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A B S T R A C T

This paper examines the streamline curvature effects on the aerodynamic pressure patterns induced by tornado-
like flows on a low-rise structure. The analysis derives from the detailed scrutiny of a wind tunnel test campaign
carried out at the WindEEE Dome tornado simulator. The simulated tornado-like flows were characterized by a
swirl ratio such that the cores were characterized by multiple vortices. The tornado-like vortex was slowly
translated across the chamber of the simulator. Surface pressure measurements were acquired on both the
building model surface and on a circular ground plate around it, and synchronized with velocity measurements
gathered from four Cobra probes installed in the proximity of the corners of the structure. These Cobra probes
allowed the definition of the tornadic streamlines. Multiple nominally identical repeats were carried out to
gather a robust estimation of conditionally-averaged pressure and velocity measurements based on the position
of the tornado-like vortex. When comparing different cases characterized by similar conditions of upstream wind
direction, the mean aerodynamic pressure patterns were revealed to be sensitive to the streamline curvature.
Moreover, these are distinct than those generated from straight-line ABL winds, consistently calibrated upon the
measurements from the Cobra probes in the upstream proximity of the building.

1. Introduction

In the last several years, interest in the study of tornadic winds has
risen rapidly within the Wind Engineering community. The impacts of
tornadoes are known to be linked with significant economic losses, as
well as with important interruptions to social and economic functions,
which may deeply affect local communities (Zuo et al., 2021). United
States and Canada are particularly sensitive to them (Sills et al., 2020),
but Europe and Asia have also been subjected to the extreme winds
induced by tornadoes (e.g., Groenemejer and Kühne, 2014; Yang et al.,
2018). Their importance has been acknowledged by the recently
released ASCE 7-22 (2022), which is the first consensus standard to
include design loads for buildings in tornadoes. However, a robust
procedure to design structures to tornadic winds is still far from being
resolved since knowledge about tornado winds is relatively modest. This
is associated with the limited size of the phenomenon and its unpre-
dictable and violent nature (Stevenson et al., 2023), as well as with its
complexity. Therefore, the steps that compose the Davenport Chain
(Davenport, 1961), consolidated through systematic studies on
straight-line atmospheric boundary layer (ABL) winds (hereinafter,

referred to ABL winds), hardly seem to be adequate for tornadic winds.
This has been testified by recent investigations, such as the one proposed
by Gairola et al. (2023), who focused on the effects of the ground
roughness on the mean wind flow of tornado-like flows, which indeed
require different considerations compared to the traditional framework
based on ABL winds. In fact, generation of turbulence and the relevant
scales and intensities are still not known (Wang et al., 2017; Zuo et al.,
2021); hence, their effects cannot be clarified (Kopp and Wu, 2020). In
addition, the link between wind field and aerodynamic loading in
tornadic flows is also a subject that is far from being understood and
resolved. The swirl ratio (e.g., Wang et al., 2022; Zhang et al., 2023) is
expected to play a role in the definition of the tornado wind field and the
bluff-body aerodynamics, since different tornado structures may lead to
different interactions between the vortical structures and the body.
Moreover, the static pressure gradient, the vertical angle of attack, the
vertical wind field, as well as the translational and rotational wind
speeds, are all quantities that may alter the traditional concepts of
building aerodynamics and the consequent wind loading (Kopp and Wu,
2020). In particular, the presence of radial and tangential components of
the wind speeds leads to curved streamlines, which may play a role in
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producing vorticity patterns that differ from those generated by ABL
wind, as suggested by investigations carried out at the Iowa State Uni-
versity (ISU) simulator. Specifically, Yang et al. (2011) studied a
high-rise building model in tornado-like winds by measuring the resul-
tant aerodynamic forces through a high-sensitivity load cell, as well as
by identifying the vortical structures around it through a digital Particle
Image Velocimetry (PIV) system. The turbulent flow structures gener-
ated around the model and the resultant wind loads were found to be
significantly different than those generated in ABL winds for the same
wind angle orientation. A second study was published by Hu et al.
(2011), investigating a one-story gable-roofed building. They found that
the separation bubble on the leeward wall may be significantly com-
pressed if the tornadic wind field is highly curved, relative to the ABL
case. Summarizing, the studies of tornadoes and their effects on struc-
tures are research subjects on which wind engineering research groups
are particularly active, spanning from numerical (e.g., Gairola and Bit-
suamlak, 2019; Gairola et al., 2024) and experimental (e.g., Chen et al.,
2023; Romanic et al., 2023) techniques to reproduce the phenomena
observed in full-scale measurements (e.g., Lombardo, 2018; Lombardo
et al., 2023; Miller et al., 2024). A review paper containing the most
recent advancements on the subject has been recently published by
Haan Jr. et al. (2024).

