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Abstract

Windborne debris during severe weather events such as hurricanes or tornadoes

can seriously damage engineering and non-engineering structures. Building fail-

ures, whether induced by strong winds or debris impact, can generate significant

amounts of airborne debris, increasing the risk of damage to surrounding buildings.

To date, the interaction between tornado winds and windborne debris is poorly

understood. Analytical models and numerical simulations have previously been

used to examine debris flight, but those models are by nature highly simplified

and still lack experimental or full-scale validation.

This research investigates the flight of debris in tornado-like flow fields using phys-

ical and analytical models. Physical simulations were carried out using a tornado

simulator, and experimental results of the flight of single or multiple debris showed

some good agreement with full-scale observations. Debris trajectories were also

compared with numerically calculated debris trajectories based on experimental

velocity and particle tracking data and the methodology developed showed good

agreements with experimental data. Finally, the flight of debris was examined us-

ing velocity fields from analytical vortex models and demonstrates the limitations

of these models to reproduce similar experimental flow fields or debris trajecto-

ries. One model showed good potential, but additional research and data are still

needed before validating and using it further.
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Chapter 1

Introduction

1.1 Motivation

Tornadoes account for the strongest and most devastating natural wind phe-

nomenon observed on Earth. Lasting from a few minutes up to several hours,

these fast vertical-swirling columns of air developed between the cloud base of

a supercell thunderstorm and the ground and can generate wind speeds up to

500km/h. Visually frightening, tornadoes can also reach considerable sizes, such

as the 2013 El Reno tornado which grew to a width of 4.2km (Bluestein et al.,

2015). Under such extreme conditions, failure of engineering and non-engineering

structures due to tornadoes can mainly be attributed to the high wind speeds, the

low pressure inside the core vortex and windborne debris (Brooks and Doswell,

2001), which all increase the risk of damage for surrounding buildings. Single

debris impacting a building can lead to a variation of its internal pressure and

ultimately cause more structural damage (Minor et al., 1977), resulting in what is

known as a debris chain (Figure 1.1). Therefore, potential damage during torna-

does is not only related to wind speed but also debris loading (Wills et al., 2002).

Although an effort can be made to design buildings resistant to tornado winds,
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Figure 1.1: Windborne debris chain (from Kakimpa et al. (2012)).

their structures can rarely sustain significant debris loading; thus, urban areas can

be severely affected by a violent tornado. In 2011, the city of Joplin (U.S.) was

struck by the costliest tornado in U.S. history, causing about $2.8 billion worth

of damage (Kuligowski et al., 2014). Figure 1.2 shows an aerial view of the tor-

nado’s path where it travelled approximately 35km across Joplin city and killed

158 people.

To estimate the intensity and wind speed of a tornado, Ted Fujita introduced the

Fujita Scale based on different damage levels (Fujita, 1971). Post-tornado damage

surveys are carried out to establish the intensity of the tornado, which is then

ranged from 0 to 5 on the Fujita Scale, representing little damage to total de-

struction. To take into account the evolution of building construction techniques

and standards over the years, the Fujita Scale was revised by the U.S. National

Weather Service in 2006. It then became operational in 2007 as the Enhanced

Fujita Scale. Table 1.1 shows the different scales and differences in terms of 3-

second wind gust between the F-Scale and EF-Scale. In the United Kingdom, a

similar tornado intensity scale was proposed in 1975 by the Tornado and Storm
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Figure 1.2: Aerial view of the 2011 Joplin EF5 tornado’s path which caused 158
casualties (NOAA, 2016).

Research Organisation (TORRO), known as the TORRO scale (TORRO, 1975).

The TORRO scale contains 12 categories going from T0 to T11 and is an exten-

sion of the Beaufort scale. The Beaufort scale is an empirical wind force scale

which initially estimated wind speeds based on observed sea conditions but is also

generally used to describe wind intensity on land. Nevertheless, the EF-Scale is

primarily used to evaluate and describe the severity of a tornadic event.

Table 1.1: Estimated tornado wind speeds and scales based on damage surveys.

Fujita Scale Enhanced Fujita Scale

F-Scale 3-second wind gust [m/s] EF-Scale 3-second wind gust [m/s]

0 20-35 0 29-38

1 35-52 1 38-49

2 53-72 2 50-60

3 72-93 3 61-74

4 94-117 4 74-89

5 117-142 5 >89
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To date, such extreme events are hard to forecast with reasonable accuracy; how-

ever, numerical weather prediction models can anticipate whether the environment

is favourable or not to develop supercell thunderstorms. But in reality, only a small

percentage of supercell thunderstorms produce tornadoes (Jones et al., 2004, Trapp

et al., 2005). Therefore, operational weather services in the U.S. rely on weather

radars and observers to monitor these severe weather events. When a tornado

occurs, the U.S. National Weather Service alerts the population with a tornado

warning. To trigger such a warning, weather radars must indicate strong rota-

tion inside the thunderstorm or observers must report a tornado on the ground.

