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Abstract 

Different methods to reduce the high suction caused by conical vortices have been reported 
in the literature: vertical parapets, either solid or porous, placed at the roof edges being the 
most analysed configuration. Another method for alleviating the high suction peaks due to 
conical vortices is the use of some non-standard parapet configuration like cantilever parapets. 
In this paper the influence of roof curvature on the conical vortex pattern appearing on a 
curved roof (Fig. 1) when subject to oblique winds is experimentally analysed by testing the 
mean pressure distribution on the curved roofs of low-rise building models in a wind tunnel. 
Also, the efficiency of cantilever parapets to reduce mean suction loads on curved roofs is 
experimentally checked. Very high suction loads have been measured on curved roofs, the 
magnitude of these high suction loads being significantly decreased when cantilever parapets 
are used. Thus, the suitability of these parapets to reduce wind pressure loads on curved roofs 
is demonstrated. 



1. Introduction 

The high suction generated in the separated flow regions around bluff bodied 
structures has caught the interest of wind engineers during the last few decades. 
These high suction loads are connected to the severe adverse pressure gradients that 
appear downstream of the roof edges of buildings. Adverse pressure gradients cause 
the boundary layer around the bodies to separate, and generate a vortex flow pattern 
characterised by the existence of severe mean suction peaks, which can produce 
cladding failures. This phenomenon becomes remarkable in the roofs of low-rise 
buildings with incident wind at oblique angles to the edges, where the existence of 
such vortex patterns in the region of the windward facing corner is well established at 
both model scale and full scale. 

The structure of these vortices is the subject of considerable research, although 
efforts related to wind engineering have been mainly focused on flat roof buildings. 
Concerning flat roofs, in addition to some analytical and numerical approximations 
[1], the study of the accurate nature of conical vortices has been mainly performed 
through experimental work made on wind-tunnel models [2-10] and through 
measurements made on full-scale buildings [11-13]. In the case of flat roofs, the use 
of parapets, either solid [14-17] or porous [18], to reduce the high suction caused by 
conical vortices has been studied. Some attempts have been made to analyse conical-
vortex effects on curved roofs, either with parapets [19] or without these devices [20], 
although in this case results are scarce and limited to some particular roof 
geometries. 

From the aerodynamic standpoint, there are some remarkable differences between 
flat roofs and curved ones. As it is well known, in the case of flat roofs of low-rise 
buildings, conical vortices form at the windward corner. The highest suction forces 
appear close to this windward corner and they are obtained for oblique wind 
directions (on flat roofs of square or nearly square shape, maximum suction is 
obtained for wind directions close to \i — 45° [17,18], see Fig. 1 for the definition of 
the wind angle of incidence). However, severe mean-suction peaks usually only affect 
a small roof area near the windward corner, because the absolute value of the 
pressure coefficient seems to decrease as the inverse of the square root of the distance 
to the windward roof corner [5,7]. 

In the case of curved roofs, fluid behaviour is driven by the fact that at least one of 
the two edges reaching the windward roof corner is curved. The scope of the analysis 
is limited to roof geometries like the one represented in Fig. 1, where two of the roof 
edges are straight lines. The vortex formed at the straight edge behaves like the flat 
roof case, but at the curved edge the vortex behaviour is affected by the roof 
curvature. For large wind angles (near 90° as is denned in Fig. 1) curved roofs behave 
like flat ones (note that the curved edge vortex produces more severe suction loads 
than the corresponding flat roof vortex, because the area affected by high suction 
loads is larger in the case of curved roofs). On the other hand, for small wind angles 
(near 0° as is denned in Fig. 1), if the roof curvature is large enough, the conical 
vortex is not formed at the windward roof corner but close to the top of the curved 
edge. Therefore, the pressure distribution close to the curved edge has a minimum at 



Fig. 1. Sketch of the experimental configuration (without parapet). Shadow area indicates the region 
where pressure taps are located. All dimensions are in millimetres. 

the windward corner only when the wind angle is large enough; otherwise minimum 
pressure is reached close to the top of the curved edge [19]. 

Aiming to clarify the effects of conical vortices on the wind loads generated on 
curved roofs, the influence of the roof curvature on the wind-induced mean pressure 
distribution on low building roofs was experimentally analysed. Experimental 
measurements were performed by working with a deformable-roof building model in 
a wind tunnel. Five configurations of a low-rise building having different roof 
curvatures were considered. In order to evaluate the effectiveness of cantilever 
parapets like the ones described before [18,19] to decrease high suction loads on 
curved roofs, all configurations were tested both without parapets and equipped with 
these devices. 

