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Abstract Tornado-like vortices are simulated in a large-scale Ward-type simulator to further 9 

advance the understanding of such flows, and to facilitate future studies of tornado wind loading 10 

on structures. Measurements of the velocity fields near the simulator floor and the resulting floor 11 

surface pressures are interpreted to reveal the mean and fluctuating characteristics of the flow as 12 

well as the characteristics of the static-pressure deficit. We focus on the manner in which the swirl 13 

ratio and the radial Reynolds number affect these characteristics. The transition of the tornado-like 14 

flow from a single-celled vortex to a dual-celled vortex with increasing swirl ratio and the impact 15 

of this transition on the flow field and the surface-pressure deficit are closely examined. The mean 16 

characteristics of the surface-pressure deficit caused by tornado-like vortices simulated at a 17 

number of swirl ratios compare well with the corresponding characteristics recorded during full-18 

scale tornadoes. 19 
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1 Introduction 24 

Tornadoes are historically among the most devastating natural hazards resulting from the flow in 25 

the atmospheric boundary layer. Even given today’s advances in science and technology, 26 

especially the significant improvement in building practice, the devastation caused by tornadoes 27 
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has not subsided. Indeed, several recent major tornadoes in the U.S.A., including the Joplin 28 

(Missouri) and Tuscaloosa–Birmingham (Alabama) tornadoes in 2011, the Moore (Oklahoma) 29 

tornado in 2013 and the Dallas (Texas) area tornado in 2015, have each caused more than one 30 

billion US dollars in monetary losses and tens of fatalities, and in the case of the Joplin tornado, 31 

more than 100 fatalities. 32 

A major reason for the continued devastation resulting from tornadoes is the inadequate 33 

understanding of their loading on structures. Due to the destructive nature of tornadoes and the 34 

difficulty in predicting their formation and subsequent path, the measurement of full-scale wind 35 

speeds in tornadoes remains challenging. The existing measurements have mostly been recorded 36 

with Doppler radars (e.g., Wurman and Alexander 2005), and the measurements of tornado-37 

generated pressure deficits have only been made by probes on the ground (e.g., Karstens et al. 38 

2010) in a limited number of cases. While Doppler radar measurements have been extensively 39 

used in studies of the genesis and large-scale characteristics of tornadoes, the resolution of these 40 

measurements is inadequate for the investigation of turbulence in tornadoes or the resulting wind 41 

loading on structures. Also, since radars must be stationed at long distances from tornadoes, the 42 

measurements can only be made above the heights of many structures, such as low-rise buildings, 43 

which are among the most susceptible to damage. For these reasons, many studies have been based 44 

on laboratory or numerical simulations. Numerical simulation of tornadic winds, such as those 45 

based on computational fluid dynamics, has particularly undergone steady progress in recent years 46 

(e.g., Lewellen et al. 1997, Nolan and Farrell 1999, Nolan 2005, Ishihara et al. 2011, Natarajan 47 

and Hangan 2012). However, the capability of this approach in assessing the turbulence in 48 

tornadoes still needs to be validated using either full-scale or laboratory data.  49 

The laboratory simulation of tornado-like flows has seen significant advancements since Ying 50 

and Chang (1970) built the first tornado simulator more than four decades ago. In particular, the 51 

so-called Ward-type simulator, which is named after its inventor (Ward 1972), has undergone  52 

continued development. This type of simulator utilizes a fan or multiple fans at the top to generate 53 

an updraft, and a mechanism at the periphery of the cylindrical testing chamber at the bottom to 54 

control the angular momentum of the inflow. A baffle between the convective region above the 55 

updraft hole and a plenum below the exhaust eliminate the influence of the vorticity created by the 56 

fan(s) on the flow below the baffle. Initially, a rotating screen, first without (Ward 1972) and then 57 

with (Church et al. 1977) surrounding anti-turbulence  panels, was used to control the circulation 58 
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in the inflow. More recent designs have opted to use turning vanes in the form of airfoils for this 59 

purpose (e.g., Lund and Snow 1993, Mishra et al. 2008).  60 

Experiments in Ward-type simulators have historically contributed to the fundamental 61 

understanding of tornado-like flows, as well as the dependence of the flow structure on the swirl 62 

ratio, the radial Reynolds number, and the aspect ratios, which have been identified to be the non-63 

dimensional parameters governing the dynamics and geometry of three-dimensional vortex flows 64 

(Lewellen 1962, Davies-Jones 1973). Based on the qualitative interpretation of flow visualization 65 

and quantitative analysis of the velocity and surface-pressure measurements, previous 66 

investigations (e.g., Ward 1972, Davies-Jones 1973, Jischke and Parang 1974, Church et al. 1979, 67 

Snow et al. 1980, Lund and Snow 1993) suggested that the swirl ratio is the primary parameter 68 

controlling the structure of simulated vortices. A single-celled vortex forms at a small swirl ratio, 69 

and with increasing swirl ratio, the core of the vortex transitions from a laminar to a turbulent state. 70 

The transition initiates from a region near the flow-straightening baffle and continues to progress 71 

upstream until reaching the simulator floor. With a further increase of the swirl ratio, the flow 72 

transitions into a dual-celled vortex, resulting in downflow in the region surrounding the axis of 73 

the simulator and, ultimately, to multiple vortices. Such a transition of the flow was found to be 74 

accompanied by a distinct evolution of characteristics such as the radius of the vortex core and the 75 

profiles of the mean tangential, radial and axial velocity components, as well as the corresponding 76 

change of the radial profile of the mean surface-pressure deficit (e.g., Church et al. 1979, Snow et 77 

al. 1980). Compared with the swirl ratio, the radial Reynolds number and aspect ratios were found 78 

to only have secondary effects on the simulated flow. In particular, it has been shown that the main 79 

characteristics of the mean flow are asymptotically independent of the radial Reynolds number as 80 

this number attains sufficiently large values (Church et al. 1979).   81 

While the Ward-type simulator has long been capable of generating flows resembling the main 82 

characteristics of natural tornadoes (e.g., Church et al. 1979), most of this type of simulator are 83 

small in size and not suitable for applications such as the testing of structural models at adequate 84 

geometrical scales (Refan et al. 2014). In addition, because conventional Ward-Type simulators 85 

are designed to generate nominally stationary vortices, they cannot be used to study the effects of 86 

tornado translation without employing a moving floor. Two types of facilities have been developed 87 

in recent years to overcome these two limitations (Haan et al. 2008, Refan and Hangan 2016, Wang 88 

et al. 2016). One type is the tornado simulator at Iowa State University, together with a number of 89 
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similar simulators of the same design. This type of simulator differs from the Ward-type simulators 90 

in that it translates and is of a closed-circuit type. The angular momentum is induced by turning 91 

vanes at the top of an annular duct above the test section, which contrasts to an open-circuit Ward-92 

type with the angular momentum introduced through a mechanism surrounding the test chamber. 93 