Following the recent development of weather radars and understanding of the en-

vironmental conditions before a tornado, residents in tornado-prone regions are

typically warned 13 minutes before a tornado strikes (NOAA, 2011). Tornado

shelters or safe rooms provide a safe place for occupants to protect themselves.

Nevertheless, 1200 tornadoes (Mulder and Schultz, 2015) and 80 casualties di-

rectly related to them are reported on average each year in the U.S. In Europe,

where tornadoes are less inclined to occur, about 84 tornadoes occur annually,

with 5478 tornadoes reported between 1950 and 2015 (Antonescu et al., 2016).

However, fewer tornadoes do not necessarily mean weaker tornadoes, with for in-

stance the 1967 tornado outbreak which saw an F4 and an F5 tornado in France

(Antonescu et al., 2018), or more recently an F4 tornado that also struck France

in August 2008 (Wesolek and Mahieu, 2011).

To safely study tornadoes, physical simulations have been undertaken over the

past few decades to improve our understanding of the complex flow field of a tor-

nado. Ward (1972) pioneered the tornado generator that could generate realistic
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tornado-like vortices and sub-vortices. Since then, different tornado generators

have emerged, leading to the characterisation of tornado-like vortex flow fields

and wind loading studies on buildings. However, due to the earth’s curvature

and weather radar limitations, no full-scale data is usually obtained below 30m

AGL (Wurman et al., 2013), which is usually more than standard low-rise building

heights. Therefore, validating physical simulations against full-scale data can be

problematic. In addition to physical simulations, analytical vortex models can also

be used. Although very simplistic in their formulations with significant assump-

tions taken, they can be used to provide useful information on wind and debris

impact loading (Baker and Sterling, 2018) or debris flight (Baker and Sterling,

2017).

Although great effort has been made over the past few decades to model and

understand the flow field of a tornado, the flight of debris in a tornado flow field

is still poorly understood. A better understanding of wind-debris interaction in

tornadoes could ultimately lead to better tornado warnings, as weather services

could estimate where the debris is likely to fall. Research showed that debris can

fall at distances up to 300km from where it originated (Anderson, 1985a,b, Snow

et al., 1995, Knox et al., 2013). Therefore, the motivation behind this research is to

explore the flight of debris in tornadoes using physical simulations and analytical

vortex models.
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1.2 Aims and objectives

This research aims to investigate and characterise tornado-like flow fields and the

flight of debris within a tornado using physical and numerical simulations. To ac-

complish these aims, the University of Birmingham Tornado-like Vortex Generator

was used, and the following objectives were developed and carried out:

1. Characterise the vortex structure within the tornado simulator, using a ve-

locity mapping with high spatial resolution for different swirl ratios,

2. Develop a methodology to investigate the flight of debris using high-speed

cameras and the Particle Tracking Velocimetry technique,

3. Develop a methodology to numerically simulate the flight of debris, using

analytical vortex models.

1.3 Thesis outline

Following this introductory chapter, Chapter 2 presents the relevant background

knowledge and reviews the relevant literature on tornadoes from a meteorological

and engineering point of view. The meteorological point of view introduces the

fundamentals of meteorology to understand the formation of tornadoes, as well as

some background on full-scale data and climatology. On the other hand, the en-

gineering point of view introduces the different physical and analytical techniques

employed to investigate tornado-like vortices and debris in laboratories. In Chapter

3, the investigation of tornado-like flow fields using the University of Birmingham

Tornado-like Vortex Generator is introduced. In this chapter, the experimental
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methodology is detailed, and wind measurements are discussed. Chapter 4 exam-

ines the flight of debris in tornado-like flow fields experimentally. The methodology

based on the particle tracking velocimetry technique is detailed, and 2D and 3D

debris trajectories are shown and discussed. In Chapter 5, the numerical method-

ology to compute debris trajectories using experimental data is introduced, and

results are compared with experimental data. Chapter 6 examines the flight of

debris using analytical vortex models. The influence of different vortex models on

debris flight is investigated in this chapter. Finally, Chapter 7 concludes with the

main findings of this research work and gives some recommendations for further

work.
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Chapter 2

Background and literature review to tornadoes

and debris

2.1 Introduction

This chapter presents the general background and relevant literature to this thesis

which sets the foundation to understand and investigate the flight of debris in

tornadoes. Section 2.2 introduces the general concepts of meteorology which are

relevant to understand the environment needed to develop tornadic thunderstorms,

as well as a thorough description of the tornado structure, the technique to obtain

wind data and the climatology of tornadoes around the world. It then follows

in section 2.3 with the engineering research undertaken in order to improve our

understanding of tornadoes. The background and relevant literature regarding

the modelling of tornado-like vortices both physically and analytically are first

described. Then, the background and literature related to debris is introduced. In

order to investigate the flight of debris in tornadoes, the technique called Particle