Of particular interest for the current manuscript, Kopp and Wu
(2020) conducted experiments on a 1:50 scale model of the Texas Tech
University (TTU) Wind Engineering Research Field Laboratory (WERFL)
at the WindEEE simulator at the University of Western Ontario.
Tornado-like flows that slowly translated along a path that was
perpendicular to the long side of the building. The tornado core diam-
eter was approximately 3 times larger than the largest plan dimension of
the building. They utilized surface pressures acquired by taps distributed
on the ground plane to define an analytical fit of the static pressure
distribution, calibrated on the formulation by Baker and Sterling (2018).
This enabled the separation of the static contribution to the pressure
field from the aerodynamically-induced one on the building. Moreover,
they defined the reference wind velocity based on local measurements
acquired by four Cobra probes installed in the proximity of the building
edges. The simultaneous measurements of pressures and velocities
allowed them to propose a framework to compare the loads induced in
tornadoes and ABL winds based on the flow direction and magnitude
estimated from the Cobra probes, as well as to draw the tornadic
streamlines. Hence, they could capture the variation of the flow curva-
ture and improve the estimate of the overall mean uplift through the ABL
winds-based approach by shifting the wind azimuth angles in the range
of about 7◦ to 25◦. However, such shifting does not seem to be effective
in predicting the aerodynamic loading on the walls and this is likely to
be associated with the flow curvature altering the nature of the flow
separations and reattachment (Kopp and Wu, 2020).

The objective of this paper is to extend the methodology of Kopp and
Wu (2020) by connecting the presence of local pressure patterns,
distinct from those induced by ABLwinds, to the effects of the streamline
curvature. The data used by Kopp and Wu (2020) are employed. This
database is enriched with the addition of a case with the long side of the
TTUWERFL building oriented 45◦ with respect to the tornado path. This
configuration will be labelled as Case B, while the original one will be
Case A throughout the paper. After this introduction, Section 2 briefly
describes the WindEEE Dome and the experimental campaigns. Section
3 illustrates the methodology that was employed to define the tornadic
streamlines. Section 4 examines selected mean pressure pattern distri-
butions associated with specific characteristics of the upstream wind
direction, discussing the presence of local effects that are different than
those induced by ABL winds and linking them to the effects induced by
the streamline curvature. Two sets of pressure patterns are chosen and
compared to each other in Section 5, in order to understand how
different streamline fields may generate distinct flow patterns around
the structure. Section 6 summarises the main outcomes and develops
future perspectives.

2. Wind tunnel methodology

2.1. The tornadic wind field

The WindEEE Dome is a testing facility that is designed to reproduce
ABL winds, downbursts and tornado-like vortices (Refan and Hangan,
2018). It has a hexagonal plan shape and is characterized by two test
chambers. The inner one has a diameter of 25 m and a height of 4 m. The
generation of tornadic-like flows is made possible by the presence of 6
fans at the top chamber, which provide the required updraft, and pe-
riphery vanes at a given angle, which provide the required swirl. A
bell-mouth allows the updraft flow to enter the upper chamber before
being re-directed to the test chamber through the outer chamber. Gen-
eral descriptions of the facility are provided by Refan and Hangan (2016,
2018). Moreover, the bell-mouth may be translated along one of the
symmetry axes of the inner chamber allowing a continuous change of
the position of the tornado-like vortices.

The experiments that are analyzed in this paper have been exten-
sively described by Kopp and Wu (2020) and are briefly reported herein
for completeness. The tornado-like flows are characterized by a nominal
swirl ratio, S = 0.76, where S = r0Γmax

2Qh , r0 is the updraft radius, Γmax is the
maximum circulation in the flow, Q is the flow rate per unit axial length,
and h is the inflow depth. Additional information concerning the flow
field may be found in Refan and Hangan (2018). The tornado core
radius, rc, is about 400 mm near ground level, while the vortex structure
is characterized by multiple sub-vortices (e.g., Davies-Jones, 1986;
Zhang et al., 2023).

No roughness elements were installed on the floor of the WindEEE
Dome, which was set as nominally smooth. The tornado-like flows were
translated across the center of the inner chamber for about 4 m at a
speed of 57 mm/s (Kopp andWu, 2020) along the y-axis of the Cartesian
coordinate system (Fig. 1a and b). The vertical axis coincides with the
z-direction. The Cartesian system is completed by the x-axis, which is
normal to the tornado path (Fig. 1a and b). The instantaneous position of
the bell-mouth, ybm, was acquired through a laser transducer mounted
on its roof. This position is converted in the quantity yTC (Fig. 1) through
an ensemble average and shifting procedure that will be explained in
Section 2.2. For further details about the coordinate system, the reader is
referred to Kopp and Wu (2020).

2.2. Pressure field measurements on the building and in its proximity

The pressure field was captured by a total of 204 taps that were
almost uniformly distributed on the building model (Fig. 2a). The
building has plan dimensions of 183 mm × 275 mm, with an eave
height, H, of 78 mm. 27 pressure taps were installed on each of the
shorter lateral walls, while the longer ones have 30. The remaining 90
taps are located on the roof. The X- and Y-axes of the structure are
indicated in Fig. 1, noting that capital letters indicate building coordi-
nate while lowercase are lab-centered coordinates. The Z-axis is vertical
and positive if directed upwards. As shown in Fig. 1, the four corners are
labelled as A, B, C, and D. The model was placed on a plywood circular
plate of radius 1118 mm. This is equipped with 173 pressure taps
distributed in a radially-symmetric manner (Fig. 2b) to measure the
static pressure field induced by the tornado-like flows. This is instru-
mental in separating the total pressure acquired by the building taps into
static and aerodynamic components, as discussed earlier.

The pressure measurement system was the same for taps installed on
the building and on the baseplate, consisting of 0.3 m long PVC tubes
with 1.35 mm inner diameter, two restrictors and 0.33 m long PVC tubes
with an internal diameter of 0.9 mm. As documented by Kopp et al.
(2005), this system leads to a nearly unity response for frequencies up to
200 Hz. Therefore, the pressure time-histories acquired by the pressure
transducers were not corrected, but they were directly used and
analyzed. Each pressure measurement (generically denoted as p) is
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Fig. 1. Configurations tested at the WindEEE dome: (a) Case A; (b) Case B.

