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Characteristics of Tornado-Like Vortices Simulated in a Large-
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Abstract Tornado-like vortices are simulated in a large-scale Ward-type simulator to further
advance the understanding of such flows, and to facilitate future studies of tornado wind loading
on structures. Measurements of the velocity fields near the simulator floor and the resulting floor
surface pressures are interpreted to reveal the mean and fluctuating characteristics of the flow as
well as the characteristics of the static-pressure deficit. We focus on the manner in which the swirl
ratio and the radial Reynolds number affect these characteristics. The transition of the tornado-like
flow from a single-celled vortex to a dual-celled vortex with increasing swirl ratio and the impact
of this transition on the flow field and the surface-pressure deficit are closely examined. The mean
characteristics of the surface-pressure deficit caused by tornado-like vortices simulated at a
number of swirl ratios compare well with the corresponding characteristics recorded during full-

scale tornadoes.

Keywords Aspect ratio - Radial Reynolds number - Surface-pressure deficit - Swirl ratio - Tornado-

like vortex

1 Introduction
Tornadoes are historically among the most devastating natural hazards resulting from the flow in
the atmospheric boundary layer. Even given today’s advances in science and technology,

especially the significant improvement in building practice, the devastation caused by tornadoes
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has not subsided. Indeed, several recent major tornadoes in the U.S.A., including the Joplin
(Missouri) and Tuscaloosa—Birmingham (Alabama) tornadoes in 2011, the Moore (Oklahoma)
tornado in 2013 and the Dallas (Texas) area tornado in 2015, have each caused more than one
billion US dollars in monetary losses and tens of fatalities, and in the case of the Joplin tornado,
more than 100 fatalities.

A major reason for the continued devastation resulting from tornadoes is the inadequate
understanding of their loading on structures. Due to the destructive nature of tornadoes and the
difficulty in predicting their formation and subsequent path, the measurement of full-scale wind
speeds in tornadoes remains challenging. The existing measurements have mostly been recorded
with Doppler radars (e.g., Wurman and Alexander 2005), and the measurements of tornado-
generated pressure deficits have only been made by probes on the ground (e.g., Karstens et al.
2010) in a limited number of cases. While Doppler radar measurements have been extensively
used in studies of the genesis and large-scale characteristics of tornadoes, the resolution of these
measurements is inadequate for the investigation of turbulence in tornadoes or the resulting wind
loading on structures. Also, since radars must be stationed at long distances from tornadoes, the
measurements can only be made above the heights of many structures, such as low-rise buildings,
which are among the most susceptible to damage. For these reasons, many studies have been based
on laboratory or numerical simulations. Numerical simulation of tornadic winds, such as those
based on computational fluid dynamics, has particularly undergone steady progress in recent years
(e.g., Lewellen et al. 1997, Nolan and Farrell 1999, Nolan 2005, Ishihara et al. 2011, Natarajan
and Hangan 2012). However, the capability of this approach in assessing the turbulence in
tornadoes still needs to be validated using either full-scale or laboratory data.

The laboratory simulation of tornado-like flows has seen significant advancements since Ying
and Chang (1970) built the first tornado simulator more than four decades ago. In particular, the
so-called Ward-type simulator, which is named after its inventor (Ward 1972), has undergone
continued development. This type of simulator utilizes a fan or multiple fans at the top to generate
an updraft, and a mechanism at the periphery of the cylindrical testing chamber at the bottom to
control the angular momentum of the inflow. A baffle between the convective region above the
updraft hole and a plenum below the exhaust eliminate the influence of the vorticity created by the
fan(s) on the flow below the baftle. Initially, a rotating screen, first without (Ward 1972) and then

with (Church et al. 1977) surrounding anti-turbulence panels, was used to control the circulation
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in the inflow. More recent designs have opted to use turning vanes in the form of airfoils for this
purpose (e.g., Lund and Snow 1993, Mishra et al. 2008).

Experiments in Ward-type simulators have historically contributed to the fundamental
understanding of tornado-like flows, as well as the dependence of the flow structure on the swirl
ratio, the radial Reynolds number, and the aspect ratios, which have been identified to be the non-
dimensional parameters governing the dynamics and geometry of three-dimensional vortex flows
(Lewellen 1962, Davies-Jones 1973). Based on the qualitative interpretation of flow visualization
and quantitative analysis of the velocity and surface-pressure measurements, previous
investigations (e.g., Ward 1972, Davies-Jones 1973, Jischke and Parang 1974, Church et al. 1979,
Snow et al. 1980, Lund and Snow 1993) suggested that the swirl ratio is the primary parameter
controlling the structure of simulated vortices. A single-celled vortex forms at a small swirl ratio,
and with increasing swirl ratio, the core of the vortex transitions from a laminar to a turbulent state.
The transition initiates from a region near the flow-straightening baffle and continues to progress
upstream until reaching the simulator floor. With a further increase of the swirl ratio, the flow
transitions into a dual-celled vortex, resulting in downflow in the region surrounding the axis of
the simulator and, ultimately, to multiple vortices. Such a transition of the flow was found to be
accompanied by a distinct evolution of characteristics such as the radius of the vortex core and the
profiles of the mean tangential, radial and axial velocity components, as well as the corresponding
change of the radial profile of the mean surface-pressure deficit (e.g., Church et al. 1979, Snow et
al. 1980). Compared with the swirl ratio, the radial Reynolds number and aspect ratios were found
to only have secondary effects on the simulated flow. In particular, it has been shown that the main
characteristics of the mean flow are asymptotically independent of the radial Reynolds number as
this number attains sufficiently large values (Church et al. 1979).