Tracking Velocimetry (PTV) is used. Therefore, the technique and the relevant

literature to apply this technique to the current work is detailed. Since the PTV
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technique is used to reconstruct the motion of debris, an overview of the literature

related to the flight of debris is given. Since tornadoes are modelled, whether using

physical, analytical or even numerical method, it is important to reflect on the scale

of this model to the real world. Therefore, this section finishes by assessing the

scaling issues between modelled and full-scale tornadoes. Finally, a description of

the research gap motivating this research work is given in section 2.4.

2.2 Tornadoes: a meteorological point of view

2.2.1 Meteorology generalities

Wind is an air mass movement caused by the unbalanced heating of the surface

of the Earth from the sun. When receiving solar energy, the surface of the Earth

is heated and emits heat radiation back to the atmosphere. Due to the inclina-

tion of the Earth, more solar energy is received near the Equator than the Poles

throughout the year. As a result of that contrast and in order to balance it, this

excess of energy is distributed in the atmosphere by air mass movements. Hadley

(1735) was the first to propose an atmospheric circulation model, describing one

cell in each hemisphere with what would be termed ’trade winds’, consisting of

moving masses of air towards the equator in the lower atmosphere. Based on

Hadley’s theory, Ferrel (1861) identified secondary, thermally indirect circulation

cells in midlatitudes, known as Ferrel cells. The Ferrel cells, usually located be-

tween 30 and 60 degrees of latitude, are the region where the strongest contrast

exists with warm, tropical air moving northward and cold air moving southward.

Strong temperature gradients result in strong pressure gradients which, associated

with the Earth’s rotation, generate strong winds at an altitude of around 10km:
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the jet-stream (Figure 2.1 (b)). The jet-stream extends all around the Earth, and

its shape depends on the low-pressure systems moving westerly. In Europe, the

jet-stream is a key component and significantly influences the weather as it can

bring cold air from the North Pole regions or warm air from North Africa. The

oscillatory motion of the jet-stream can result in a local region of intense winds,

known as jet-streak. A jet-streak is characterised by four regions, left entrance/exit

and right entrance/exit (Figure 2.1 (b)). The right entrance and left exit account

for regions of flow convergence while the left entrance and right exit for regions

of flow divergence. Regions of convergence in the upper atmosphere account for

downward synoptic-scale winds while regions of divergence account for synoptic-

scale upward winds (Rose et al., 2004). As described in section 2.2.2, the upward

forcing plays an important role in the formation of thunderstorms.

Figure 2.1: (a) Conceptual view of the atmospheric circulation – (b) Jet-streak
quadrant and associated large-scale atmospheric forcing (Rose et al.,
2004).
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2.2.2 From clouds to tornadogenesis

A thunderstorm is a convective cloud almost always associated with heavy rain,

lightning activities, and sometimes hail. When the cloud reaches a vertical exten-

sion up to about 12-15km, it is is typically called a cumulonimbus (Houze, 2014).

A thunderstorm cloud generally needs three ingredients to develop: warmth, moist

air, and instability. The instability can be thermally caused when the surface of the

Earth is heated and initiates natural convection, or dynamically caused, such as

introduced in the previous section. Such atmospheric instability can be defined by

two major parameters, the Convective Available Potential Energy (CAPE) [J/kg]

(Moncrieff and Miller, 1976) and the Convective Inhibition (CIN) [J/kg] (Colby,

1984). CAPE is the potential energy an air parcel would have if lifted to its Level

of Free Convection (LFC). The LFC is the height where a rising air parcel becomes

warmer than the ambient environment. Once past its LFC, the air parcel is con-

vectively buoyant and freely rises upwards until reaching the Equilibrium Level.

The equilibrium level is the level where the air parcel and the ambient environ-

ment have the same temperature and where buoyancy forces are becoming neutral.