2. Experimental configuration 

Measurements were carried out in the A9 Wind Tunnel at the IDR/UPM, where 
the test chamber is 1.5 m in width and 1.8 m in height. The wind velocity profile at 
the model test section was similar to the type-I atmospheric boundary layer 
distribution (as defined in Eurocode 1 [21]), but its turbulence intensity is much 
lower, the turbulence intensity at the model roof height being some 3%. This low-



turbulence testing condition has already been used in wind-tunnel tests, and from the 
standpoint of measuring averaged wind loads, it seems to be a more severe condition 
than turbulent flow [22-24]. It must be stressed that the aim of the described 
experiments was to analyse the effect of the roof curvature on the wind loads and not 
the effect of the incident wind properties. 

The wind velocity of the stream at the test section of the wind tunnel, above the 
boundary layer, was close to 25ms - 1 , which provides a Reynolds number higher 
than 2 x 105, based on the height of the model with flat roof. 

The model, which represents a low-rise building, is a box whose ground plan is a 
square with sides b = 480 mm length (Fig. 1). Two of the faces of the model are 
rectangular, 120 mm high, whereas the other two faces, which are removable, have 
curved upper sides. These curved sides are circular arcs, which are identified by the 
value of the parameter n, the maximum height of the face being 20(6 + n) mm. Five 
different sets of curved faces were used (n = 0, 1,2, 3, 4). The roof model consists of 
a stainless steel foil 0.5 mm thick, with pressure taps. The roof is also removable and 
it is 480 mm width and 560 mm depth. When mounted on the model, windward edges 
of the roof are carefully aligned with the external edges of windward faces, so that no 
eaves exist at the windward sides of the model. 

There are 140 static pressure taps installed on the roof of the model, arranged as 
shown in Fig. 2. Each pressure tap consists of a brass tube, 1 mm inner diameter, 
which is connected to the pressure measurement instrument by a plastic tube with 
1 mm inner diameter. Plastic tubes are connected to four 48-positions pressure 
scanners from Scanivalve Corp., each one equipped with a Druck PDCR22 
differential pressure transducer. Transducer outputs were sampled at 20 Hz during 
12.5s for each measurement. The mean pressure coefficient is defined as usual, 
cp = (p —Po^/qoo, where p is the measured mean pressure on each tap, and^oo and 
#oo are the static and dynamic pressures upstream of the testing model, respectively. 
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Fig. 2. Arrangement of the pressure taps on the model roof. All dimensions are in millimetres. 



Further, the model is equipped with removable cantilever parapets that are placed 
at the windward curved edge of the roof. These cantilever parapets consist of small 
horizontal roofs, 10mm wide and 1.2mm thick, their external edges lying 6mm 
outside the roof edges. The gap between the small horizontal roof and the model 
roof is h — 5mm, see Fig. 3. According to previously published results [18], the value 
of the dimensionless parameter hjH, where H stands for the height of the model, 
obtained with this distance h is within the range that provides maximum wind-loads 
reduction on flat roofs. Due to the interaction between the pressure distribution over 
the windward model face and the cantilever parapets, this kind of parapet generates 
a high-pressure region beneath the parapets and a low-pressure region above and 

Fig. 3. Sketch of the cantilever parapets placed on the windward curved edge of the roof. All dimensions 
are in millimetres. 



Fig. 4. Sketch of the plain jet created by the cantilever parapets that separates the conical vortex from the 
roof. 

behind them. This pressure gradient forces the injection of a plane jet parallel to the 
roof surface that separates the conical vortex from the roof (see Fig. 4), and reduces 
the high suction loads caused by such vortices. 

The model was tested for wind angles ranging from 30° to 75° (the wind 
angle is defined as the angle formed by the windward curved wall and the 
incident wind, as indicated in Figs. 1-3). For this range of model orientation, the 
maximum frontal area of the model is smaller than 5% of the wind-tunnel cross-
section, so that no provision for blockage correction of the measured results has been 
considered. 

3. Results and discussion 

Some distributions of mean pressure coefficient, cp, measured without the 
cantilever parapet on the different roofs for different wind angles are shown in 
Fig. 5. From these plots the influence of both the roof curvature and the wind angle 
can be clarified. Focussing the attention on the curved edge vortex, the maximum 
suction is reached close to the roof corner irrespective of the roof curvature, 
provided the wind angle is high enough, whereas for mid and low values of the wind 
angle the position of the minimum pressure moves towards the roof top as the 
curvature increases. 
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Fig. 5. Variation of pressure coefficient distribution measured on the model roof without parapets, with 
the roof curvature, n, and the wind angle, /J. 



On the other hand, for small values of the wind angle, suction peaks at the 
windward corner decrease as the roof curvature grows; in such a way that pressure 
coefficients close to the corner become even positive for large roof curvature (flow is 
considerably decelerated in this region). However, there is still a conical vortex at the 
curved edge, although it is now formed close to the top of the roof (the distance from 
the vortex origin to the windward corner increasing as the roof curvature grows). 