While the Ward-type simulator has long been capable of generating flows resembling the main
characteristics of natural tornadoes (e.g., Church et al. 1979), most of this type of simulator are
small in size and not suitable for applications such as the testing of structural models at adequate
geometrical scales (Refan et al. 2014). In addition, because conventional Ward-Type simulators
are designed to generate nominally stationary vortices, they cannot be used to study the effects of
tornado translation without employing a moving floor. Two types of facilities have been developed
in recent years to overcome these two limitations (Haan et al. 2008, Refan and Hangan 2016, Wang

et al. 2016). One type is the tornado simulator at [owa State University, together with a number of
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similar simulators of the same design. This type of simulator differs from the Ward-type simulators
in that it translates and is of a closed-circuit type. The angular momentum is induced by turning
vanes at the top of an annular duct above the test section, which contrasts to an open-circuit Ward-
type with the angular momentum introduced through a mechanism surrounding the test chamber.
The other facility is the Wind Engineering, Energy and Environment Dome at the University of
Western Ontario, which, when configured for tornado simulations, is fundamentally similar to that
of a Ward-type simulator. However, it uses individually controllable fans at the periphery of the
test chamber to supplement the turning vanes and enhance the control of the inflow. It also utilizes
a traversing bell mouth to provide a translating source of the updraft to enable the simulation of
translating vortices. Both the Iowa State University simulator and a scaled-down model of the
facility at the University of Western Ontario have been demonstrated to be capable of simulating
tornado-like vortices (Haan et al. 2008, Refan and Hangan 2016).

Regardless of the simulator type, most laboratory simulations of tornadoes to date have been
conducted over a smooth surface. In a small number of studies, experiments have been conducted
over roughness elements (e.g., Dessens 1972, Zhang and Sarkar 2008, Matsui and Tamura 2009,
Wang et al. 2017) representing the roughness of the Earth’s surface. These experiments revealed
that the surface roughness can substantially affect the mean characteristics of the flow and the
surface pressure, such as the size of the vortex core, the magnitude of the mean tangential velocity
component and the maximum mean deficit in surface pressure. Although some specific
observations have varied from experiment to experiment, the general consensus is that the effects
of increasing the surface roughness on the mean flow characteristics is similar to decreasing the
swirl ratio (Wang et al. 2017). In a recent study, Wang et al. 2017 observed that the surface
roughness affects both the radial and vertical velocity fluctuations. Despite these previous efforts,
however, proper configuration of the surface roughness for different types of tornado simulators,
or different simulator configurations, remains a challenge due to the inconsistency regarding the
geometrical scaling of tornado simulations, and the lack of established criteria for characterizing
the surface roughness. Much work is still needed to enable effective quantification of surface-
roughness effects on the mean and turbulent structure of tornado-like vortices.

Despite the continued advancement in laboratory simulations of tornado-like vortices, some
basic physical characteristics have yet to be comprehensively investigated. In particular, previous

studies have primarily focused on the mean components of both the velocity and static-pressure
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deficit at the surface, with the fluctuating components generally overlooked. In the limited number
of experiments performed to study the turbulence, the focus was placed on the root-mean-square
values or standard deviations of the tangential, radial and axial velocity components (Tari et al.
2010, Liu and Ishihara 2015, Refan et al. 2015, Wang et al. 2017). While some studies did
investigate the Reynolds-stress components and the turbulent kinetic energy (e.g., Tari et al. 2010),
lacking are characteristics such as the probability distributions of the velocity and the surface-
pressure fluctuations.

A comprehensive experimental campaign was conducted to characterize the mean and
fluctuating velocity components of tornado-like vortices simulated in a large-scale Ward-type
simulator, with an emphasis on the fluctuations of velocity and surface pressure, which are critical
for the tornado loading on structures, as well as the dependence of the turbulence and the surface-
pressure fluctuation on the swirl ratio and the radial Reynolds number. Some of the key flow and
pressure-deficit characteristics observed in the experiments are compared with the corresponding
characteristics of previous important experiments for the understanding of tornadic flows, which
enables an assessment of the capability of the simulator to generate tornado-like vortices. All the
experiments have been conducted over the smooth floor of the simulator without simulation of
tornado translation. Investigations of the effects of surface roughness and tornado translation will
be pursued in future experiments after upgrading the facility to enable the simulation of translating

tornado-like vortices.

2 Experimental Facilities

2.1 The tornado simulator

The experiments were conducted in a large-scale Ward-type simulator at Texas Tech University
known as the VorTECH simulator. As schematically depicted in Fig. 1, this simulator has a
chamber of 10.2 m in diameter, an updraft hole of octagonal cross-section 4 m in diameter, 64
turning vanes in the form of symmetric airfoils at the periphery of the chamber, eight fans at the
top, and a honeycomb that functions as the baffle. To generate flows of a desired structure, the
orientations of the turning vanes can be varied to control the angular momentum of the inflow, the
speed of the fans can be varied to control the amount of updraft, and the heights of the chamber
and the turning vanes can be adjusted between 1 m and 2 m to control the internal aspect ratio of

the apparatus. A vortex simulated in the VorTECH facility is presented in Fig. 1 as an illustration.
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Fig 1 A Schematic illustration of the VorTECH simulator and a picture of a simulated tornado-like vortex.

2.2 Velocity and pressure measurement systems

Measuring the velocity of tornado-like flows in simulators has always been challenging because
of the highly three dimensional and turbulent nature of the flow. A 4-hole Cobra probe (Turbulent
Flow Instrumentation Pty Ltd) with a dedicated data acquisition system and a 12-hole Omniprobe
(Aeroprobe Corporation) sampled by a Scanivalve pressure scanner were used for the velocity
measurements, with these probes chosen for their complementing characteristics. When properly
configured, the Cobra probe samples at frequencies up to 2000 Hz, but only detects incoming flow
within a £45° cone. By contrast, the Omniprobe detects incoming flow within +150°, but cannot
accurately measure the turbulence. For this reason, the Cobra probe was used for velocity
measurements whenever at least 98% of the flow was reported by the manufacturer-supplied
software to be within a £45° cone; otherwise the Omniprobe was used for the measurement of
mean velocities.