However, due to its momentum, the air parcel commonly travels further than the

equilibrium level and forms an overshooting top. An overshooting top helps to eas-

ily identify strong convection and updraft inside a cumulonimbus. The intensity

of the updraft (w) can be roughly estimated from the CAPE, with w =
√

2CAPE

[m/s] (Bluestein, 2013). The larger the CAPE, the stronger the probability of

observing an intense convective event. However, the CIN plays a major role in the

convection initiation. The CIN is the energy needed by an air parcel to reach the

level of free convection. This energy can be given to the air parcel from surface
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heat flux, low-level wind convergence or synoptic-scale forcing. CAPE and CIN

are usually estimated by radio sounding, where temperature, humidity and pres-

sure are measured vertically through the atmosphere with a radiosonde (Bluestein,

2013). Once fully developed, a convective cloud is characterised by an updraft due

to the upward air parcel motion and a downdraft due to precipitation. Wind shear

plays a crucial role in the next stage of the convective storm. The wind shear is

the difference in wind speed and/or direction with height. If the wind shear is low,

the downdraft counteracts with the updraft. The convective cloud weakens and

dissipates. However, if the wind shear is of sufficient strength, the updraft and

downdraft are separated, and the convective cloud reaches a mature and structured

form (Figure 2.2).

If all conditions are favourable, i.e. high instability and strong wind shear, a

convective storm can evolve into a more complex storm, a supercell. A supercell

is a long-life storm due to the separation of rotating updraft and the downdraft.

Figure 2.2: Structure of a tornadic supercell thunderstorm (Markowski, 2019)
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The supercell thunderstorm can generate significant amounts of precipitation, large

hail, strong winds and sometimes tornadoes. To form a tornado, three essential

ingredients are required to form a tornadic supercell:

• A strong rotating updraft that can reach up to 50m/s,

• A downdraft forming behind the updraft, known as Rear Flank Downdraft

(RFD),

• Near ground wind convergence.

First, strong vertical wind shear generates large-scale horizontal vortices near the

surface. When a convective cell is initiated, these horizontal vortices can be em-

bedded within the updraft resulting in tilted vorticity. Two vertical vortices are

then created, one rotating clockwise and the other anticlockwise. In mid-latitude

regions, the vertical wind shear is predominantly varying clockwise with altitude

so, as a result, cyclonic vertical vorticity is enhanced while anticyclonic vorticity

is suppressed. Cyclonic rotation is counter-clockwise in the Northern hemisphere

whereas anticyclonic rotation is clockwise. Therefore, vertical vorticity is initiated

and maintained at mid-level altitude inside the thunderstorm, around 3 and 6km

AGL, and is known as a mesocyclone. At this stage, the supercell thunderstorm

is formed and can potentially live several hours if the conditions are maintained.

Although vertical vorticity is generated within the mesocyclone, its strength is not

sufficient to form a tornado and radar measurements showed that it would take

up to 20 minutes to bring the vertical vorticity down to ground-level (Trapp and

Davies-Jones, 1997). However, rapid-scan observations showed that tornadogen-

esis usually occurs within a minute (French et al., 2013). At this point, extra
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vorticity is required to intensify the low-level rotation. The RFD most likely plays

a significant role in transporting vertical vorticity back to the ground-level, and its

interaction with the updraft increases low-level rotation (Markowski et al., 2002,

Markowski and Richardson, 2009, Davies-Jones, 2015). However, uncertainties

remain on the processes leading to tornadogenesis and in particular why some

supercells produce tornadoes and others do not. This led meteorologists to dis-

cover that the temperature of the downdraft also plays a role during its interaction

with the rotating updraft, with temperature deficit up to 2 to 3 times higher in

weak tornadoes (F0-F1) than in more intense tornadoes (F2) (Markowski et al.,

2002). More recently, meteorologists and storms chasers have started examining

the Forward-Flank Downdraft, i.e. the downdraft region where the precipitations

are located, and its potential role in also transporting vorticity (Schueth and Weiss,

2018). This shows that all the processes leading to tornadogenesis are still not fully

understood.

2.2.3 The flow structure inside a tornado

Each tornado is generally different, in terms of shape, wind intensity and structure,

but it is possible to describe a general, idealised axisymmetric tornado. Snow

(1982) described the idealised vortex as consisting of five distinct regions (Figure

2.3):

I. The Outer Flow: the flow spirals inward and updraft around the core region

is present. Tangential velocities increase towards the core region due to the

conservation of angular momentum.

II. The Core: water condensation and debris are lifted in the core region, making
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the vortex visible with its characteristic shape - the funnel. In this region,

maximum tangential velocities occur due to the cyclostrophic equilibrium

between pressure and centrifugal forces.

III. The Corner: converging horizontal winds from the inflow region are deflected

upward into the core region. This is the region where the most intense winds

are observed.

