingress and axil flow egress [23]. Taking 
into account the geometrical equation which can define this 
type of devices, two parameters have been modified to 
determine the optimal configuration. Wind tunnel tests have 
been performed to compare the effect and determine the 
effectiveness at β = 0°. The deflection of the shear layer and 
the turbulence intensity of the maps have been the parameter 
selected to determine the flow control device parameter. The 
results have been compared to the reference case which is the 
condition without a CVG installed. Particle image 
velocimetry technique have been used to obtain quantitative 
information about the flow. An in-depth study has been 
developed to investigate flow topology around the building at 
the reference and best cases at the central section of the 
model. Lastly, experimental investigation at β = 45° was 
developed in order to study the capacity to mitigate the 
conical vortices generated over the roof. 

2. Experimental Setup 

2.1. Building Model and Passive Flow Control 

Devices 

The height of the full-scale model is 12 m which 
corresponds to a four-floors building. In addition, the 
building is assumed cube-shaped with sharp corners. This 
configuration has been selected with the aim of studying the 
improvements obtained when passive flow control devices 
are installed by avoiding the effects generated by a complex 
model. Flow analysis around a cube is a convenient way to 

explain the main patterns of real flow influenced by 
surrounding buildings [24]. 

Taking into account non-blockage condition, a 1:20 scale 
has been selected, so the dimensions of the model are 0,6 m x 
0.6 m x 0.6 m, giving a blockage of 7.6%, lower than 10% 
indicated as upper limit [25]. The scaled model has been 
made of wood, and it is attached to a plank to facilitate model 
manipulation in the test chamber, as figure 1 shows. As the 
passive flow control devices are installed using four screws, a 
removable roof has been designed to facilitate devices 
installation. 

 

Figure 1. Building model in the wind tunnel test section. 

A columnar vortex generator (CVG) [23] is a passive flow 
control device which might act as a parapet to reduce the 
high suction at the roof when the flow is detached. The CVG 
[26, 27] designed consists of a spiral open cylinder with a 
tangential flow inlet and axial flow outlet as a vortex. 
Considering an Archimedean spiral, the polar equation that 
defines its geometry is: 

� � �

��
�                                       (1) 

Hence, the performances of this device can be modified by 
changing many parameters of its geometry such as the end 
radius of curvature in mm (r), the angle of the turned arc in 
radians (θ), the spiral parameter or pitch (p). In addition, the 
CVG angle of attack (α) or distance to the wall (a) can be 
also varied as figure 2 indicates. 

 

Figure 2. Geometrical parameters of the CVG device. 
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Each CVG tested has the same spiral turned arc of θ = 
360° and a spiral parameter of 20 mm. A flat surface to 
attach the device to the wall defines the CVG angle of attack 
as can be observed in Figure 2. To minimize the transition 
between the flat surface and the spiral section, a smooth arc 
connects tangentially both parts. 

This paper analyses different CVG configurations where the 
distance to the wall (a) and the incidence angle (α) have been 
changed. Consequently, eight cases have been tested combining 
two different distances to the wall (20 and 30 mm) and four 
incidence angles (0, 15, 30 and 45°). Hence, the nomenclature 
used to identify each experimental case is CVG-angle of attack 
and distance to the wall by considering letter “S” for the short 
length (20 mm) and “L” for the long one (30 mm). 

All CVGs used have been built using additive 
manufacturing in 3D printers. This technique allows 
obtaining three-dimensional objects by superimposing 
successive layers of material [28, 29]. The most common 
materials used in 3D printing are thermoplastics such as ABS 
(Acrylonitrile Butadiene Styrene) or PLA (PolyLactic Acid). 
For these tests, all the CVGs are made in PLA using a JCR 
1000 printer which can manufacture elements with a size up 
to 1 × 1 × 1 m3. 

2.2. Wind Tunnel 

All the tests of the study have been realized in a low-speed 
wind tunnel placed at the experimental aerodynamics 
department of Instituto Nacional de Técnica Aeroespacial 
(INTA) in Torrejón de Ardoz (Madrid), Spain. 