In Fig. 6 the variation of the j-coordinate (denned in Fig. 1) of the highest 
measured suction, cpm;n, with the curvature, n, is shown for five different values of 
the wind angle (jft = 30°, 40°, 50°, 60° and 70°). As it has been mentioned, for high 
values of the wind angle (/? — 60°, 70°) the maximum suction on the roof is located 
close to the corner despite the curvature, whereas for lower values of the wind angle 
(/J — 40°, 50°) the maximum suction is displaced towards the top of the roof once a 
threshold value of curvature is reached (n^2). For the lowest wind angle, \i — 30°, 
the maximum suction is located far away from the corner in all cases with a curved 
roof («^ 1). 
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Fig. 6. Variation with the roof curvature, n, of the dimensionless position along the j-axis, y/b, of the 
highest measured suction. Numbers on the curves indicate the value of the wind angle, /J. 



To get additional insight into the conical vortex behaviour, the angular position a0 

of the vortex core (that is, the vortex axis) has been calculated by fitting to a linear 
expression, y — y0 + m$x, the coordinates in the (x, j)-plane (defined in Fig. 1) of the 
pressure peaks measured in each row of pressure taps parallel to the x-axis. The slope 
mQ so calculated being related to the angle a,0 through the expression 
ao — ft/2 — tan - 1 mo. The variation with both wind angle \i and the roof curvature 
parameter n of the vortex core angular position a0

 lS shown in Fig. 7. As it can be 
observed, once the curvature is fixed, the vortex core tends to separate from the roof 
edge as the wind angle grows. On the other hand, for a given value of the wind angle 
jS, experimental data show that the vortex core approaches the roof edge as the roof 
curvature increases, although this trend does not hold for the very curved roof (a 
limiting value seems to exist between n — 3 and 4). 
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Fig. 7. Variation of the angular position of the vortex, a0, with the wind angle, /J. Numbers on the curves 
indicate the values with the roof curvature parameter, n. 



In all the cases where the cantilever parapet was used, it was impossible to 
determine the vortex angular position because the jet created between the parapet 
and the roof surface drastically reduces the effect of the vortex on the pressure 
distribution. 

The variation with the angle of incidence, jS, of the minimum pressure coefficients, 
cpmm, measured on the different roofs is shown in Fig. 8. It can be observed that, in 
the case of roofs without parapets (solid lines) the magnitude of the suction peak 
increases as the angle of incidence grows until a maximum is reached at a wind angle 
jSmax whose value increases as the roof curvature increases. Note that highest suction 
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Fig. 8. Variation with the yaw angle of the incident wind, /J, of the highest mean suction, —cpmia, 
measured on the different roof models (n = 0, 1, 2, 3 and 4). Solid lines correspond to roof without any 
parapets, whereas dashed ones correspond to roofs with cantilever parapets. 



loads (— cprninx6) are reached for planar or almost planar roofs (n — 0, 1), the 
maximum suction being smaller as the roof becomes more and more curved. 

When a cantilever parapet like the one represented in Fig. 3 is added to the 
windward curved edge, the pressure distributions become rather different, since, as 
explained above, that cantilever parapets force a plain jet parallel to the roof surface 
that separates the conical vortex from the roof (Fig. 8). Because of this jet, suction 
loads are almost constantly irrespective of the value of the wind angle of incidence. 
Note that cantilever parapets seem to be very effective devices to reduce the highest 
suction loads on both flat and curved roofs (dashed lines), the reduction load factor 
being up to 2.4 in the case of flat roofs. 

4. Conclusions 

Wind-tunnel measurements involving different curved roof configurations were 
modelled aiming to analyse the influence of roof curvature on the wind mean suction 
loads caused by conical vortices on curved roofs. In addition, the same roof 
configurations equipped with cantilevered parapets placed on the windward curved 
edge of the roofs were tested in order to evaluate the suitability of these devices to 
reduce wind mean suction loads. 

Experimental data indicate that roof curvature modifies both the magnitude of 
mean suction peaks and their positions on the roof. For /?^55° the suction peaks 
appear far away from the windward roof corner, but they have similar values to the 
flat roof at the same wind angle. On the other hand, for large values of the wind 
angle, say \i> 55°, the pressure peaks, which are located close to the windward corner 
of the roof, decrease as the roof curvature grows. 

Concerning cantilever parapets, experimental results show that these devices 
produce a very effective reduction of the wind loads on curved roofs, such reduction 
being, to some extent, independent to the roof curvature. Such behaviour is 
explained because of the plane jet injected over the roof surface that reduces the 
effects of conical vortices. 
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