The other facility is the Wind Engineering, Energy and Environment Dome at the University of 94 

Western Ontario, which, when configured for tornado simulations, is fundamentally similar to that 95 

of a Ward-type simulator. However, it uses individually controllable fans at the periphery of the 96 

test chamber to supplement the turning vanes and enhance the control of the inflow. It also utilizes 97 

a traversing bell mouth to provide a translating source of the updraft to enable the simulation of 98 

translating vortices. Both the Iowa State University simulator and a scaled-down model of the 99 

facility at the University of Western Ontario have been demonstrated to be capable of simulating 100 

tornado-like vortices (Haan et al. 2008, Refan and Hangan 2016).  101 

Regardless of the simulator type, most laboratory simulations of tornadoes to date have been 102 

conducted over a smooth surface. In a small number of studies, experiments have been conducted 103 

over roughness elements (e.g., Dessens 1972, Zhang and Sarkar 2008, Matsui and Tamura 2009, 104 

Wang et al. 2017) representing the roughness of the Earth’s surface. These experiments revealed 105 

that the surface roughness can substantially affect the mean characteristics of the flow and the 106 

surface pressure, such as the size of the vortex core, the magnitude of the mean tangential velocity 107 

component and the maximum mean deficit in surface pressure. Although some specific 108 

observations have varied from experiment to experiment, the general consensus is that the effects 109 

of increasing the surface roughness on the mean flow characteristics is similar to decreasing the 110 

swirl ratio (Wang et al. 2017). In a recent study, Wang et al. 2017 observed that the surface 111 

roughness affects both the radial and vertical velocity fluctuations. Despite these previous efforts, 112 

however, proper configuration of the surface roughness for different types of tornado simulators, 113 

or different simulator configurations, remains a challenge due to the inconsistency regarding the 114 

geometrical scaling of tornado simulations, and the lack of established criteria for characterizing 115 

the surface roughness. Much work is still needed to enable effective quantification of surface-116 

roughness effects on the mean and turbulent structure of tornado-like vortices.  117 

Despite the continued advancement in laboratory simulations of tornado-like vortices, some 118 

basic physical characteristics have yet to be comprehensively investigated. In particular, previous 119 

studies have primarily focused on the mean components of both the velocity and static-pressure 120 
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deficit at the surface, with the fluctuating components generally overlooked. In the limited number 121 

of experiments performed to study the turbulence, the focus was placed on the root-mean-square 122 

values or standard deviations of the tangential, radial and axial velocity components (Tari et al. 123 

2010, Liu and Ishihara 2015, Refan et al. 2015, Wang et al. 2017). While some studies did 124 

investigate the Reynolds-stress components and the turbulent kinetic energy (e.g., Tari et al. 2010), 125 

lacking are characteristics such as the probability distributions of the velocity and the surface-126 

pressure fluctuations.  127 

A comprehensive experimental campaign was conducted to characterize the mean and 128 

fluctuating velocity components of tornado-like vortices simulated in a large-scale Ward-type 129 

simulator, with an emphasis on the fluctuations of velocity and surface pressure, which are critical 130 

for the tornado loading on structures, as well as the dependence of the turbulence and the surface-131 

pressure fluctuation on the swirl ratio and the radial Reynolds number. Some of the key flow and 132 

pressure-deficit characteristics observed in the experiments are compared with the corresponding 133 

characteristics of previous important experiments for the understanding of tornadic flows, which 134 

enables an assessment of the capability of the simulator to generate tornado-like vortices. All the 135 

experiments have been conducted over the smooth floor of the simulator without simulation of 136 

tornado translation. Investigations of the effects of surface roughness and tornado translation will 137 

be pursued in future experiments after upgrading the facility to enable the simulation of translating 138 

tornado-like vortices. 139 

 140 

2 Experimental Facilities 141 

2.1 The tornado simulator 142 

The experiments were conducted in a large-scale Ward-type simulator at Texas Tech University 143 

known as the VorTECH simulator. As schematically depicted in Fig. 1, this simulator has a 144 

chamber of 10.2 m in diameter, an updraft hole of octagonal cross-section 4 m in diameter, 64 145 

turning vanes in the form of symmetric airfoils at the periphery of the chamber, eight fans at the 146 

top, and a honeycomb that functions as the baffle. To generate flows of a desired structure, the 147 

orientations of the turning vanes can be varied to control the angular momentum of the inflow, the 148 

speed of the fans can be varied to control the amount of updraft, and the heights of the chamber 149 

and the turning vanes can be adjusted between 1 m and 2 m to control the internal aspect ratio of 150 

the apparatus. A vortex simulated in the VorTECH facility is presented in Fig. 1 as an illustration. 151 
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     152 

Fig 1 A Schematic illustration of the VorTECH simulator and a picture of a simulated tornado-like vortex. 153 

 154 

2.2 Velocity and pressure measurement systems 155 

Measuring the velocity of tornado-like flows in simulators has always been challenging because 156 

of the highly three dimensional and turbulent nature of the flow. A 4-hole Cobra probe (Turbulent 157 

Flow Instrumentation Pty Ltd) with a dedicated data acquisition system and a 12-hole Omniprobe 158 