Probes inserted into the flow are inherently intrusive regardless of the probe type. The Cobra
probe has a 0.0026-m head and a maximum stem diameter of 0.014 m, and the Omniprobe has a
spherical tip of 0.006-m diameter and a maximum stem diameter of 0.0063 m, which, together
with the rods of 0.0125 m diameter for supporting the probes, are not trivial presences in the flow
field. However, because the effects of the intrusiveness of the probes on the velocity measurements
are compensated by factory-supplied calibrations, the measurements by the probes can be
considered acceptable unless the core of the vortex is very small, or the measurement is in regions
of very unsteady flow. Indeed, as the experiments show that neither probe provides consistent

measurements of the velocities near the vortex axis, velocity measurements in this region are
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discarded. Further, alternative approaches for velocity measurements in simulated tornado-like
vortices, such as those that utilize hotwires or particle image velocimetry, have also been
recognized to have their respective limitations (e.g., Church et al. 1979, Refan and Hangan 2016).
In this sense, interpretation of the flow field based on measurements by the Cobra probe and the
Omniprobe can be considered viable, so long as the limitations of the resultant datasets are
recognized.

In addition to the velocity measurements, the static pressures at 195 axisymmetric taps evenly
spaced at 0.0191 m along a radial line on the simulator floor (henceforth referred to simply as
surface pressures) were also measured in the experiments. The Scanivalve system used to sample
the Omniprobe was also used for the pressure measurements.

The reference pressure for the velocity and pressure measurements was chosen as the
barometric pressure in a static bottle in the control room beneath the tornado simulator. The static
bottle served as a fluid capacitor for attenuating the fluctuation of the barometric pressure. The
Cobra probe sampled at 625 Hz to enable recording of the high-frequency flow fluctuations, and
the pressure scanners for the Omniprobe and pressure taps sampled at 300 Hz, with each individual
velocity and pressure measurement of 2-min duration. For each experimental configuration,
velocity measurements were conducted only once, but measurements of the surface pressure were

repeated 10 times to provide ensembles and a more accurate estimation of the pressure statistics.

3 Estimation of Controlling Parameters

As is now well-recognized, the swirl ratio and the radial Reynolds number control the dynamics
of simulated tornado-like vortices and, with the external aspect ratios of tornado simulators often
fixed, the internal aspect ratio controls the geometry of the vortices (e.g., Church et al. 1979). The
swirl ratio, the radial Reynolds number and the internal aspect ratio (simply the aspect ratio

hereafter) are defined in this study as

S=rl'/Q20h), (1)
Re =Q/(2nv) (2)

and
a=hlr,, 3)

respectively, where / and 7, are the depth and radius of the convergence region of the flow, which

correspond to the height of the turning vanes and the radius of the updraft hole of the VorTECH
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facility, respectively, Q is the volumetric flow rate per unit axial length, I" is the circulation, and v
is the kinematic viscosity.

While the calculation of the aspect ratio is straightforward, the manner in which the swirl ratio
and the radial Reynolds number are estimated have varied in previous studies depending on how
the volumetric flow rate per unit length and the circulation are estimated. Here, the velocities of
the flow at elevations along a vertical line at the edge of the convergence region (i.e., at the radial
position » =r,, where r is the horizontal distance from the axis of the chamber) spanning both the
simulator floor and the bottom of the updraft hole are used as the basis for the calculation of the
volumetric flow rate and the circulation. Assuming that the mean velocity components are

axisymmetric, the volumetric flow rate per unit length and the circulation are estimated as

0=221, Y (V,, x A, )/ )
n=l1
and
Zﬁroi(Vgﬂn X Ah, ) /'h (5)

n=1

respectively, where ¥, and ¥, are the mean radial and tangential velocity components at the n™
measurement point, A/, is half the distance between the two measurement points surrounding this

point, and N is the total number of measurement points.

4 Experimental Configurations

As the heights of the chamber and the turning vanes were fixed at 2 m, the aspect ratio of the
simulator is, therefore, unity. To investigate the dependence of the simulated flow on the swirl
ratio, the angles of the turning vanes were radially varied between 10° and 65°. At each turning
vane angle, the speeds of the fans were varied to enable an assessment of the effects of the radial
Reynolds number on both the surface-pressure deficit and, for a few turning vane angles, the flow
field. Because a major objective of the study is to provide a context for future studies of tornado
loading on structures, such as low-rise buildings, the velocity measurements focused on the flow
over the lowest quarter of the chamber (i.e., up to 0.5 m above the floor). With the assumption that
the mean and turbulent characteristics of the simulated vortices are axisymmetric, all the velocity
measurements were recorded within a vertical plane through the axis of the simulator. The

distribution of the velocity measurement grid along the vertical direction was the same for all the
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simulator configurations. Due to the size of the Omniprobe, the lowest elevation of the velocity
measurements was 0.01 m above the floor. The vertical resolution of the measurements varied
from 0.005 m over the lower elevations to 0.05 m over the higher elevations with some additional
intermediate resolutions. The exact vertical resolutions of the velocity measurements are listed in
Table 1. The number and locations of the measurement points along the radial direction were
varied to ensure an adequate spatial range and resolution of measurements, so that the maximum
mean tangential velocity component at every measurement elevation could be approximately
captured, and the characteristics of the flow both inside and outside the radial positions of the
maximum mean tangential velocity component could be evaluated. The highest horizontal
resolution of the measurement was 0.02 m, which was used in regions surrounding the radial

positions of the maximum mean tangential velocity component at each measurement elevation.

Elevation above floor (m) 0.01-0.05 0.05-0.1 0.1-02 02-026 026-03 03-0.5

Measurement resolution (m) 0.005 0.01 0.02 0.03 0.04 0.05

Table 1 Vertical resolution of the velocity measurements.