This wind tunnel has a closed circuit, continuous flow, and 
open test chamber. Its nozzle contraction ratio is 5:1 and the 
power system is a 450 kW engine which allows testing up to 
60 m/s with a flow the turbulence intensity of 0.5%. 

Test chamber has a platform which simulates the ground 
surface and where the scaled model of the building was 
placed for testing. In this study, all the CVG configurations 

have been tested for the same velocity U∞ = 10 m/s and 
incidence angles of wind β = 0° (i.e.: CVG longitudinal 
direction perpendicular to the incoming flow) and β = 45°. 
As the characteristic length of the 1:20 model is 0.6 m, and 
the dynamic viscosity µ = 1.8 × 10-5 N·s/m2 the Reynolds 
number of the tests is 4 × 105, which asserts that its value is 
higher than the critical Reynolds for bluff bodies [30]. 

2.3. Particle Image Velocimetry 

PIV (Particle Image Velocimetry) [31] is an optical technique 
that captures the flow field structure and provide averaged 
velocity measurements. The non-intrusive measurement and the 
ability to provide velocity information faster than traditional 
anemometry are two of their main advantages. 

Olive oil tracers with a diameter of around 1 µm were 
obtained by using Laskin nozzle atomizers [32, 33]. This 
particles were used to seed the flow. They were illuminated 
with two Nd: YAG (neodymium-doped yttrium aluminium 
garnet) lasers with a maximum energy of 190 mJ per pulse 
and a pulse separation time (∆t) of 25 µs. A high-resolution 
camera with a CCD sensor and a Nikon ED AF NIKKOR 80-
200 lens captured the flow information with a sampling 
frequency of 10 Hz. To obtain average velocity field, it were 
taken 200 instantaneous velocity maps [34]. Each map is 
divided into small interrogation windows of 32 x 32 pixels 
with an overlap of 50% between each window following the 
Nyquist sampling criteria [35-37]. The velocity vector in 
each interrogation window were computed based on the 
particle displacement and the pulse separation time. The 
particle displacement was computed by implementing a 
cross-correlation analysis via Fast Fourier Transform (FFT) 
between pairs of images. 

The field of view of the camera was about 250 mm x 250 
mm, so the selected region to compare the CVG effectiveness 
is shown in Figure 3. 

 

Figure 3. Field of view location for CVG comparison and laser plane. 

It is important to note that a cellulose acetate has been 
placed in the central section of the CVGs to allow that the 
PIV laser illuminates the entire wall avoiding shadows and 

loss of information in the resulting maps (see Figure 4). 



35 Rafael Bardera et al.:  Passive Flow Control over the Roof of Buildings by Using Columnar Vortex Generator  
 

 

Figure 4. 3D scheme of a plastic sheet in the central section of the CVG. 

 

Figure 5. PIV section studied at β = 45°. 

Regarding yaw condition, strong conical vortices appear on 
the roof [10-13] characterized by high speeds which cause 
large negative pressures near roof corners. Figure 5 shows the 
selected yaw angle and the PIV section studied with the CVG 
which presents the best results at β = 0°. Only one lateral 
section was defined due to the symmetry of the problem. 

3. Results 

3.1. CVG Comparison 

The experimental results obtained during the wind tunnel 
tests are represented in figures 6-8 where the non-
dimensional velocity and turbulence intensity maps are 
plotted. Non-dimensional velocity is obtained from Eq. 2, 

�� �
������

��
                                  (2) 

Where u and w are the horizontal and vertical velocity 
components and U∞ is the wind tunnel velocity. 

Turbulence intensity (see Eq. 3) is defined by the ratio 
between total standard deviation calculated as the standard 
deviation of the velocity at each point (σ = (u´2 + w´2)1/2) and 
the freestream velocity at each experimental test. Notice that, 
u´ and w´ are the horizontal and vertical velocity fluctuation 
components, 

�� �  

��
                                     (3) 

Figure 6 shows the velocity and turbulence intensity 
maps at the reference case in which the building model is 
located in the test section without passive control devices at 
the roof corner. The flow velocity and streamlines show a 
clear detachment region which starts at the sharp edge of 
the building. Meanwhile, a low velocity recirculation 
bubble is generated above the roof of the building due to 
the sharp edges configuration. Figure 6b shows the velocity 
fluctuation with respect to the freestream velocity. This 
turbulence intensity map indicates a turbulent (~20%) area 
in the shear layer region which bounds the recirculation 
bubble. 