Fig. 2. Tapping scheme of the (a) 1:50 scale TTU WERFL building model and of the (b) baseplate.
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referenced to the static pressure at the bell-mouth, pbm. This latter one
does not substantially vary with the position of the bell-mouth; hence, it
constitutes a stable reference pressure for the measurements.

Two test configurations were considered. The first one featured the
building with its X-axis perpendicular to the bell-mouth translation
(Case A, Fig. 1a), while the second one concerned the model inclined 45◦
(Case B, Fig. 1b).

2.3. Wind field measurements in proximity of the building

Four Cobra probes were installed in proximity of each building
corner, labelled as A, B, C, D (as the corresponding corners). These Cobra
probes, called CPA, CPB, CPC, and CPD, were installed 72 mm (0.92 H)
45◦ from each building corner. The probe head was located above the
roof of the building, 98 mm (zc = 1.26 H) above the ground. This does
not constitute a typical choice for wind tunnel tests, since the mea-
surements are likely to be affected by the presence of the building. On
top of that, wake effects from the probes may propagate to the wall
pressures. On the other hand, this solution is crucial for capturing the
variation of the local flow curvature in the horizontal plane around the
building. In fact, by fitting the velocity measurements with the theo-
retical formulation of Baker and Sterling (2018) for the radial and the
tangential velocity components, it is possible to reconstruct the wind
field induced by the tornado-like flows (Kopp and Wu, 2020). The
translation of the tornado-like flows made the relevant generated wind
field non-stationary; hence, the generated wind directions could not be
captured by a fixed set of Cobra probes, which have a cone of acceptance
of about 80 ◦ (± 40◦). The Cobra probes were tentatively oriented such
that they could measure the incoming wind when they were (approxi-
mately) windward of the building. To overcome the measurement lim-
itations of the Cobra probes (i.e., the wind velocity is too low in
magnitude, or it is directed outside of the cone of acceptance, see Fig. 2
in Kopp and Wu, 2020, for further details), three different combinations
of probe orientations were applied, with 30 repeats of each. This is
explained for Case A by Kopp and Wu (2020); analogously, a similar
strategy has been adopted for Case B (i.e., Cases B – I, B – II, and B – III).
Specifically, CPA and CPD were oriented to capture the wind for the
tornado approaching the building (yTC< 0mm, Fig. 1a and b), while CPB
and CPC were oriented to capture the wind once the tornado was leaving
it (yTC > 0 mm). Table 1 includes the information about the probe
orientation defined for Case B, as well as the relevant number of
nominally identical repeats that were carried out.

The Cobra probes are able to measure the incoming wind velocity in
three components, viz., the longitudinal, lateral, and vertical. From
these, it is possible to estimate the three components, u, v, and w parallel
to the X, Y, and Z-coordinates (Section 2.1). Moreover, the velocity
magnitude, |u|, may be evaluated as:

|u| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2 + w2

√
. (1)

From the measurements, it is also possible to estimate the wind az-
imuth and elevation angles, θ and β, as:

θ= tan− 1
(v
u

)
; (2)

β= tan− 1
(

w
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√

)

. (3)

3. Methodology to define tornadic streamlines induced by
tornado-like flows

Conditional-averaging procedures were defined based on yTC. In
particular, segments 10 mm long were defined and the acquired time
histories of velocity and pressure were assigned to these according to the
temporal variation of yTC. The overall conditionally-averaged time his-
tories for each of these quantities were obtained by stitching the
different samples coming from each repeat. From this time-history, it
was possible to estimate the ensemble mean and the ensemble root-
mean-square fields. As in Kopp and Wu (2020), these will be simply
referred to as the mean and rms values hereinafter, without the adjective
‘ensemble’ being used. They will be mathematically labelled with the
symbols 〈 ⋅〉 and rms ( ⋅), respectively.

Fig. 3 depicts the mean wind velocity vector profiles measured from
the four Cobra probes for Case B. As for Case A, the variation of the
estimated azimuth angle is significant for CPD, ranging from approxi-
mately 120 ◦ to 45 ◦ over a 1.2 m translation of the tornado vortex, while
CPA is characterized by a more limited azimuthal variation, like for Case
A. Oppositely, the measurements from the CPB and CPC, oriented to be
able to measure the rear side of the tornado, indicate almost coincident
wind velocities on the horizontal plan in magnitudes.

These measurements may be conveniently converted from a Carte-
sian coordinate system (u = (u,v,w)) to a cylindrical one (u= (ur, uα,w))
attached to the tornado center, as done for Case A in Kopp and Wu
(2020). In doing so, besides the azimuth angle, θ, it is necessary to define

the distance from the tornado core Δr =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2 +
(
y − yTC