5 Characteristics of Simulated Flow and the Resultant Surface-Pressure Deficit

In the following, certain mean and turbulent characteristics of the flow in representative vortices
generated for four distinct swirl ratios, as well as the mean and fluctuating characteristics of the
corresponding surface-pressure deficit, are interpreted, with the focus on the dependence of these
characteristics on the swirl ratio. To facilitate this interpretation, the following conventions and
definitions are introduced. The axial and radial velocity components are deemed positive upwards
and towards the axis of the simulator, respectively. Considering previous studies observed distinct
differences between the flow characteristics inside and outside the radial positions of the maximum
mean tangential velocity component, the radial coordinates of these positions and the
corresponding mean tangential velocity component are defined to facilitate normalization of the
radial coordinates and the velocity components. The local maximum mean tangential velocity
are defined

component V), and the global maximum mean tangential velocity component V,

zmax ? max 2

as the maximum mean tangential velocity component at the elevation z above the floor and the
maximum of the local maximum mean tangential velocity component, respectively (i.e.,

y

wmae = max(V,_)). Correspondingly, the local core radius r_ and the representative core radius

Zmax

r, of the simulated vortex are defined as the radial distances between the axis of the simulator and
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the local maximum mean tangential velocity component at height z and the global maximum
mean tangential velocity component, respectively. The height at which the global maximum mean

tangential velocity component is achieved is denoted z, .

5.1 Mean velocity components

As expected, the structures of the simulated vortices are observed to depend critically on the swirl
ratio. Figure 2 shows the mean flow fields of four representative vortices generated at swirl ratios
of 0.17, 0.22, 0.36 and 0.84. Flows at these four swirl ratios are selected for a comprehensive
characterization, because surface-pressure measurements presented below indicate that the critical
transition of the flow from a single-celled vortex to a dual-celled vortex occurs at a swirl ratio of
approximately 0.25. In particular, this selection enables a characterization of the flow evolution
from a single-celled vortex at a lower swirl ratio to a single-celled vortex immediately before the
critical transition, and then from a dual-celled vortex immediately post-transition to a dual-celled
vortex at a higher swirl ratio. The radial Reynolds numbers for all four simulations are between
3.11 x 10° and 4 x 10°. As previous studies have suggested (e.g., Church et al. 1979), the mean
characteristics of the simulated flow are essentially independent of the radial Reynolds number
over this range. The arrows in the graphs represent the resultant of the mean radial and axial
velocity components, with each arrow corresponding to a physical measurement point from either
the Cobra probe or Omniprobe. The background colours represent the magnitudes of the mean

tangential velocities resulting from a linear interpolation of the measurements.
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Fig 2 Mean flow fields at swirl ratios of (a) S=0.17, (b) $=0.22, (¢) S=0.36 and (d) S =0.84.

For the range of swirl ratios considered, the vortices generated at larger swirl ratios have larger
cores based on the volume enclosed by the local core radii. Indeed, as shown in Table 2, the
representative core radii of the two vortices at the two largest swirl ratios are much larger than
those of the two vortices simulated at the two smallest swirl ratios. It also can be seen that the swirl
ratio critically affects the structure of the mean radial and axial velocity components. Mostly
notably, at swirl ratios of 0.17 and 0.22, the mean axial velocity component is positive at every
measurement point inside the cores of the vortices, while, by contrast, an apparent downdraft
develops inside the cores of the two vortices simulated at swirl ratios of 0.36 and 0.84, respectively.
As suggested by previous studies (e.g., Church et al. 1979, Refan and Hangan 2016), this reflects
the evolution of the flow from a single-celled vortex at lower swirl ratios to a dual-celled vortex
at higher swirl ratios after vortex breakdown reaches the floor of the simulator at the critical swirl
ratio. The evidence shown in Fig. 2, in particular, reveals that the critical swirl ratio separating the
single-celled and dual-celled vortex regimes is between 0.22 and 0.36. In addition, Fig. 2 also
shows that for the two single-celled vortices, the axial velocity component near the axis is smaller
at the larger swirl ratio as caused by the development of an adverse axial pressure gradient resulting
from the broadening of the vortex core with increasing swirl ratio (Church et al. 1979). In contrast,
for swirl ratios of 0.36 and 0.84, the magnitudes of the downdraft velocities are larger at the higher

swirl ratio.

Global maximum
. . tangential velocity
Swirl ratio (S)  component (Vgmax)

(ms™) (m)

Representative
core radius (r)

11
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0.17 10.1 0.10

0.22 12.7 0.10
0.36 13.3 0.18
0.84 12.9 0.52

Table 2 Global maximum tangential velocity component and core radius of four tornado-like vortices.

The effects of the swirl ratio on the evolution of the vortex core can also be observed in Fig. 3,
which shows the axial profiles of the local core radii and local maximum mean tangential velocity
component for the four vortices. According to Fig. 3a, before the transition of the flow from a
single-celled vortex to a dual-celled vortex, the broadening of the core moves upstream (i.e.,
towards the floor) when the swirl ratio increases from 0.17 to 0.22. As previous studies have
revealed (Church et al. 1979, Refan and Hangan 2016), this is due to the progression of vortex
breakdown from the downstream to upstream direction with increasing swirl ratio over this swirl
ratio range. In addition, Fig. 3b shows that, for the lowest swirl ratio of 0.17, the local maximum
mean tangential velocity component is almost constant over the height of the measurements. For
swirl ratios close to or higher than the value at which the single-celled to dual-celled vortex
transition occurs, the local maximum mean tangential velocity component first increases rapidly

with height to a maximum value very close to the floor, and then decreases slowly with height

thereafter.
(a)0.25 \ \ F (b)0.25 ‘ A%
--85§=0.17 —~-5=0.17 y
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S =
N N
0.1 0.1
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Fig 3 Profiles of (a) local core radius and (b) maximum mean tangential velocity component at four swirl ratios.
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To further investigate the dependence of the mean structure of the simulated vortex on the swirl

ratio, the profiles of the mean tangential and radial (7)) velocity components at representative

heights and radial positions are examined. Figure 4 shows the radial profiles of the normalized
mean tangential velocity component at the height of the maximum mean tangential velocity

component z_, and those at two heights below and two heights above z, for the four vortices. Also

included in the graphs are the radial profiles of the mean tangential velocity component according
to the modified Rankine combined-vortex model with a decay constant of 0.7, the Burgers-Rott
model for single-celled vortices (S = 0.17 and S = 0.22) and the Sullivan model for dual-celled
vortices (S = 0.36 and S = 0.84). The radial profile of mean tangential velocity component

prescribed by the Rankine combined-vortex model can be expressed as (Wurman et al. 2007)