(Aeroprobe Corporation) sampled by a Scanivalve pressure scanner were used for the velocity 159 

measurements, with these probes chosen for their complementing characteristics. When properly 160 

configured, the Cobra probe samples at frequencies up to 2000 Hz, but only detects incoming flow 161 

within a ±45° cone. By contrast, the Omniprobe detects incoming flow within ±150°, but cannot 162 

accurately measure the turbulence. For this reason, the Cobra probe was used for velocity 163 

measurements whenever at least 98% of the flow was reported by the manufacturer-supplied 164 

software to be within a ±45° cone; otherwise the Omniprobe was used for the measurement of 165 

mean velocities.  166 

Probes inserted into the flow are inherently intrusive regardless of the probe type. The Cobra 167 

probe has a 0.0026-m head and a maximum stem diameter of 0.014 m, and the Omniprobe has a 168 

spherical tip of 0.006-m diameter and a maximum stem diameter of 0.0063 m, which, together 169 

with the rods of 0.0125 m diameter for supporting the probes, are not trivial presences in the flow 170 

field. However, because the effects of the intrusiveness of the probes on the velocity measurements 171 

are compensated by factory-supplied calibrations, the measurements by the probes can be 172 

considered acceptable unless the core of the vortex is very small, or the measurement is in regions 173 

of very unsteady flow. Indeed, as the experiments show that neither probe provides consistent 174 

measurements of the velocities near the vortex axis, velocity measurements in this region are 175 
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discarded. Further, alternative approaches for velocity measurements in simulated tornado-like 176 

vortices, such as those that utilize hotwires or particle image velocimetry, have also been 177 

recognized to have their respective limitations (e.g., Church et al. 1979, Refan and Hangan 2016). 178 

In this sense, interpretation of the flow field based on measurements by the Cobra probe and the 179 

Omniprobe can be considered viable, so long as the limitations of the resultant datasets are 180 

recognized. 181 

In addition to the velocity measurements, the static pressures at 195 axisymmetric taps evenly 182 

spaced at 0.0191 m along a radial line on the simulator floor (henceforth referred to simply as 183 

surface pressures) were also measured in the experiments. The Scanivalve system used to sample 184 

the Omniprobe was also used for the pressure measurements. 185 

The reference pressure for the velocity and pressure measurements was chosen as the 186 

barometric pressure in a static bottle in the control room beneath the tornado simulator. The static 187 

bottle served as a fluid capacitor for attenuating the fluctuation of the barometric pressure. The 188 

Cobra probe sampled at 625 Hz to enable recording of the high-frequency flow fluctuations, and 189 

the pressure scanners for the Omniprobe and pressure taps sampled at 300 Hz, with each individual 190 

velocity and pressure measurement of 2-min duration. For each experimental configuration, 191 

velocity measurements were conducted only once, but measurements of the surface pressure were 192 

repeated 10 times to provide ensembles and a more accurate estimation of the pressure statistics. 193 

 194 

3 Estimation of Controlling Parameters 195 

As is now well-recognized, the swirl ratio and the radial Reynolds number control the dynamics 196 

of simulated tornado-like vortices and, with the external aspect ratios of tornado simulators often 197 

fixed, the internal aspect ratio controls the geometry of the vortices (e.g., Church et al. 1979). The 198 

swirl ratio, the radial Reynolds number and the internal aspect ratio (simply the aspect ratio 199 

hereafter) are defined in this study as 200 

 0 / (2 )S r Qh  ,  (1) 201 

 / (2 )rRe Q    (2) 202 

and 203 

 0/a h r ,  (3) 204 

respectively, where h and 0r  are the depth and radius of the convergence region of the flow, which 205 

correspond to the height of the turning vanes and the radius of the updraft hole of the VorTECH 206 
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facility, respectively, Q is the volumetric flow rate per unit axial length, Γ is the circulation, and v 207 

is the kinematic viscosity. 208 

While the calculation of the aspect ratio is straightforward, the manner in which the swirl ratio 209 

and the radial Reynolds number are estimated have varied in previous studies depending on how 210 

the volumetric flow rate per unit length and the circulation are estimated. Here, the velocities of 211 

the flow at elevations along a vertical line at the edge of the convergence region (i.e., at the radial 212 

position 0r r , where r  is the horizontal distance from the axis of the chamber) spanning both the 213 

simulator floor and the bottom of the updraft hole are used as the basis for the calculation of the 214 

volumetric flow rate and the circulation. Assuming that the mean velocity components are 215 

axisymmetric, the volumetric flow rate per unit length and the circulation are estimated as 216 

   (4) 217 

and 218 

  0 ,

1

2 /
N

n n

n

r V h h


  (5) 219 

respectively, where ,r nV  and ,nV  are the mean radial and tangential velocity components at the nth 220 

measurement point, nh  is half the distance between the two measurement points surrounding this 221 

point, and N is the total number of measurement points. 222 

 223 

4 Experimental Configurations 224 

As the heights of the chamber and the turning vanes were fixed at 2 m, the aspect ratio of the 225 

simulator is, therefore, unity. To investigate the dependence of the simulated flow on the swirl 226 

ratio, the angles of the turning vanes were radially varied between 10° and 65°. At each turning 227 

vane angle, the speeds of the fans were varied to enable an assessment of the effects of the radial 228 

Reynolds number on both the surface-pressure deficit and, for a few turning vane angles, the flow 229 

field. Because a major objective of the study is to provide a context for future studies of tornado 230 

loading on structures, such as low-rise buildings, the velocity measurements focused on the flow 231 

over the lowest quarter of the chamber (i.e., up to 0.5 m above the floor). With the assumption that 232 

the mean and turbulent characteristics of the simulated vortices are axisymmetric, all the velocity 233 

measurements were recorded within a vertical plane through the axis of the simulator. The 234 

distribution of the velocity measurement grid along the vertical direction was the same for all the 235 

 0 ,

1

2 /
N

r n n

n

Q r V h h


 
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simulator configurations. Due to the size of the Omniprobe, the lowest elevation of the velocity 236 

measurements was 0.01 m above the floor. The vertical resolution of the measurements varied 237 

from 0.005 m over the lower elevations to 0.05 m over the higher elevations with some additional 238 

intermediate resolutions. The exact vertical resolutions of the velocity measurements are listed in 239 

Table 1. The number and locations of the measurement points along the radial direction were 240 

varied to ensure an adequate spatial range and resolution of measurements, so that the maximum 241 

mean tangential velocity component at every measurement elevation could be approximately 242 

captured, and the characteristics of the flow both inside and outside the radial positions of the 243 

maximum mean tangential velocity component could be evaluated. The highest horizontal 244 

resolution of the measurement was 0.02 m, which was used in regions surrounding the radial 245 

positions of the maximum mean tangential velocity component at each measurement elevation. 246 