)2
√

. As for Case
A, the measurements from CPB and CPC (set to measure the rear side of
the tornado) show a higher inflow (or radial) component ur (for
1.5 < Δr/rc < 3), while CPA and CPB acquire higher tangential velocities
uα. This fact is likely to be related to the different effects generated by
the translation of the tornado-like vortices on the different Cobra probes
(Kopp and Wu, 2020). The information retrieved by these plots go even
beyond the experimental outcomes, as demonstrated by Kopp and Wu
(2020), who fit the data from Case A with the radially-symmetric
analytical functions ur(r) and uα(r) proposed by Baker and Sterling
(2018). In particular, the measurements from CPA and CPB appeared to
be less affected by the building if compared with CPC and CPD, and,
hence, were adopted for the fitting. This step was instrumental to draw
streamline fields (Fig. 2 a–c from their paper). Taking advantage of the
Kopp and Wu method, the next figures show how such empirical fitting
seems to be functional also for the experimental data gathered from Case
B (magenta dots); the figures also report through black dots the data
from Case A. The case of CPB (Fig. 4b) shows an excellent agreement; the
measurements from CPA (Fig. 4a) follow the fit in a satisfactory way,
especially for Δr/rc > 1.5, although the magnitude of the tangential
components are generally higher than the analytical fits.

Based on these outcomes, the analytical fit of the measurements from
CPA and CPB (based on Case A) are suitable tools to reconstruct the wind
field for Case B, confirming that the interference between wind field and
building is limited. Therefore, the tornadic streamlines will be drawn by
employing this fitting method, allowing a discussion about their effects
on the aerodynamics of the building. For instance, they will enable the
estimation of the velocity vector in the proximity of the building, even
when this is not experimentally available. The field is drawn by attrib-
uting different weights to the measurements from CPA and CPB. CPA is
employed to draw the tornadic wind field for the building located at the
front side of the tornado, while CPB is used to model the wind field when
the building is at the rear side. A smooth transition is applied between
the two of them. The streamlines on the domain are drawn in Fig. 5,
which also encloses specific velocity vectors experimentally evaluated

Table 1
Description of the three combinations of probe orientations and relevant number
of repeats for Case B.

Case
B

Cobra
probe A
(CPA), θ

Cobra
probe B
(CPB), θ

Cobra probe
C (CPC), θ

Cobra probe
D (CPD), θ

Number of
repeats

B - I − 65◦ − 195◦ − 180◦ − 95◦ 30
B – II − 95◦ − 180◦ − 180◦ ◦ − 95◦ ◦ 30
B - III − 65◦ − 195◦ Not

installed
Not
installed

30
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from CPA (black) and CPB (blue).
For the vertical component of the velocity, w, its estimation is re-

ported in Fig. 6 versus the abscissa, Δr/rc. The updraft in proximity of
the tornado core may become rather sustained; therefore it may have an
impact on the aerodynamics of the building. However, it is challenging
to estimate the implications, since this aspect is deeply connected to
tornado-like flows and is typically disregarded from traditional aero-
dynamic analyses of structures subjected to ABL winds.

Conditional-averaging procedures were carried out on the pressure
measurements as well. The pressures measured from the taps on the
radial ground-tap from Case A were fit with the theoretical formulation
by Baker and Sterling (2018) (see Kopp and Wu, 2020 for a detailed
description of the procedure). The same fitting function is used herein
for Case B. This step is crucial to remove the static pressure associated
with the tornado-like flows (ps) from the total loading, and hence, to
isolate the aerodynamic component of the loading, p − ps.

4. Aerodynamic pressure patterns associated with tornado-like
flows

In order to examine the effects played by the streamline curvature on
the aerodynamics of the building model, this Section identifies specific
aerodynamic pressure patterns from Case A and Case B. In particular,
these are classified into three different categories. Section 4.1 groups
cases characterized by the upstream wind direction perpendicular to the
short side of the building. Section 4.2 concerns cases with the upstream

wind direction oblique with respect to the building. Finally, Section 4.3
concerns different building orientations for the same distance between
structure and the tornado core.

4.1. Upstream wind direction perpendicular to the short side of the
building

The first case that is analyzed derives from Case A and is charac-
terized by a vortex position at yTC = -1125 mm (i.e., the building is
located on the front approaching side of the tornado). It is called Case A
– I. Fig. 7a shows the streamline field in the proximity of the building.
The tornado core is indicated with a thicker red line. Fig. 7b shows the
mean aerodynamic pressure field on the roof and on the circular ground
plate, 〈p − ps|yTC 〉. The symbol |yTC recalls that the measurements are
linked with a specific position of the vortex. The baseplate and the
building roof are framed into areas that are associated with single
pressure taps. The (model-scale) magnitudes of the pressures are
expressed (in Pascals) through the colorbar indicated on the top left of
the graph. In addition, the mean wind velocity vectors corresponding to
the four Cobra probes are indicated through arrows. These are in black if
they are based on experimental data, when available. Their quantifica-
tions, in terms of magnitude, azimuth and elevation angle, are reported
on the bottom left of Fig. 7b. On top of that, green arrows are drawn
according to the analytical fitting. These ones, estimated for CPB and
CPC, indicate a wind direction on the leeward side of the building that is
approximately 15◦ misaligned with that on the windward face, being

Fig. 3. Mean velocity vector u profiles for locations with respect to the tornado core estimated by the four Cobra probes measured every 100 mm for Case B. The red
semi-circle denotes half of the tornado core.