/r )V, <
_ {(}" rcz ) Hzmax r rcz ’ (6)

- (rcz /}/')OA7 VHzmax r>r,

cz

while that prescribed by the Burgers-Rott model (Burgers 1948, Rott 1958) can be expressed as
(Davies-Jones and Wood 2006)

V=14V (/1) {1 =exp[ 12564 (/1. )" ]} (7)

The curves representing the Sullivan model follow the expression proposed by Wood and Brown

(2011), where

-0.435

Vo=V (/) 03507 (1) "]

which is obtained through a numerical fit of the original form derived by Sullivan (1959).
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Fig 4 Radial profiles of mean tangential velocity component at swirl ratios of (a) S =0.17, (b) $=0.22, (¢) S =0.36
and (d) S=0.84.

Figure 4 suggests that at all the heights considered, the radial profiles of the mean tangential
velocity component of the single-celled vortices agree well with that prescribed by the Burgers-
Rott model, and that the corresponding profiles of the dual-celled vortices agree well with that
prescribed by the Sullivan model. However, regardless of the number of cells, the profiles of the
mean tangential velocity component do not closely follow that prescribed by the Rankine
combined-vortex model. The different performances of the three models result from the failure of
the Rankine combined-vortex model to consider the radial and axial velocity components, while
the Burgers-Rott and Sullivan models consider all three (i.e., tangential, radial and axial) velocity
components, and thereby more closely represent the physically simulated vortices. In particular,
because the Rankine combined-vortex model essentially treats the flow inside the core of the
vortex as a rotating rigid body, it cannot represent the curved profile of the mean tangential velocity
component of the flow inside the vortex core.

Figure 5 shows the axial profile of the mean tangential velocity component at the representative

core radius ., and those at a number of locations inside and outside 7, , with differences apparent

in both cases. At all four swirl ratios, while the axial profiles of the mean tangential velocity
component at the positions far outside the representative core radius (e.g., » > 2.6r, ) resemble the
mean velocity profile for straight-line flow above a smooth flat plate, at the positions around or
inside the representative core radius, the axial profiles of the mean tangential velocity component

become much more complex. For example, inside the representative core radius (i.e., » <r,), the
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mean tangential velocity component increases with height from the floor until reaching a
maximum value, presumably partly due to the shear in the boundary layer near the floor, and then
decreases until reaching a near-constant value at greater heights. The effect of the swirl ratio is
manifested in the rate at which the mean tangential velocity component changes from the edge of
the core to the inner part of the core. At a given height, the differences between the mean tangential

velocity component at approximately »/7, =0.4 and r/r, =1 are relatively minor for the two

single-celled vortices at smaller swirl ratios, while for the dual-celled vortices, the differences
between the normalized mean tangential velocity component at similar relative locations are much
larger.

Figure 6 shows five axial profiles of the mean radial velocity component for each of the four
vortices: one at the position of the representative core radius, and two each at positions inside and
outside the representative core radius. For all four swirl ratios, the maximum positive (i.e., directed
towards the centre of the vortex) mean radial velocity component at the two radial positions outside
the representative core radius is found at the very lowest measurement height, which, according to
previous studies (e.g., Lewellen and Lewellen 2007), results from the combination of a reduced
mean tangential velocity component near the surface (observable in Fig. 5), as well as a strong
radial pressure gradient inherited from the larger tangential velocity component of the flow above.
For all four swirl ratios, the mean radial velocity component at each radial position outside the
representative core radius remains approximately constant at greater heights, coinciding with the
mean tangential velocity component at the respective radial positions outside the core radius also

being approximately constant over these heights (Fig. 5).
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Fig 5 Axial profiles of the mean tangential velocity component at swirl ratios of (a) S=0.17, (b) §=0.22, (¢c) S=0.36
and (d) S=0.84.

Inside the core radius, the structure of the mean radial velocity component is much more
complex. At the two lower swirl ratios of 0.17 and 0.22, the mean radial velocity component at the
very lowest measurement heights inside the representative core radius decreases from maximum
positive values until reversing direction and developing into a significant outwards radial velocity
component. As seen in Fig. 2, the direction reversal of the mean radial velocity component at these
swirl ratios occurs after the flow turns upwards as it converges inwards from the inlet. At the higher
swirl ratios of 0.36 and 0.84 after the critical transition, a negative mean radial velocity component
also develops at very low elevations. However, as shown in Fig. 2, the negative mean radial
velocity component over most of the region inside the representative core radius is a result of the
downdraft at the centre of the simulator turning outwards and then back upwards as it approaches

the floor.
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Fig 6 Axial profiles of the mean radial velocity component at swirl ratios of (a) S=0.17, (b) S=0.22, (¢) $=0.36 and
(d) §=0.84.

5.2 Turbulent velocity components
As noted above, due to the limitation of the Omniprobe in measuring turbulence and that of the
Cobra probe in measuring flow directions beyond a 45° cone around the axis of its head, high-
frequency measurements of the velocity could only be conducted at positions over restricted
regions outside the cores of the vortices. These limited measurements, however, enable an
evaluation of the characteristics of the turbulence in regions outside the core. Hence, several
characteristics of the fluctuating tangential velocity component are presented for illustrative
purposes.