Elevation above floor (m) 0.01 – 0.05  0.05 – 0.1 0.1 – 0.2 0.2 – 0.26 0.26 – 0.3 0.3 – 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. 247 

 248 

5 Characteristics of Simulated Flow and the Resultant Surface-Pressure Deficit 249 

In the following, certain mean and turbulent characteristics of the flow in representative vortices 250 

generated for four distinct swirl ratios, as well as the mean and fluctuating characteristics of the 251 

corresponding surface-pressure deficit, are interpreted, with the focus on the dependence of these 252 

characteristics on the swirl ratio. To facilitate this interpretation, the following conventions and 253 

definitions are introduced. The axial and radial velocity components are deemed positive upwards 254 

and towards the axis of the simulator, respectively. Considering previous studies observed distinct 255 

differences between the flow characteristics inside and outside the radial positions of the maximum 256 

mean tangential velocity component, the radial coordinates of these positions and the 257 

corresponding mean tangential velocity component are defined to facilitate normalization of the 258 

radial coordinates and the velocity components. The local maximum mean tangential velocity 259 

component maxzV , and the global maximum mean tangential velocity component maxV , are defined 260 

as the maximum mean tangential velocity component at the elevation z  above the floor and the 261 

maximum of the local maximum mean tangential velocity component, respectively (i.e., 262 

max maxmax( )zV V  ). Correspondingly, the local core radius czr  and the representative core radius 263 

cr  of the simulated vortex are defined as the radial distances between the axis of the simulator and 264 
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the local maximum mean tangential velocity component at height z  and the global maximum 265 

mean tangential velocity component, respectively. The height at which the global maximum mean 266 

tangential velocity component is achieved is denoted cz .  267 

 268 

5.1 Mean velocity components 269 

As expected, the structures of the simulated vortices are observed to depend critically on the swirl 270 

ratio. Figure 2 shows the mean flow fields of four representative vortices generated at swirl ratios 271 

of 0.17, 0.22, 0.36 and 0.84. Flows at these four swirl ratios are selected for a comprehensive 272 

characterization, because surface-pressure measurements presented below indicate that the critical 273 

transition of the flow from a single-celled vortex to a dual-celled vortex occurs at a swirl ratio of 274 

approximately 0.25. In particular, this selection enables a characterization of the flow evolution 275 

from a single-celled vortex at a lower swirl ratio to a single-celled vortex immediately before the 276 

critical transition, and then from a dual-celled vortex immediately post-transition to a dual-celled 277 

vortex at a higher swirl ratio. The radial Reynolds numbers for all four simulations are between 278 

3.11 × 105 and 4 × 105. As previous studies have suggested (e.g., Church et al. 1979), the mean 279 

characteristics of the simulated flow are essentially independent of the radial Reynolds number 280 

over this range. The arrows in the graphs represent the resultant of the mean radial and axial 281 

velocity components, with each arrow corresponding to a physical measurement point from either 282 

the Cobra probe or Omniprobe. The background colours represent the magnitudes of the mean 283 

tangential velocities resulting from a linear interpolation of the measurements.  284 

    285 
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    286 

Fig 2 Mean flow fields at swirl ratios of (a) S = 0.17, (b) S = 0.22, (c) S = 0.36 and (d) S = 0.84. 287 

 288 

For the range of swirl ratios considered, the vortices generated at larger swirl ratios have larger 289 

cores based on the volume enclosed by the local core radii. Indeed, as shown in Table 2, the 290 

representative core radii of the two vortices at the two largest swirl ratios are much larger than 291 

those of the two vortices simulated at the two smallest swirl ratios. It also can be seen that the swirl 292 

ratio critically affects the structure of the mean radial and axial velocity components. Mostly 293 

notably, at swirl ratios of 0.17 and 0.22, the mean axial velocity component is positive at every 294 

measurement point inside the cores of the vortices, while, by contrast, an apparent downdraft 295 

develops inside the cores of the two vortices simulated at swirl ratios of 0.36 and 0.84, respectively. 296 

As suggested by previous studies (e.g., Church et al. 1979, Refan and Hangan 2016), this reflects 297 

the evolution of the flow from a single-celled vortex at lower swirl ratios to a dual-celled vortex 298 

at higher swirl ratios after vortex breakdown reaches the floor of the simulator at the critical swirl 299 

ratio. The evidence shown in Fig. 2, in particular, reveals that the critical swirl ratio separating the 300 

single-celled and dual-celled vortex regimes is between 0.22 and 0.36. In addition, Fig. 2 also 301 

shows that for the two single-celled vortices, the axial velocity component near the axis is smaller 302 

at the larger swirl ratio as caused by the development of an adverse axial pressure gradient resulting 303 

from the broadening of the vortex core with increasing swirl ratio (Church et al. 1979). In contrast, 304 

for swirl ratios of 0.36 and 0.84, the magnitudes of the downdraft velocities are larger at the higher 305 

swirl ratio. 306 

Swirl ratio (S) 

Global maximum  

tangential velocity  

component (Vθmax) 

Representative  

core radius (rc) 

(m s-1) (m) 
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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. 307 

 308 

The effects of the swirl ratio on the evolution of the vortex core can also be observed in Fig. 3, 309 

which shows the axial profiles of the local core radii and local maximum mean tangential velocity 310 

component for the four vortices. According to Fig. 3a, before the transition of the flow from a 311 

single-celled vortex to a dual-celled vortex, the broadening of the core moves upstream (i.e., 312 

towards the floor) when the swirl ratio increases from 0.17 to 0.22. As previous studies have 313 

revealed (Church et al. 1979, Refan and Hangan 2016), this is due to the progression of vortex 314 

breakdown from the downstream to upstream direction with increasing swirl ratio over this swirl 315 

ratio range. In addition, Fig. 3b shows that, for the lowest swirl ratio of 0.17, the local maximum 316 

mean tangential velocity component is almost constant over the height of the measurements. For 317 

swirl ratios close to or higher than the value at which the single-celled to dual-celled vortex 318 

transition occurs, the local maximum mean tangential velocity component first increases rapidly 319 

with height to a maximum value very close to the floor, and then decreases slowly with height 320 

thereafter.  321 

    322 

Fig 3 Profiles of (a) local core radius and (b) maximum mean tangential velocity component at four swirl ratios. 323 