Fig. 4. Mean velocity components in cylindrical coordinate (radial and tangential) attached to the center of the translating tornado and relevant fitting based on Case
A: (a) CPA and (b) CPB.
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oriented towards “south-west”.
The mean aerodynamic pressure patterns on the walls and the roof of

the building are then provided in Fig. 8b, which also reports the same
arrows associated with themean wind velocity field on the corners of the
unfolded building surfaces. Next to this plot, there are the mean aero-
dynamic pressure patterns that are estimated from tests conducted
under straight-line ABL winds in Fig. 8a and c. These derive from a wind
tunnel campaign conducted at the Boundary Layer Wind Tunnel 2
(BLWT2) at the University of Western Ontario on the same wind tunnel
model for an open exposure. Further details about this set of experiments
are found in Wu and Kopp (2016, 2018). The evaluated coefficients are
then converted into pressures by using the dynamic pressure from the
Cobra probes (details about the methodology for the comparison are
provided by Kopp and Wu, 2020). For the case at hand, the measure-
ments from CPD are adopted (Fig. 8a), which are subsequently shifted
25◦ (Fig. 8c) as suggested by Kopp and Wu (2020), to consider the local
variation of the flow curvature. Fig. 8a and c also include the mean
velocity vectors from the four Cobra probes they are based on (in green),
which for ABL winds are all equal.

The first comparison is made between the tornado measurements
(Fig. 8b) and those from straight-line ABL winds based upon CPD
(Fig. 8a). The first glaring difference that may be noted concerns the
absence of a symmetric pattern in the tornadic results, while Fig. 8a
reflects an upstream ABL wind direction that is perpendicular to the
short side of the building. In particular, clear distinctions are found on
the pattern on the roof, which is known to be the dominant component
for the aerodynamic behaviour of low-rise structures. In fact, Fig. 8b
highlights the presence of conical vortices generated from the corner A
that cannot be predicted in an ABL-based framework. Their presence
generates a pattern of suction that propagates towards the side wall CD
and the leeward wall BC, whose pressure distributions are again distinct
from those shown in Fig. 8a. Shifting the orientation of CPD (Fig. 8c)
permits a better agreement of the patterns on the roof, as well as on the
side wall CD (as discussed by Kopp andWu, 2020), although the relevant
aerodynamic loads become higher. Nonetheless, the localized suction on
the leeward wall, BC, is again absent, and this appears to be an outcome
typical of tornado-like flows, perhaps associated with the variation of
the flow direction occurring along the long sides of the building.

An aerodynamically similar condition is now studied from Case B,
labelled as Case B – I. In this case, yTC = 1105 mm, hence the building is
located on the rear side of the tornado. In analogy with Case A – I, the
Cobra probes on the windward face, this time BC, experimentally indi-
cate a flow direction that is perpendicular to that. From the analytical
model of the flow direction, it is possible to infer a change of the wind
orientation between the windward face, BC, and the leeward face, DA, in
the order of 20–25◦, as indicated by the magenta mean wind velocity
vectors in correspondence of CPA and CPD. Fig. 9 is structured as Fig. 8,
but Fig. 9c also encloses the pattern on the unfolded building surfaces,
including the distributions on the walls.

The comments made for Case A – I appear to be applicable also in this
circumstance. In fact, the pressure distribution reveals again a non-
symmetric pattern, in spite of the fairly uniform flow direction regis-
tered on the windward face. Conical vortices are generated on the roof,
this time starting from corner C. This is similar to Case A – I, where the
conical vortices were again generated in the corner that was farther from
the tornado core. The relevant suction pattern tends to propagate to-
wards the side wall, AB, and the leeward wall, DA, whose distributions
resemble those for the corresponding walls, CD and BC, from Case A – I.
In effect, the prediction through an ABL-based framework (this time
based on CPC) leads to an underestimation of the loads on these walls,
missing the relevant patterns, in particular for the leeward wall, DA.

Another case is presented herein, again extracted from Case B, called
Case B – II, which is for yTC = 1755 mm. This location again features the
building on the rear side of the tornado, but with a greater distance than
Case B – I. Therefore, the curvature of the streamlines is reduced
(Fig. 10a), and the flow direction on the leeward side becomes more

Fig. 5. Streamlines of planar mean velocities on the horizontal plan through a
spatially-weighted average of CPA and CPB fits.
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Fig. 6. Mean vertical velocity component (Case B). The measurement data are presented for accumulation times larger than 0.2 s.

Fig. 7. (a) Tornadic streamlines and (b) mean pressure pattern on the roof and the baseplate for Case A – I.

Fig. 8. Comparison between the mean pressure patterns estimated from tornado measurements (Case A – I) and straight-line ABL winds evaluated according to single
probe measurements: (a) ABL winds based on CPD, (b) tornado measurements, (c) ABL winds based on CPD, 〈θ〉+ 25◦.

Fig. 9. (a) Tornadic streamlines, (b) mean pressure pattern on the roof and the baseplate, (c) mean pressure pattern on the unfolded building surface for Case B – I.
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similar to that on the windward one. This seems to be reflected by the
relevant mean aerodynamic pressure pattern (Fig. 10b and c). Indeed,
the pattern on the roof becomes more symmetric, as those on the lateral
walls. At the same time, the localized suction on the leeward wall
vanishes.

In this Section, cases with upstream wind direction perpendicular to
the short side of the building were examined. The role played by the
streamline curvature appears to be reflected on the mean pressure dis-
tributions registered on the buildings, which are different from those
observed in ABL winds for similar upstreamwind direction. In fact, these
distributions are characterized by cornering suctions, as well as by a
localized increase of the load in the leeward walls (Cases A – I and B – I).
Nonetheless, these effects are significantly mitigated once the streamline
curvature is reduced (Case B – II).