Figure 7 shows contour plots of the turbulence intensity of the tangential velocity component (

I, =0, /V,, where o, is the standard deviation of the tangential velocity component) over
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various regions of the four vortices based on measurements by the Cobra probe. For all four
vortices, the fluctuation of the tangential velocity component increases closer to the edges of the
cores. However, an apparent difference is observed between the turbulence intensities of the
tangential velocity component in the regions close to the core of the two single-celled vortices (
§=0.17 and S =0.22) and those in the equivalent regions of the two dual-celled vortices (S =0.36
and S =0.84). For the single-celled vortices, the change of turbulence intensity along the height of
the measurement in this region is insignificant, while for the dual-celled vortices, the turbulence
intensities at greater heights are much higher than those at lower heights. This is in agreement with
an observation made based on Fig. 3 that the local core radii of the two single-celled vortices does

not change significantly over the height of measurement, but those of the two dual-celled vortices
do.
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Fig 7 Turbulence intensity of the tangential velocity component over various regions of the vortices generated at
swirl ratios of (a) S=0.17, (b) S§=0.22, (c) S=0.36 and (d) S = 0.84.
Figure 8 further shows the axial profiles of the turbulence intensity of the tangential velocity

component at three discrete radial locations for the four vortices. Over regions far outside the
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representative core radii of all four vortices, the low turbulence intensity of the tangential velocity
component increases with height over lower elevations, but remains practically constant at greater
elevations, and thus resembles the vertical profile of the turbulence intensity for straight-line flows
over a smooth flat surface. This is consistent with the axial profiles of the mean tangential velocity
component at radial positions sufficiently outside the core radius (see Fig. 5) also resembling the
vertical profile of the mean wind speed of straight-line flows over a smooth flat surface. At radial

positions close to the representative core radii, the axial profiles of the much higher turbulence
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Fig 8 Axial profiles of turbulence intensity of the tangential velocity component at swirl ratios of (a) S=0.17, (b) S

Figures 9 and 10 show contour plots of the skewness and kurtosis, respectively, of the

fluctuating tangential velocity component based on measurements by the Cobra probe. Over the
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450  most turbulent regions surrounding the cores of the vortices (see Fig. 7), the skewness can be
451  significantly non-zero and the kurtosis > 3, implying a highly non-Gaussian nature of tangential
452  velocity fluctuations in these regions, with significant implications for the peak tornado loading
453  on structures, as the degree of skewness and kurtosis of the turbulence can significantly influence

454  the probability distribution of the peak loading.

(@) 0.25 (b)0.25
1.5
0.2 0.2
| A
— L
0.15 o 0.15 o
5 05 8 < g
0.1 0 & 0.1 g
7 7
0.05 oy 0.05
0.005 0.005
1.60 296 431 5.66 7.00 1.60 296 431 5.66 7.00
455 r/rc r/rc
(c)0.25 (d)0.25
0.2 ~ 0.2
™ b
0.15 3 0.15 B
H 2 2
0.1 z 0.1 z
7 7
0.05 0.05
0.005 0.005
133 197 261 325 389 135 1.66 197 228 260
456 r/rc r/rc

457 Fig 9 Skewness of the tangential velocity component over various regions of the vortices generated at swirl ratios of
458 (a) §=0.17,(b) S=0.22, (c) S=0.36 and (d) S = 0.84.

459

460 Because the high-frequency measurement of the velocity further towards the core of the

461  simulated vortices was not possible, a more comprehensive evaluation of the turbulence, including
462  both the radial and axial components, is not attempted. Instead, the surface-pressure measurements

463  are presented and used as a basis to infer the turbulence characteristics.
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Fig 10 Kurtosis of the tangential velocity component over various regions of the vortices generated at swirl ratios of

(2) S=0.17, (b) S=0.22, (c) S=0.36 and (d) S = 0.84.

5.3 Mean surface-pressure deficit

The static-pressure deficit of the air in a tornado can be a significant contributing factor to the
overall loading on structures. This is fundamentally different from the loading on structures by
straight-line winds where the effect of the static pressure is trivial. Our data suggests that the swirl
ratio critically affects not only the mean static-pressure deficit at the surface, which has been
revealed by many previous studies (e.g., Snow et al. 1980), but also the fluctuation of the surface
pressure. The mean and turbulent characteristics of the surface pressure reflect the characteristics
of the flow in the region immediately above the surface, where certain physical structures reside,
such as low-rise buildings. To characterize the effect of the swirl ratio on the surface pressure,
additional simulations to those for the illustration of the flow were conducted in the VorTECH

facility at various swirl ratios, with the radial Reynolds numbers of these additional experiments
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also between 3.11 x 10° and 4 x 10°. Figure 11a depicts the radial profiles of the mean surface-
pressure deficit (P) at the swirl ratios tested, with every value representing the average of 10 mean
values as estimated from an ensemble of samples of 2-min duration. The significant level of mean
surface-pressure deficit near the centre of the simulated vortices and the transition of the mean
surface-pressure-deficit profile due to the corresponding transition of the flow is clearly observed
in Fig. 11a. Specifically, the magnitude of the mean surface-pressure deficit around the centre of
chamber floor initially increases with increasing swirl ratio, and produces a single sharp pressure
drop. As the swirl ratio further increases, the profiles flatten, and eventually develop into a shape
with two valleys. A similar evolution of the mean surface-pressure-deficit profile with increasing
swirl ratio has been observed in a number of previous studies (e.g., Snow et al. 1980, Refan and
Hangan 2016) and attributed to the transition of the flow from a single-celled vortex to a dual-
celled vortex with increasing swirl ratio. In particular, according to a previous study (Snow et al.
1980), the rise of the pressure near the centre of the profiles exhibiting two valleys results from
the deceleration of the downflow from above the surface in a dual-celled vortex, which agrees with
our observations. For example, evident in Fig. 2 for a swirl ratio of 0.84 is a downdraft around the

axis of the dual-celled vortex which apparently weakens closer to the surface.