 

Figure 6. Non-dimensional velocity and turbulence intensity of the reference case. 
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Figure 7. Non-dimensional velocity (U*) maps. 
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Figure 8. Turbulence intensity (TI) maps. 
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From Figure 7, CVG0S-L, CVG15S and CVG45S-L do 
not present high modification in the recirculation bubble 
region. However, CVG15L and CVG30S-L shows an 
encouraging effect over the flow structure related to the 
recirculation bubble region mitigation. Although, CVG15L 
slightly reduces the recirculation bubble angle, the CVG 
configuration with an angle of attack of 30° shows the best 
results related to the decrease of the recirculation bubble size 
and recirculation bubble centre location. In addition, the 
longest distance to the wall case (CVG30L) which means a 
gap size of 30 mm, presents a recirculation bubble zone 
highly mitigated. This larger gap size between the device and 
the wall allows the CVG to capture more flow, so the effects 
of the flow over the roof are reduced. 

Turbulence intensity maps plotted in Figure 8 indicate a 
high velocity variation (>40%) which might be related to the 
velocity increment which appears in the shear layer that 
bound the low velocity recirculation bubble. As might be 
expected, the cases where CVG effect is insignificant, the 
turbulence level are similar to the one observed in the 
reference case results. In contrast to the interesting results 
obtained in Figure 7, the reduction of the recirculation bubble 

shows a turbulence intensity increment. However, the 
turbulence intensity map of CVG30L case presents an 
increment of this magnitude with respect to the reference 
case but it is not so high as CVG30S and CVG15L. Hence, 
an in-depth investigation would be required to determine the 
positive effect of these devices. 

3.2. Parametric Analysis 

From previous velocity maps, it is possible to extract 
different measures in order to do a parametrical analysis of 
the analysed CVG behaviour. From Figure 7, it can be 
measured the angle deflection of the detachment region θd, 
considering the origin where the detachment starts. 

In order to study the effectiveness of each device, Figure 9 
shows the detachment angle parameter which allow 
comparing the shear layer angle reduction of the different 
CVG tested. Notice that, the bigger the gap (a) is, the higher 
reduction is achieved. In addition, it is observed that CVG30 
are the most effective devices to reduce the detachment angle 
at the corner. Hence, CVG30L provides a 71% of decrease of 
the angle detachment with respect to the reference case. 

 

Figure 9. Detachment angle with respect to the CVG configuration. 

3.3. Flow Field Around the Building Model 

Once the optimal device (CVG30L) has been selected, a set 
of experimental tests to obtain the flow structure and 
turbulence intensity around the building have been performed. 
Then, the CVG30L flow structure and the reference case can 
be compared. Considering the experimental test conditions, 
overlapping region (of the order of 5 cm) between the maps is 
taking into account to avoid loss of information. 

As can be seen in Figure 10, the incoming flow separates 
at the building sharp edges that generates recirculation zones 
over downwind surfaces. Stagnation points, different vortices 
and recirculation bubbles appears on the roof because of the 
detachment originated by building presence. The streamlines 
plotted in the non-dimensional velocity map at the reference 
case indicates that a recirculation bubble appear at the bottom 
of the wall; the flow has a deflection in the edge that 
produces a flow detachment on the roof; and a stagnation 

point can be also observed. Specifically, the non-velocity 
point on the wall against the wind can be seen in streamline 
around y = -50 which corresponds to 1/3 of the total building 
height. Furthermore, a high turbulence intensity region 
appears at the bottom part of the wall in both cases due to the 
recirculation bubble that exist in that region. Finally, it can be 
seen that a huge recirculation bubble is created behind the 
building, which is higher than the building and reduced to the 
building height when the CVG30L is installed. 