4.2. Upstream wind direction oblique with respect to the building

The first three cases examined in this Section are all extracted from
Case A, with the building on the rear side of the tornado, in particular for
yTC = 375 mm, 755 mm and 1755 mm (Case A – II, III, IV, respectively).
This set is picked since, as noted by Kopp and Wu (2020) and in Section
3, the mean wind azimuths measured by CPB and CPC change little after
the tornado passes the building. In analogy with Figs. 7 and 11 shows the
tornadic streamlines for Case A – II and the mean aerodynamic pressure
field on the geometry of interest. The azimuth angle registered from CPC
is 46◦, which varies significantly (on the order of 30–35◦) along the side,
CD. Moreover, the streamline that passes through D tends to stay close to
the building, bending and changing its orientation, as reflected by the

inferred mean wind velocity vector of CPA.
Following the structure of Fig. 8, Fig. 12 compares the mean aero-

dynamic pressure patterns from tornado-like flows with those from
compatible ABL winds. These are based upon the measurements from
CPC (Fig. 12a), and by shifting them by 10◦ (Fig. 12c), as suggested by
Kopp and Wu (2020) for this side of the tornado path.

The first comparison that is discussed concerns Fig. 12a and b. The
patterns on the roof are characterized by the same origin as the conical
vortices, i.e., corner C. However, the ABL-based case leads to an increase
of the suction on the side BC, as well as on that side of the edge AB. On
the other hand, the most evident discrepancy is found on the other side
of the roof with a stronger suction found on the lateral edge DA in the
tornadic case. It is worth noting that this occurs where there is the
greatest difference in terms of flow field between straight-line ABL
winds and tornado-like flows, as shown in Fig. 11a. The presence of
different suction patterns between the two cases may reflect the pres-
ence of different vortical structures affecting the roof. Moreover, this
seems to affect the leeward wall AB as well, which exhibits a strong
localized suction that is missing in Fig. 12a. In fact, the pattern of the
leeward wall appears distinct from the one typical of a straight-line ABL
wind, which shows a continuous pressure recovery. As a final note, the
presence of a stronger flow separation in the tornadic case is newly
found on the lateral wall, DA, and this may be driven by the local flow
field in correspondence of the corner D. In overall terms, the tornado
case leads to a stronger aerodynamic loading on the wall DA and on the
roof, while a reduction is found for the wall AB. The shifting of the wind
direction of CPC (Fig. 12c) is beneficial in reducing all these discrep-
ancies; however, the generated pressure patterns are still distinct from

Fig. 10. (a) Tornadic streamlines, (b) mean pressure pattern on the roof and the baseplate, (c) mean pressure pattern on the unfolded building surface for Case B – II.

Fig. 11. (a) Tornadic streamlines and (b) mean pressure pattern on the roof and the baseplate for Case A – II.
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those induced by tornado-like flows.
Attention now is given to the variation of the pattern from tornado-

like flows with the position of the vortex. Case A – III (yTC = 755 mm) is
shown in Fig. 13. As can be seen from the streamlines, and quantified in
Fig. 13b, the azimuth estimated from CPC is again 46◦, the same as Case
A – II. For this position, CPB also provides data, and these indicate an
azimuth equal to 51◦ and a mean wind velocity magnitude that is 40 %
higher than the one from CPC. The streamline curvature (Fig. 13a) is
reduced, although it still reflects the rotational nature of the wind field.

From the pressure distribution on the unfolded building in Fig. 13c, it
is again possible to note that the suction on the roof significantly
propagates from corner C to the side DA of the roof. Moreover, a strong
localized suction is newly found on the leeward wall AB, perhaps related
to the pattern on the roof. This seems also to be highlighted by an
increased suction experienced by the taps on the ground in front of this
wall. If compared with Case A – II, this region seems to migrate towards
the corner A, following the reduction of the streamline curvature. If
compared with the results obtained from straight-line ABL winds, the

tornadic case leads to higher aerodynamic loading for the walls DA and
AB, as well as for the roof.

The last case that is examined from this set is Case A – IV (yTC = 1754
mm, Fig. 14a and b). In this configuration, the aerodynamic loads are
much reduced if compared with the other positions. The propagation of
the suction on the roof seems to be more limited. As a matter of fact, the
prediction through ABL-based approaches leads to comparable aero-
dynamic loading.

Now, two other cases are examined, both of them characterized by
the presence of the building on the front side of the bell-mouth. The first
one is extracted from Case A (Case A – V), and it is identified by yTC =

-475 mm (Fig. 15).
The other case derives from Case B, and it is called Case B – III

(Fig. 16). The bell-mouth is characterized by yTC = -715 mm; hence it is
set back if compared with Case A – V (Fig. 15b and 16b). This choice is
made to compare two situations that are more similar from an aero-
dynamic viewpoint, at least for the windward face, DA in both cases.
Indeed, the pressure patterns observed in Fig. 15c and 16c denote

Fig. 12. Comparison between the mean pressure patterns estimated from tornado measurements (Case A – II) and straight-line ABL winds evaluated according to
single probe measurements: (a) ABL winds based on CPC, (b) tornado measurements, (c) ABL winds based on CPC, 〈θ〉+ 10◦.

Fig. 13. (a) Tornadic streamlines, (b) mean pressure pattern on the roof and the baseplate, (c) mean pressure pattern on the unfolded building surface for Case A – III.