(@) 0 Feonsees ; s (b) 0
vy, 2 e il
250 g T sl T
. 1981 o
vy *%e v
-100 | v, *y 3
—~~ v | b d
< v‘v .9 ,’,
& 150t .
A S$=0.11,0.17,
-200 0.22,0.28, 0.36, |
0.4, 0.57, 0.69,
-300 : : ‘ L8O 50l i ; N S
-1 0.75-05-025 0 025 0.5 0.75 1 0 02505075 1 12515175 2
Z/VO S

Fig 11 (a) Profiles of mean surface-pressure deficit and (b) the minimum mean-pressure deficit as a function of the

swirl ratio.

Further evidence reflecting the dependence of the mean surface-pressure deficit on the swirl
ratio is the largest mean surface-pressure deficit for every profile with the corresponding swirl
ratio in Fig. 11b. The minimum value of the mean pressure deficit first decreases and then increases

with increasing swirl ratio, with the critical point separating these two regimes corresponding to a
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swirl ratio of 0.22, which signifies the breakdown of the single-celled vortex extending to the
surface. According to previous studies (Church et al. 1979, Refan and Hangan 2016), the transition
of the flow from a single-celled-vortex regime to that of a two-celled vortex soon follows with a
further increase of the swirl ratio. This observation based on the surface-pressure measurements is
also in agreement with observations of the velocity (e.g., Fig. 2), indicating the critical transition
occurs between swirl ratios of 0.22 and 0.36.

Comparisons between the flows in prototype tornadoes and tornado-like vortices simulated in
laboratories have traditionally been challenging due to the lack of high-fidelity, high-resolution
full-scale measurements, especially near the ground. However, high-quality measurements of
static pressure at the ground during the passage of tornadoes have become available in recent years,
which enable a comparison between the surface-pressure deficits of full-scale tornados with those
of simulated tornadoes. Figure 12 shows the mean profiles of the surface-pressure deficit estimated
based on measurements in four tornadoes (Karstens et al. 2010) and four corresponding profiles
based on our measurements. Normalization of the pressure and radial coordinate is achieved using

the absolute value of the maximum mean pressure deficit | P, |, and the radius at which half of

min

the maximum mean pressure deficit is reached 7,5, , respectively. The resemblances between the

mil

normalized full-scale and laboratory profiles are apparent. According to Karstens et al. (2010), the
two Manchester tornadoes are single-celled in structure, the Tipton tornado has a dual-celled
structure, but it is unclear whether the Webb tornado is of a single-celled or dual-celled structure,
which is remarkably consistent with our conclusions, as the transition between single-celled and
dual-celled vortices occurs at a swirl ratio between 0.22 and 0.36. Indeed, that it is challenging to
discern whether the Webb tornado is single-celled or dual-celled results from the swirl ratio being

close to the critical transition.
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Fig 12 Comparison between radial profiles of mean surface-pressure deficit of full-scale and simulated tornado

vortices.

5.4 Fluctuating surface-pressure deficit

The pressure measurements suggest that the swirl ratio also critically affects the fluctuation of the
surface-pressure deficit. Figure 13 shows the radial profiles of the first four moments of the
surface-pressure deficit for the four representative vortices analysed above. The mean value of the
surface-pressure deficit shown in Fig. 11a is presented here as the mean pressure coefficient

defined as C, =P/ (0.50V,...), where p is the air density, and the second moment is represented

by the variance of the pressure normalized by the absolute value of the maximum pressure deficit.
Each value represents the ensemble average of the corresponding statistics based on the 10
individual test runs. While the effect of the swirl ratio on the mean pressure deficit is again
apparent, the dependence of the fluctuations of the pressure on the swirl ratio is also clearly

observed in Fig. 13. According to the profile of the normalized variance, the surface pressure
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fluctuates significantly over the regions inside and immediately surrounding the cores of the four
vortices, and the most significant fluctuations occur inside the cores. When the vortex transitions
from a single-celled structure at small swirl ratios to a dual-celled structure at higher swirl ratios,
the radial distribution of the variance of the surface-pressure deficit transitions from a bell-shaped

profile to symmetric bi-modal shaped, suggesting the effects of the swirl ratio on the pressure

fluctuation.
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Fig 13 Dependence of surface pressure on swirl ratio for the (a) mean pressure coefficient (b) standard deviation, (c)

skewness and (d) kurtosis of the pressure fluctuations.

In addition, the skewness and kurtosis profiles shown in Fig. 13 suggest that while the surface-
pressure fluctuation over regions far outside the representative core radius of each vortex exhibits
Gaussian characteristics (i.e., the skewness and the kurtosis are around zero and 3, respectively),
the pressure fluctuation over the regions in and immediately surrounding the core radii of all four

vortices are highly non-Gaussian. Further, Fig. 13 clearly reveals the effect of the swirl ratio on
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the 3™ and 4™ moments of the pressure fluctuation. While the profiles of the skewness and kurtosis
of the surface pressure beneath the two single-celled vortices (i.e., S=0.17 and §=022) are
essentially symmetric and bi-modal in shape, the profiles of the skewness and kurtosis of the
surface pressure beneath the two dual-celled vortices (S =0.36 and S =0.84) are also essentially
symmetric, but much more complex in shape. Moreover, for the two single-celled vortices, the
higher the swirl ratio, the more the skewness and kurtosis of the pressure fluctuation deviate from
the corresponding values for Gaussian processes. However, the manner in which the skewness and
kurtosis of the pressure fluctuation at a specific radial position depends on the swirl ratio is much
more complex for the dual-celled vortices.