The CVG30L case shows that the flow detachment and 
recirculation bubble on roof are highly mitigated. However, 
turbulence intensity is increased above the roof which might 
be related to the flow acceleration that appears due to the 
CVG presence. Notice that, the CVG30L complete maps 
show two vertical lines between x = 175 mm and x = 200 
mm due to laser light diffraction caused by the plastic sheet 
placed on CVG (see Figure 4). The turbulence intensity 
regions upwash and downwash are not highly modified by 
the CVG presence. 
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Figure 10. Non-dimensional velocity (up) and turbulence intensity (down) maps around the complete model of the base configuration (left) and using the 

CVG30L (right). 

3.4. Yaw Condition at β = 45° 

Regarding the symmetry of the case, a yaw angle of 45° 
for the freestream velocity has been tested. The importance 
of the configuration is based on the high loads generated over 
the roofs due to the conical vortices generated. Hence, the 
adverse aerodynamic effects mitigation is an interesting point 
in this research. 

Figure 11 shows the non-dimensional velocity maps and 
the streamlines which appear at the two sections selected. 
The maps on the top show the reference case where it can be 
observed the recirculation region which appear due to the 
conical vortices. Turbulence intensity maps have been also 
plotted in Figure 12 where it can be observed a high 

turbulence intensity in the central section (CS) and a big 
region but with lower intensity in the lateral section (LS). 

Regarding the condition with the CVG installed, it can be 
observed that the recirculation bubble in the central section 
(CS) is reduced in length but increased in height. It can be 
related to the lateral sharp edges of the CVG which detach 
the incoming flow. Hence, the turbulent region is also 
modified by the detached region as can be observed in Figure 
12. However, the lateral section (LS) presents a mitigation of 
the conical vortex as well as the turbulent region. This means 
that it is an interesting solution for the present problem, 
although further researches are needed to reduce the turbulent 
region in the corner. 
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Figure 11. Non-dimensional velocity maps at β = 45°. 

 

Figure 12. Turbulence intensity maps at β = 45°. 
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4. Conclusions 

In the present paper, different passive actuators have been 
tested with wind tunnel testing on a 1:20 building model to 
improve the flow characteristics on the roof. The CVG is 
characterized by different geometrical parameters. Different 
angles with respect to the horizontal line (α) and two 
distances between the device and the wall (a) at a zero-
incidence wind angle (β = 0°) have been tested. Particle 
image velocimetry technique has been used to determine the 
near flow field around the region of interest, in which the 
flow is seeded with atomized oil and a laser pulse 
synchronized with a camera take photos to make a 
correlation between the images and obtain the flow velocity 
and turbulence intensity field. 

The results obtained showed that the CVG30L (α = 30° 
and a = 30 mm) provides the greatest improvement with the 
aim of reducing the recirculation bubble. Installing this 
device on the roof corner, it is possible to reduce the 
detachment magnitude approximately 70-80%, which could 
reduce damage to rooftop equipment (ventilation systems, 
heliports, etc.). However, the turbulence intensity was 
slightly increased. A study of the flow structure around the 
building central section have been also presented to 
determine the total effect of the device. Thus, it has been 
possible to conclude that the device greatly improves the 
flow over the entire roof and does not modify it on the walls. 
Finally, it was observed that at β = 45°, the best configuration 
allows to mitigate the lateral conical vortex and the 
turbulence intensity. 

Future investigations could be carried out to study the 
turbulence intensity reduction by analysing the effect of 
changing θ parameter from 360° which was the one selected 
in this case or studying α between 15 and 30 degrees, which 
have showed a high recirculation bubble reduction. In 
addition, leeward CVG installation, other flow field 
incidence angle and three-dimensional effects would be 
analysed. Furthermore, pressure measurements would be 
interesting to determine the load generated over the roof. 
Finally, other building sizes to vary the Reynolds number and 
different boundary layers which affect to load levels 
widespread the range of the investigation. 
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