Fig. 14. (a) Tornadic streamlines, (b) mean pressure pattern on the roof and the baseplate, (c) mean pressure pattern on the unfolded building surface for Case A – IV.
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evident similarities. Firstly, in both cases the conical vortices start from
corner D, and they tend to propagate towards the lateral and the leeward
walls. Moreover, the walls AB reveal the presence of a localized suction
towards the corner B, potentially linked with the pattern of the roof.
Even more striking is the similarity between the walls BC, which both
indicate the presence of local effects on the corner B. Particularly in Case
B – III, such effect leads to strong discrepancies with the prediction
through an ABL-based approach based on the measurements from CPD.

In this Section, cases with a windward cornering wind direction were
examined. As in Section 4.1, the role of the streamline fields in regions
different than the upstream one is found to control the aerodynamics of
the building (Cases A – II, A – III, A – IV). As a matter of fact, cases
featured by different distances between the building and the tornado
vortex but similar wind field in their proximity (Cases A – V, and B – III)

are both characterized by analogous local effects, namely the conical
vortices originated from the same corner and a localized suction on the
leeward wall.

4.3. Different building orientations at a fixed distance from the tornado
centre

The last case that is chosen is Case B – IV (Fig. 17). This configuration
is for yTC = -215 mm. If compared to Case B – III (Fig. 16), it is possible to
observe the conical vortices still originate from corner D. However, the
local effects observed for the lateral wall, BC, and the leeward wall, AB,
appear to be significantly mitigated.

Another motivation to study Case B – IV is represented by the dis-
tance between the tornado core and the center of gravity of the building,

Fig. 15. (a) Tornadic streamlines, (b) mean pressure pattern on the roof and the baseplate, (c) mean pressure pattern on the unfolded building surface for Case A – V.

Fig. 16. (a) Tornadic streamlines, (b) mean pressure pattern on the roof and the baseplate, (c) mean pressure pattern on the unfolded building surface for Case B – III.

Fig. 17. (a) Tornadic streamlines, (b) mean pressure pattern on the roof and the baseplate, (c) mean pressure pattern on the unfolded building surface for Case B – IV.
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1.23 r0, which is the same as per Case A – II (Fig. 18a). Even beyond that,
the wind field in proximity to the windward walls show significant
similarities. This may be observed by studying the mean wind velocity
vectors that may be estimated from the analytical fit (Section 3) along
segments that are parallel to these walls. These are evaluated along the
dashed-dotted lines indicated in Fig. 18a. In particular, five points are
investigated along the segment 12 to estimate the wind velocity vectors
in proximity of the short windward wall of the building (BC for Case A –
II and DA for Case B – IV). Analogously, five points are picked along the
segment 23 to investigate the wind action acting on the long side CD.
Fig. 18b portrays these mean wind velocity vectors for these two cases.
To better emphasis the similarity between the two cases, the vectors
from Case A – II have been mirrored with respect to the Y-axis of the
building (which is colored in green). This plot clarifies that Case A – II is
characterized by a lower gradient of the flow direction along the
segment 12, while the opposite is found for the segment 23. Nonetheless,
the overall variation of the flow direction in the horizontal plane is on
the order of 30–35◦ for both the cases. The magnitudes of the velocity
vectors, represented by the length of the arrows, are also comparable
between the two cases.

On the other hand, the streamline fields in proximity to the leeward
wall of the buildings are significantly different (Fig. 18a). The consid-
erations that have been made concerning the wind field seem to be

reflected when examining the mean pressure distributions, which are
compared in Fig. 19. For sake of comparison, the distribution of Case A –
II has been again mirrored with respect to the Y-axis.

The comparisons between the pressure distributions in Fig. 19
immediately reveal that the conical vortices are generated from the
same corner, suggesting the similarity of the incoming wind field.
Moreover, the mean overall uplift in the two cases is indeed comparable,
being measured in 3.57 N (model scale) for Case A – II and in 3.61 N for
Case B – IV. Nonetheless, significant distinctions in the patterns on the
roof are unveiled. In fact, albeit the conical vortices are generated from
the same corner, the suction generated towards the lateral wall, BC, in
Case B – IV seems to be mitigated compared to what is observed in Case
A – II towards the corresponding wall, DA. In effect, Case B – IV exhibits
the whole edge BC of the roof to be less highly loaded. Moreover, the
leeward wall AB presents an increase of the pressure when moving from
A to B, not exhibiting any localized suction as in Case A – II. These facts
may reflect the presence of a vorticity pattern on the roof in Case B – IV
that is different than what discussed when commenting Fig. 12b for Case
A – II.

A discussion about the possible causes behind such differences is
provided in the following Section.

Fig. 18. (a) Identification of the segments 12 and 23 in correspondence of the windward walls for Case A – II and Case B – IV, (b) representation of mean wind
velocity vectors along those segments.