Although a comprehensive evaluation of the correlation between the characteristics of the flow
and those of the surface-pressure fluctuations is not possible due to the incompleteness of the
velocity measurements, the surface-pressure fluctuation is undoubtedly a result of the turbulence
immediately aloft. Indeed, some characteristics of the turbulence over the regions of the flow with
high-frequency velocity measurements are observed to be qualitatively well correlated with some
corresponding characteristics of the surface-pressure fluctuation. For example, a comparison
between Figs. 13 and 7 suggests that, in the case of the two single-celled vortices, significant
fluctuations of the tangential velocity and surface pressure are present at radial positions between
two and three times the respective representative core radii, and become progressively much more
intense at radial positions towards the axis of the simulator. Also, by comparing Fig. 13 with Figs.
9 and 10, it can be seen that over the radial positions where the fluctuation of the surface pressure
beneath the two single-celled vortices is significantly non-Gaussian, the fluctuation of the flow
over the regions immediately above these radial positions also exhibits significant non-Gaussian
characteristics. In the case of the two dual-celled vortices, however, the correlations between the
characteristics of the surface pressure and those of the flow aloft cannot be clearly identified even
in a qualitative manner. This is because, as shown in Figs. 7 and 13, significant fluctuations of the
surface pressure or the flow immediately above the surface do not occur at the radial positions
over which high-frequency velocity measurements are made. Nevertheless, it is reasonable to infer
based on the observed characteristics of the surface-pressure fluctuation that, for both single-celled
and dual-celled vortices, the fluctuation of the near-surface flow over certain ranges of radial
position can be highly non-Gaussian, which can significantly influences the probability

distribution of the loading on structures by tornadoes.
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6 Effects of radial Reynolds number

While the characteristics of the simulated flow and the those of the surface-pressure deficit both
clearly depend on the swirl ratio, previous studies have shown that simulation of a tornado-like
vortex does not depend critically on the radial Reynolds number, provided this number is
sufficiently large (e.g., Church et al. 1979, Refan and Hangan 2016). However, previous studies
have primarily focused on the effects of the radial Reynolds number on the mean components of
the flow and surface pressure. Here, the flow field of two vortices simulated at distinct radial
Reynolds numbers and the mean and fluctuating surface pressure beneath vortices for various
radial Reynolds numbers help illustrate that neither the mean nor the fluctuating velocity and
surface pressure depend on the radial Reynolds number, as long as this parameter is sufficiently
large.

Figure 14a, b depicts the mean flow field of two vortices simulated at different radial Reynolds
numbers of 3.91 x 10° and 3.02 x 10°, respectively, but with practically identical swirl ratios (S =
0.44). The structures of the mean flow fields are similar despite the differences in the magnitudes
of the respective velocity components. Figure 14c, d presents the axial profiles of the normalized
local core radius and the normalized maximum mean tangential velocity component of the two
vortices, where despite substantial differences in the radial Reynolds number, the profiles are

practically identical corresponding to the identical swirl ratios.
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Fig 14 Mean flow fields of vortices simulated at radial Reynolds numbers of (a) Re; = 3.91 x 103 and (b) Re; = 3.02
x 10°, and profiles of (c) local core radius and (d) maximum mean tangential velocity component at these two radial

Reynolds numbers.

Figure 15 shows profiles of the normalized mean value and standard deviation, as well as the
skewness and kurtosis of the surface-pressure deficit beneath vortices for three radial Reynolds
numbers. The radial Reynolds number apparently does not significantly affect the mean or
fluctuating surface pressure over the regions where these two components are significant.
However, while significant effects of the radial Reynolds number on the 2™ to 4™ moments of the
pressure fluctuation at radial positions far from the cores of the vortices are present, this is because
the surface-pressure deficit is very low at these positions for low radial Reynolds numbers and,

consequently, the pressure transducers record very weak and thus unreliable signals.
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Fig 15 Dependence of (a) mean, (b) standard deviation, (c) skewness and (d) kurtosis of the surface-pressure deficit

on the radial Reynolds number.

7 Conclusions and discussions

Tornado-like vortices are generated in a large-scale Ward-type tornado simulator to investigate the
mean and fluctuating characteristics of tornado-like flows and their dependence on the swirl ratio
and the radial Reynolds number. Measurements of the velocity and surface pressures reveal the
significance of the swirl ratio. In particular, the flow transitions from a single-celled to a dual-
celled vortex with increasing swirl ratio, with corresponding development of a downdraft in the
centre of the vortex following the extension of vortex breakdown to the surface. This transition
results in the single-celled and dual-celled vortices exhibiting distinct mean and turbulent flow
structures, as well as a corresponding transition of the mean and fluctuating surface-pressure
deficit. The characteristics of the surface pressure beneath a number of simulated vortices and their
dependence on the swirl ratio closely resemble those observed in full-scale tornadoes, which
validates the capability of the simulator to generate tornado-like vortices.

The velocity and surface-pressure measurements at various radial Reynolds numbers, and
essentially identical swirl ratios, further confirm the important conclusion of previous studies that
the laboratory simulation of tornado-like vortices in simulators such as the VorTECH facility is
independent of the radial Reynolds number, as long as this number is sufficiently large. It is
particularly revealed that the characteristics of the mean and fluctuating velocity and surface

pressure are independent of the radial Reynolds number.
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While a number of the observations made based on the mean characteristics of the flow and the
surface pressure are consistent with previous experiments, the characteristics of the turbulence and
surface-pressure fluctuation observed in the experiments have significant implications for the
dynamics of simulated tornado-like vortices, as well as the tornado loading on structures. The
velocity measurements suggest that the fluctuations of the flow inside and around the tornado core
can be highly non-Gaussian, which is different from the case of straight-line winds, for which the
turbulence can often be reasonably assumed to be Gaussian. This difference between the
turbulence in tornadic and straight-line boundary-layer-type winds can be a source of significant
difference between the fluctuating loadings on structures by these two types of flows. Further, the
pressure measurements suggest that a large static-pressure deficit develops inside and around the
core of a tornado, and that the fluctuation of the pressure deficit in these regions is also highly non-
Gaussian. Such characteristics of the static-pressure deficit can also significantly contribute to the

tornado loading on structures.
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