 324 
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To further investigate the dependence of the mean structure of the simulated vortex on the swirl 325 

ratio, the profiles of the mean tangential and radial ( rV ) velocity components at representative 326 

heights and radial positions are examined. Figure 4 shows the radial profiles of the normalized 327 

mean tangential velocity component at the height of the maximum mean tangential velocity 328 

component cz , and those at two heights below and two heights above cz  for the four vortices. Also 329 

included in the graphs are the radial profiles of the mean tangential velocity component according 330 

to the modified Rankine combined-vortex model with a decay constant of 0.7, the Burgers-Rott 331 

model for single-celled vortices (S = 0.17 and S = 0.22) and the Sullivan model for dual-celled 332 

vortices (S = 0.36 and S = 0.84). The radial profile of mean tangential velocity component 333 

prescribed by the Rankine combined-vortex model can be expressed as (Wurman et al. 2007)  334 

  , (6) 335 

while that prescribed by the Burgers-Rott model (Burgers 1948, Rott 1958) can be expressed as 336 

(Davies-Jones and Wood 2006) 337 

     1 2

max1.4 1 exp 1.2564z cz czV V r r r r 

    
 

.  (7) 338 

The curves representing the Sullivan model follow the expression proposed by Wood and Brown 339 

(2011), where   340 

    
0.435

2.4 7.89

max 0.3 0.7z cz czV V r r r r 



  
 

 , (8) 341 

which is obtained through a numerical fit of the original form derived by Sullivan (1959). 342 

    343 

 

 
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/
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


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    344 

Fig 4 Radial profiles of mean tangential velocity component at swirl ratios of (a) S = 0.17, (b) S = 0.22, (c) S = 0.36 345 

and (d) S = 0.84. 346 

 347 

Figure 4 suggests that at all the heights considered, the radial profiles of the mean tangential 348 

velocity component of the single-celled vortices agree well with that prescribed by the Burgers-349 

Rott model, and that the corresponding profiles of the dual-celled vortices agree well with that 350 

prescribed by the Sullivan model. However, regardless of the number of cells, the profiles of the 351 

mean tangential velocity component do not closely follow that prescribed by the Rankine 352 

combined-vortex model. The different performances of the three models result from the failure of 353 

the Rankine combined-vortex model to consider the radial and axial velocity components, while 354 

the Burgers-Rott and Sullivan models consider all three (i.e., tangential, radial and axial) velocity 355 

components, and thereby more closely represent the physically simulated vortices. In particular, 356 

because the Rankine combined-vortex model essentially treats the flow inside the core of the 357 

vortex as a rotating rigid body, it cannot represent the curved profile of the mean tangential velocity 358 

component of the flow inside the vortex core. 359 

Figure 5 shows the axial profile of the mean tangential velocity component at the representative 360 

core radius cr , and those at a number of locations inside and outside , with differences apparent 361 

in both cases. At all four swirl ratios, while the axial profiles of the mean tangential velocity 362 

component at the positions far outside the representative core radius (e.g., 2.6 cr r ) resemble the 363 

mean velocity profile for straight-line flow above a smooth flat plate, at the positions around or 364 

inside the representative core radius, the axial profiles of the mean tangential velocity component 365 

become much more complex. For example, inside the representative core radius (i.e., cr r ), the 366 

cr
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mean tangential velocity component increases with height from the floor until reaching a 367 

maximum value, presumably partly due to the shear in the boundary layer near the floor, and then 368 

decreases until reaching a near-constant value at greater heights. The effect of the swirl ratio is 369 

manifested in the rate at which the mean tangential velocity component changes from the edge of 370 

the core to the inner part of the core. At a given height, the differences between the mean tangential 371 

velocity component at approximately / 0.4cr r   and / 1cr r   are relatively minor for the two 372 

single-celled vortices at smaller swirl ratios, while for the dual-celled vortices, the differences 373 

between the normalized mean tangential velocity component at similar relative locations are much 374 

larger. 375 

Figure 6 shows five axial profiles of the mean radial velocity component for each of the four 376 

vortices: one at the position of the representative core radius, and two each at positions inside and 377 

outside the representative core radius. For all four swirl ratios, the maximum positive (i.e., directed 378 

towards the centre of the vortex) mean radial velocity component at the two radial positions outside 379 

the representative core radius is found at the very lowest measurement height, which, according to 380 

previous studies (e.g., Lewellen and Lewellen 2007), results from the combination of a reduced 381 

mean tangential velocity component near the surface (observable in Fig. 5), as well as a strong 382 

radial pressure gradient inherited from the larger tangential velocity component of the flow above. 383 

For all four swirl ratios, the mean radial velocity component at each radial position outside the 384 

representative core radius remains approximately constant at greater heights, coinciding with the 385 

mean tangential velocity component at the respective radial positions outside the core radius also 386 

being approximately constant over these heights (Fig. 5).  387 

    388 
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    389 

Fig 5 Axial profiles of the mean tangential velocity component at swirl ratios of (a) S = 0.17, (b) S = 0.22, (c) S = 0.36 390 

and (d) S = 0.84. 391 

 392 

Inside the core radius, the structure of the mean radial velocity component is much more 393 

complex. At the two lower swirl ratios of 0.17 and 0.22, the mean radial velocity component at the 394 

very lowest measurement heights inside the representative core radius decreases from maximum 395 

positive values until reversing direction and developing into a significant outwards radial velocity 396 

component. As seen in Fig. 2, the direction reversal of the mean radial velocity component at these 397 

swirl ratios occurs after the flow turns upwards as it converges inwards from the inlet. At the higher 398 

swirl ratios of 0.36 and 0.84 after the critical transition, a negative mean radial velocity component 399 

also develops at very low elevations. However, as shown in Fig. 2, the negative mean radial 400 

velocity component over most of the region inside the representative core radius is a result of the 401 

downdraft at the centre of the simulator turning outwards and then back upwards as it approaches 402 

the floor.  403 
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    404 

    405 

Fig 6 Axial profiles of the mean radial velocity component at swirl ratios of (a) S = 0.17, (b) S = 0.22, (c) S = 0.36 and 406 

(d) S = 0.84. 407 

 408 

5.2 Turbulent velocity components 409 

As noted above, due to the limitation of the Omniprobe in measuring turbulence and that of the 410 