Fig. 19. Mean pressure patterns estimated from Case A – II (mirrored with respect to the Y-axis) and Case B – IV.
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5. Discussion

This Section aims to point out the role played by the streamline
curvature on the results for cases characterized by similar upstream
wind directions. In particular, vorticity patterns are inferred from the
mean aerodynamic pressure distributions and discussed. The first couple
of cases analyzed derive from Section 4.3 and concern Case A – II and
Case B – IV (Fig. 19). As mentioned in Section 4.3, the mechanism
associated with the propagation of the vorticity from the originating
corner to the peripheral areas of the building seems to be different. In
particular, Case A – II (Fig. 19a) shows an increase of the suction in the
edges of the roof if compared with Case B –IV. On the other hand, the
load seems more comparable, if not reduced, for the intermediate re-
gions between the origin of the conical vortices and the edges of the roof.
An increase of the amplification of the vorticity on a wider area for Case
A – II may perhaps be induced by the reduction of the component of the
velocity vector parallel to the long wall, CD. This may cause a reduction
of the vortex-stretching mechanism with respect to ABL winds; hence,
the effect of the bubble separation occurring along the edge may become
more significant, able to generate an amplification of the vorticity on an
area of the roof that is larger than Case B – IV and than ABL winds.
Sketches of the vorticity patterns around the building are given in
Fig. 20a and b for Case A – II and Case B – IV, respectively. The vorticity
amplification occurring on the roof also appears to affect the pattern of
the leeward face, AB, with the potential presence of a vortex detached
from the corresponding edge of the roof (Fig. 20a). This may explain the
strong increase of suction in the inner region of the wall (not observed in
Case B – IV), which seems to be detected by pressure taps on the floor as
well. Following the same reasoning now for the short side wall (segment
12, Fig. 18b), Case B – IV is characterized by amore significant reduction
in the vortex-stretching phenomenon; in effect, also in this case there is a
peripheral region (towards the corner A) characterized by an amplifi-
cation of the vorticity which is broader than what observed for Case A –
II along the corresponding wall, BC, associated with amore uniform flow
direction. Another comment that may be made concerns the aero-
dynamic pressure pattern that is found on the lateral wall, DA for Case A
– II (Fig. 19a) and BC for Case B – IV (Fig. 19b). The flow separation that
is found for Case A – II seems to be much more pronounced, in spite of a
similar flow curvature on the associated south-west corner. This
different pattern may perhaps be ascribed to the effect of the vertical

wind field, which may become of significance in the results from the
Case B – IV. In fact, the wall BC is the region that is closest to the tornado
core, and the propagation of vorticity on the roof may be awakened by
that (Fig. 20b). This may also have implications on the pressure patterns
that are found in proximity of the corner B of Case A – II.

The considerations that have just been made seem also to be appli-
cable to explain other different pressure distributions that were
observed in Section 4. For instance, this is the case of Case B – I and Case
B – II (Section 4.1), whose patterns were found to be different, despite a
similar upstream wind field. As illustrated in the sketch in Fig. 21a, the
streamline curvature may mitigate the vortex-stretching mechanism
occurring along the side CD for Case B – I, and this may generate an
amplification of the vorticity affecting the edge of the roof AD, leading to
a pattern that appears to be induced by an oblique wind. When the
streamline curvature is reduced (Case B – II, Fig. 21b), the conical
vortices are no longer present and the distribution becomes more
symmetric.

6. Conclusions

In this paper, the role played by the streamline curvature induced by
tornado-like flows on the aerodynamics of a low-rise structure is
analyzed. Investigations have been conducted through the analyses of
conditionally-averaged aerodynamic pressure fields detected by pres-
sure taps installed on the building and on the ground plane. The local
wind field has been estimated through the installation of four Cobra
probes placed in proximity of the building corners, which allowed the
definition of the streamline field of the tornado-like vortex. The building
was tested for two different orientations with respect to the tornado
translation path, labelled as Cases A and B. Different locations have been
selected from Case A and Case B and these have been classified ac-
cording to the upstream wind direction or according to the distance
between the tornado core and the building. Analogies in terms of pres-
sure fields have been found between cases affected by similar streamline
fields, suggesting the role played by the streamline curvature as a con-
trolling parameter for the building aerodynamics. On the other hand,
these patterns seem to be sensitive to variations of the streamlines field
in regions different than the upstream one, in particular in regions
affected by the wake. Furthermore, comparisons with those induced by
straight-line ABL winds highlights the presence of differences, implying
the existence of a different mechanism producing the vortical patterns
around the building. This seems to be reflected also by an increase of the
aerodynamic loading on walls, specifically on the lateral and leeward
sides.

These facts highlight the importance of the variation of the local
wind field around the building in the definition of the aerodynamic
pressure patterns affecting the structure. The streamline curvature may

Fig. 20. Sketches of the vorticity patterns generated for (a) Case A – II and (b)
Case B – IV.

Fig. 21. Sketches of the vorticity patterns generated for (a) Case B – I and (b)
Case B – II.
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affect the separation bubbles on the wall by shrinking them or affecting
their geometry, as well as by modifying the vortical structures on the
roof. Further insights may be corroborated by numerical simulations (i.
e., CFD) or advanced visualization techniques, such as PIV, which
however remain challenging in the framework of tornado simulators. On
the other hand, studies conducted in traditional wind tunnels by
attempting to replicate a variation in the flow direction may be useful.
Reproducing specific aspects of non-synoptic winds in traditional facil-
ities certainly represents an interesting research line for wind engineers,
already developed for downbursts (e.g., Solari, 2014; Brusco et al.,
2024).

As a future perspective, it would be of great interest to observe how
the patterns observed during the presented measurement are sensitive to
an increase of the translational velocity of the tornado vortex. In fact,
transient aerodynamics constitutes a crucial aspect associated with non-
synoptic winds (Brusco et al., 2022). Moreover, a better understanding
of the effects of the vertical wind velocity field on the aerodynamics of
the building is needed.
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