Cobra probe in measuring flow directions beyond a 45° cone around the axis of its head, high-411 

frequency measurements of the velocity could only be conducted at positions over restricted 412 

regions outside the cores of the vortices. These limited measurements, however, enable an 413 

evaluation of the characteristics of the turbulence in regions outside the core. Hence, several 414 

characteristics of the fluctuating tangential velocity component are presented for illustrative 415 

purposes.  416 

Figure 7 shows contour plots of the turbulence intensity of the tangential velocity component (417 

/V vI V
   , where v

  is the standard deviation of the tangential velocity component) over 418 
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various regions of the four vortices based on measurements by the Cobra probe. For all four 419 

vortices, the fluctuation of the tangential velocity component increases closer to the edges of the 420 

cores. However, an apparent difference is observed between the turbulence intensities of the 421 

tangential velocity component in the regions close to the core of the two single-celled vortices (422 

0.17S   and 0.22S  ) and those in the equivalent regions of the two dual-celled vortices ( 0.36S   423 

and 0.84S  ). For the single-celled vortices, the change of turbulence intensity along the height of 424 

the measurement in this region is insignificant, while for the dual-celled vortices, the turbulence 425 

intensities at greater heights are much higher than those at lower heights. This is in agreement with 426 

an observation made based on Fig. 3 that the local core radii of the two single-celled vortices does 427 

not change significantly over the height of measurement, but those of the two dual-celled vortices 428 

do. 429 

    430 

    431 

Fig 7 Turbulence intensity of the tangential velocity component over various regions of the vortices generated at 432 

swirl ratios of (a) S = 0.17, (b) S = 0.22, (c) S = 0.36 and (d) S = 0.84. 433 

Figure 8 further shows the axial profiles of the turbulence intensity of the tangential velocity 434 

component at three discrete radial locations for the four vortices. Over regions far outside the 435 
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representative core radii of all four vortices, the low turbulence intensity of the tangential velocity 436 

component increases with height over lower elevations, but remains practically constant at greater 437 

elevations, and thus resembles the vertical profile of the turbulence intensity for straight-line flows 438 

over a smooth flat surface. This is consistent with the axial profiles of the mean tangential velocity 439 

component at radial positions sufficiently outside the core radius (see Fig. 5) also resembling the 440 

vertical profile of the mean wind speed of straight-line flows over a smooth flat surface. At radial 441 

positions close to the representative core radii, the axial profiles of the much higher turbulence 442 

intensities become complex. 443 

    444 

    445 

Fig 8 Axial profiles of turbulence intensity of the tangential velocity component at swirl ratios of (a) S = 0.17, (b) S 446 

= 0.22, (c) S = 0.36 and (d) S = 0.84. 447 

Figures 9 and 10 show contour plots of the skewness and kurtosis, respectively, of the 448 

fluctuating tangential velocity component based on measurements by the Cobra probe. Over the 449 
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most turbulent regions surrounding the cores of the vortices (see Fig. 7), the skewness can be 450 

significantly non-zero and the kurtosis > 3, implying a highly non-Gaussian nature of tangential 451 

velocity fluctuations in these regions, with significant implications for the peak tornado loading 452 

on structures, as the degree of skewness and kurtosis of the turbulence can significantly influence 453 

the probability distribution of the peak loading.  454 

    455 

    456 

Fig 9 Skewness of the tangential velocity component over various regions of the vortices generated at swirl ratios of 457 

(a) S = 0.17, (b) S = 0.22, (c) S = 0.36 and (d) S = 0.84. 458 

 459 

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

simulated vortices was not possible, a more comprehensive evaluation of the turbulence, including 461 

both the radial and axial components, is not attempted. Instead, the surface-pressure measurements 462 

are presented and used as a basis to infer the turbulence characteristics.     463 



 21 

    464 

    465 

Fig 10 Kurtosis of the tangential velocity component over various regions of the vortices generated at swirl ratios of 466 

(a) S = 0.17, (b) S = 0.22, (c) S = 0.36 and (d) S = 0.84. 467 

 468 

5.3 Mean surface-pressure deficit  469 

The static-pressure deficit of the air in a tornado can be a significant contributing factor to the 470 

overall loading on structures. This is fundamentally different from the loading on structures by 471 

straight-line winds where the effect of the static pressure is trivial. Our data suggests that the swirl 472 

ratio critically affects not only the mean static-pressure deficit at the surface, which has been 473 

revealed by many previous studies (e.g., Snow et al. 1980), but also the fluctuation of the surface 474 

pressure. The mean and turbulent characteristics of the surface pressure reflect the characteristics 475 

of the flow in the region immediately above the surface, where certain physical structures reside, 476 

such as low-rise buildings. To characterize the effect of the swirl ratio on the surface pressure, 477 

additional simulations to those for the illustration of the flow were conducted in the VorTECH 478 

facility at various swirl ratios, with the radial Reynolds numbers of these additional experiments 479 
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also between 3.11 × 105 and 4 × 105. Figure 11a depicts the radial profiles of the mean surface-480 

pressure deficit (P) at the swirl ratios tested, with every value representing the average of 10 mean 481 

values as estimated from an ensemble of samples of 2-min duration. The significant level of mean 482 

surface-pressure deficit near the centre of the simulated vortices and the transition of the mean 483 

surface-pressure-deficit profile due to the corresponding transition of the flow is clearly observed 484 

in Fig. 11a. Specifically, the magnitude of the mean surface-pressure deficit around the centre of 485 

chamber floor initially increases with increasing swirl ratio, and produces a single sharp pressure 486 

drop. As the swirl ratio further increases, the profiles flatten, and eventually develop into a shape 487 

with two valleys. A similar evolution of the mean surface-pressure-deficit profile with increasing 488 

swirl ratio has been observed in a number of previous studies (e.g., Snow et al. 1980, Refan and 489 

Hangan 2016) and attributed to the transition of the flow from a single-celled vortex to a dual-490 

celled vortex with increasing swirl ratio. In particular, according to a previous study (Snow et al. 491 

1980), the rise of the pressure near the centre of the profiles exhibiting two valleys results from 492 

the deceleration of the downflow from above the surface in a dual-celled vortex, which agrees with 493 

our observations. For example, evident in Fig. 2 for a swirl ratio of 0.84 is a downdraft around the 494 

axis of the dual-celled vortex which apparently weakens closer to the surface. 495 

    496 

Fig 11 (a) Profiles of mean surface-pressure deficit and (b) the minimum mean-pressure deficit as a function of the 497 

swirl ratio. 498 

 499 

Further evidence reflecting the dependence of the mean surface-pressure deficit on the swirl 500 

ratio is the largest mean surface-pressure deficit for every profile with the corresponding swirl 501 

ratio in Fig. 11b. The minimum value of the mean pressure deficit first decreases and then increases 502 

with increasing swirl ratio, with the critical point separating these two regimes corresponding to a 503 
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swirl ratio of 0.22, which signifies the breakdown of the single-celled vortex extending to the 504 

surface. According to previous studies (Church et al. 1979, Refan and Hangan 2016), the transition 505 

of the flow from a single-celled-vortex regime to that of a two-celled vortex soon follows with a 506 

further increase of the swirl ratio. This observation based on the surface-pressure measurements is 507 

also in agreement with observations of the velocity (e.g., Fig. 2), indicating the critical transition 508 

occurs between swirl ratios of 0.22 and 0.36.  509 

Comparisons between the flows in prototype tornadoes and tornado-like vortices simulated in 510 

laboratories have traditionally been challenging due to the lack of high-fidelity, high-resolution 511 

full-scale measurements, especially near the ground. However, high-quality measurements of 512 

static pressure at the ground during the passage of tornadoes have become available in recent years, 513 

which enable a comparison between the surface-pressure deficits of full-scale tornados with those 514 

of simulated tornadoes. Figure 12 shows the mean profiles of the surface-pressure deficit estimated 515 

based on measurements in four tornadoes (Karstens et al. 2010) and four corresponding profiles 516 

based on our measurements. Normalization of the pressure and radial coordinate is achieved using 517 

the absolute value of the maximum mean pressure deficit min| |P , and the radius at which half of 518 

the maximum mean pressure deficit is reached 
min0.5 pr , respectively. The resemblances between the 519 

normalized full-scale and laboratory profiles are apparent. According to Karstens et al. (2010), the 520 

two Manchester tornadoes are single-celled in structure, the Tipton tornado has a dual-celled 521 

structure, but it is unclear whether the Webb tornado is of a single-celled or dual-celled structure, 522 

which is remarkably consistent with our conclusions, as the transition between single-celled and 523 

dual-celled vortices occurs at a swirl ratio between 0.22 and 0.36. Indeed, that it is challenging to 524 

discern whether the Webb tornado is single-celled or dual-celled results from the swirl ratio being 525 

close to the critical transition. 526 
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    527 

    528 

Fig 12 Comparison between radial profiles of mean surface-pressure deficit of full-scale and simulated tornado 529 

vortices. 530 

 531 

5.4 Fluctuating surface-pressure deficit  532 

The pressure measurements suggest that the swirl ratio also critically affects the fluctuation of the 533 

surface-pressure deficit. Figure 13 shows the radial profiles of the first four moments of the 534 

surface-pressure deficit for the four representative vortices analysed above. The mean value of the 535 

surface-pressure deficit shown in Fig. 11a is presented here as the mean pressure coefficient 536 

defined as 2

max/ (0.5 )PC P V , where   is the air density, and the second moment is represented 537 

by the variance of the pressure normalized by the absolute value of the maximum pressure deficit. 538 

Each value represents the ensemble average of the corresponding statistics based on the 10 539 

individual test runs. While the effect of the swirl ratio on the mean pressure deficit is again 540 

apparent, the dependence of the fluctuations of the pressure on the swirl ratio is also clearly 541 

observed in Fig. 13.  According to the profile of the normalized variance, the surface pressure 542 
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fluctuates significantly over the regions inside and immediately surrounding the cores of the four 543 

vortices, and the most significant fluctuations occur inside the cores. When the vortex transitions 544 

from a single-celled structure at small swirl ratios to a dual-celled structure at higher swirl ratios, 545 

the radial distribution of the variance of the surface-pressure deficit transitions from a bell-shaped 546 

profile to symmetric bi-modal shaped, suggesting the effects of the swirl ratio on the pressure 547 

fluctuation. 548 

    549 

    550 

Fig 13 Dependence of surface pressure on swirl ratio for the (a) mean pressure coefficient (b) standard deviation, (c) 551 

skewness and (d) kurtosis of the pressure fluctuations. 552 

 553 

In addition, the skewness and kurtosis profiles shown in Fig. 13 suggest that while the surface-554 

pressure fluctuation over regions far outside the representative core radius of each vortex exhibits 555 

Gaussian characteristics (i.e., the skewness and the kurtosis are around zero and 3, respectively), 556 

the pressure fluctuation over the regions in and immediately surrounding the core radii of all four 557 

vortices are highly non-Gaussian. Further, Fig. 13 clearly reveals the effect of the swirl ratio on 558 
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the 3rd and 4th moments of the pressure fluctuation. While the profiles of the skewness and kurtosis 559 

of the surface pressure beneath the two single-celled vortices (i.e., 0.17S   and 0.22S  ) are 560 

essentially symmetric and bi-modal in shape, the profiles of the skewness and kurtosis of the 561 

surface pressure beneath the two dual-celled vortices ( 0.36S   and 0.84S  ) are also essentially 562 

symmetric, but much more complex in shape. Moreover, for the two single-celled vortices, the 563 

higher the swirl ratio, the more the skewness and kurtosis of the pressure fluctuation deviate from 564 

the corresponding values for Gaussian processes. However, the manner in which the skewness and 565 

kurtosis of the pressure fluctuation at a specific radial position depends on the swirl ratio is much 566 

more complex for the dual-celled vortices. 567 

Although a comprehensive evaluation of the correlation between the characteristics of the flow 568 

and those of the surface-pressure fluctuations is not possible due to the incompleteness of the 569 

velocity measurements, the surface-pressure fluctuation is undoubtedly a result of the turbulence 570 

immediately aloft. Indeed, some characteristics of the turbulence over the regions of the flow with 571 

high-frequency velocity measurements are observed to be qualitatively well correlated with some 572 

corresponding characteristics of the surface-pressure fluctuation. For example, a comparison 573 

between Figs. 13 and 7 suggests that, in the case of the two single-celled vortices, significant 574 

fluctuations of the tangential velocity and surface pressure are present at radial positions between 575 

two and three times the respective representative core radii, and become progressively much more 576 

intense at radial positions towards the axis of the simulator. Also, by comparing Fig. 13 with Figs. 577 

9 and 10, it can be seen that over the radial positions where the fluctuation of the surface pressure 578 

beneath the two single-celled vortices is significantly non-Gaussian, the fluctuation of the flow 579 

over the regions immediately above these radial positions also exhibits significant non-Gaussian 580 

characteristics. In the case of the two dual-celled vortices, however, the correlations between the 581 

characteristics of the surface pressure and those of the flow aloft cannot be clearly identified even 582 

in a qualitative manner. This is because, as shown in Figs. 7 and 13, significant fluctuations of the 583 

surface pressure or the flow immediately above the surface do not occur at the radial positions 584 

over which high-frequency velocity measurements are made. Nevertheless, it is reasonable to infer 585 

based on the observed characteristics of the surface-pressure fluctuation that, for both single-celled 586 

and dual-celled vortices, the fluctuation of the near-surface flow over certain ranges of radial 587 

position can be highly non-Gaussian, which can significantly influences the probability 588 

distribution of the loading on structures by tornadoes. 589 
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 590 

6 Effects of radial Reynolds number 591 

While the characteristics of the simulated flow and the those of the surface-pressure deficit both 592 

clearly depend on the swirl ratio, previous studies have shown that simulation of a tornado-like 593 

vortex does not depend critically on the radial Reynolds number, provided this number is 594 

sufficiently large (e.g., Church et al. 1979, Refan and Hangan 2016). However, previous studies 595 

have primarily focused on the effects of the radial Reynolds number on the mean components of 596 

the flow and surface pressure. Here, the flow field of two vortices simulated at distinct radial 597 

Reynolds numbers and the mean and fluctuating surface pressure beneath vortices for various 598 

radial Reynolds numbers help illustrate that neither the mean nor the fluctuating velocity and 599 

surface pressure depend on the radial Reynolds number, as long as this parameter is sufficiently 600 

large.  601 

Figure 14a, b depicts the mean flow field of two vortices simulated at different radial Reynolds 602 

numbers of 3.91 × 105 and 3.02 × 105, respectively, but with practically identical swirl ratios (S = 603 

0.44). The structures of the mean flow fields are similar despite the differences in the magnitudes 604 

of the respective velocity components. Figure 14c, d presents the axial profiles of the normalized 605 

local core radius and the normalized maximum mean tangential velocity component of the two 606 

vortices, where despite substantial differences in the radial Reynolds number, the profiles are 607 

practically identical corresponding to the identical swirl ratios.   608 

    609 
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   610 

    611 
Fig 14 Mean flow fields of vortices simulated at radial Reynolds numbers of (a) Rer = 3.91 × 105 and (b) Rer = 3.02 612 

× 105, and profiles of (c) local core radius and (d) maximum mean tangential velocity component at these two radial 613 

Reynolds numbers. 614 

 615 

Figure 15 shows profiles of the normalized mean value and standard deviation, as well as the 616 

skewness and kurtosis of the surface-pressure deficit beneath vortices for three radial Reynolds 617 

numbers. The radial Reynolds number apparently does not significantly affect the mean or 618 

fluctuating surface pressure over the regions where these two components are significant. 619 

However, while significant effects of the radial Reynolds number on the 2nd to 4th moments of the 620 

pressure fluctuation at radial positions far from the cores of the vortices are present, this is because 621 

the surface-pressure deficit is very low at these positions for low radial Reynolds numbers and, 622 

consequently, the pressure transducers record very weak and thus unreliable signals.   623 

    624 
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    625 

Fig 15 Dependence of (a) mean, (b) standard deviation, (c) skewness and (d) kurtosis of the surface-pressure deficit 626 

on the radial Reynolds number. 627 

 628 

7 Conclusions and discussions 629 

Tornado-like vortices are generated in a large-scale Ward-type tornado simulator to investigate the 630 

mean and fluctuating characteristics of tornado-like flows and their dependence on the swirl ratio 631 

and the radial Reynolds number. Measurements of the velocity and surface pressures reveal the 632 

significance of the swirl ratio. In particular, the flow transitions from a single-celled to a dual-633 

celled vortex with increasing swirl ratio, with corresponding development of a downdraft in the 634 

centre of the vortex following the extension of vortex breakdown to the surface. This transition 635 

results in the single-celled and dual-celled vortices exhibiting distinct mean and turbulent flow 636 

structures, as well as a corresponding transition of the mean and fluctuating surface-pressure 637 

deficit. The characteristics of the surface pressure beneath a number of simulated vortices and their 638 

dependence on the swirl ratio closely resemble those observed in full-scale tornadoes, which 639 

validates the capability of the simulator to generate tornado-like vortices. 640 

The velocity and surface-pressure measurements at various radial Reynolds numbers, and 641 

essentially identical swirl ratios, further confirm the important conclusion of previous studies that 642 

the laboratory simulation of tornado-like vortices in simulators such as the VorTECH facility is 643 

independent of the radial Reynolds number, as long as this number is sufficiently large. It is 644 

particularly revealed that the characteristics of  the mean and fluctuating velocity and surface 645 

pressure are independent of the radial Reynolds number. 646 
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While a number of the observations made based on the mean characteristics of the flow and the 647 

surface pressure are consistent with previous experiments, the characteristics of the turbulence and 648 

surface-pressure fluctuation observed in the experiments have significant implications for the 649 

dynamics of simulated tornado-like vortices, as well as the tornado loading on structures. The 650 

velocity measurements suggest that the fluctuations of the flow inside and around the tornado core 651 

can be highly non-Gaussian, which is different from the case of straight-line winds, for which the 652 

turbulence can often be reasonably assumed to be Gaussian. This difference between the 653 

turbulence in tornadic and straight-line boundary-layer-type winds can be a source of significant 654 

difference between the fluctuating loadings on structures by these two types of flows. Further, the 655 

pressure measurements suggest that a large static-pressure deficit develops inside and around the 656 

core of a tornado, and that the fluctuation of the pressure deficit in these regions is also highly non-657 

Gaussian. Such characteristics of the static-pressure deficit can also significantly contribute to the 658 

tornado loading on structures. 659 
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