IV. The Inflow: this surface boundary layer region fuels the storm with unstable

air characterised by a strong radial inflow.

V. Upper flow: the vortex core merges with the ambient environment where the

mesocyclone is located. This region plays a crucial role in maintaining the

tornado lifetime.

Although the above gives a conceptual description of a tornado, the actual flow

structure of the tornado core vortex varies considerably, and the structure can

evolve due to the intensity of the core vortex, as illustrated in Figure 2.4 (Snow,

1982, Rotunno, 2013). A low-intensity tornado is characterised by a single-cell

vortex structure with a low turbulence updraft, usually referred to as laminar, and

radial flow. With increasing vorticity, a downdraft is formed and shows a negative

vertical velocity and a radial outflow in the centre of the vortex. Consequently,

the flow becomes turbulent and broadens around a stagnation point; this reveals a

transition from a one to two-cell vortex structure, also known as vortex breakdown.

As the rotation increases more and the stagnation moves down to reach the surface,

the vortex evolves to a fully developed two-cell vortex structure. Finally, with more

rotation, the two-celled vortex loses its asymmetry, and local vortices are formed
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Figure 2.3: Conceptual view of a tornado (Snow, 1982).

(Fujita, 1971). The vortex then evolves into a multiple vortex structure with a

strong downdraft in the centre. Local wind speeds associated with these local

vortices can be higher than the maximum wind speed observed at the core vortex

region and therefore explains the extreme wind speed, e.g. 509km/h, measured

during the 1999 Oklahoma City tornado (Wurman et al., 2007).
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Figure 2.4: Evolution of a tornado vortex structure as a function of the swirl ratio
(Rotunno, 2013). The swirl ratio S measures the strength of a vortex
and is fully defined in section 2.3.
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2.2.4 Obtaining data at full-scale

Due to their unpredictability and their hazardous nature, in-situ data are diffi-

cult to obtain in full-scale tornadoes. Over the past decades, the development

of weather radars has increasingly helped in understanding and picturing the en-

vironment leading to a tornado and its wind characteristics. Zrnic et al. (1977)

managed to determine core radii and maximum wind speeds of tornadoes mea-

sured with a Doppler radar. Although advantageous, weather Doppler radars can

be limited in obtaining data close to the ground due to the earth curvature or

urban/vegetated areas. To overcome this limitation, Bluestein and Unruh (1989)

used a Portable Doppler radar to intercept and get as close as 10km distance from

a tornado. As a result, between 1995 and 2008, 150 tornadoes have been measured

using Doppler On Wheels (DOWs) (Alexander and Wurman, 2008) with measure-

ments within 20m Above Ground Level (AGL) (Wurman et al., 1997, Wurman,

Figure 2.5: (a) Doppler on Wheel (DOW) scanning a full-scale tornado (Wurman
et al., 2013) - (b) The Tornado Intercept Vehicle (TIV) is positioned
in the path of a tornado to measure in-situ pressure, temperature and
wind data.
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1999, 2011). DOWs have been used in numerous important field campaigns (Fig-

ure 2.5 (a)) that have improved our understanding of tornadogenesis such as the

Radar Observations of Tornadoes And Thunderstorms Experiment (ROTATE)

project, the Tactical Weather-Instrumented Sampling in/near Tornadoes Experi-

ment (TWISTEX) project, the Verification of Rotation in Tornadoes EXperiment

(VORTEX) project, or more recently the Targeted Observation by Radars and

UAS of Supercells (TORUS) project. Wurman et al. (2013) derived the DOW

data to obtain the 3D velocity flow field of a full-scale event and radial profiles

of tangential velocity to estimate the core radius of the tornado. However, data

are only available from 50m AGL upwards, which limits its purpose for wind load-

ing applications. Nevertheless, Kosiba and Wurman (2013) managed to map the

three-dimensional structure of the boundary-layer of a tornado (Figure 2.6) and

its temporal evolution using a Rapid-Scan Doppler On Wheels (RSDOW).

Data were collected near the surface with heights as low as 4m AGL and showed

that the tornado winds are more intense near the surface than above. However, the

Figure 2.6: Axisymmetric cross-section of the May 25, 2012, Russel, Kansas tor-
nado from a Rapid-Scan Doppler on Wheels (RSDOW) (Kosiba and
Wurman, 2013). The colour contours denote the tangential velocity
and the arrows the 2D vector field of radial and vertical velocities.
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RSDOW needs to be in close vicinity to be able to obtain such high-resolution data.

During 2019 and 2020, the TORUS project aims to try to better understand the

relationship between severe thunderstorms and tornadogenesis (NOAA, 2019). In

addition to using a DOW and other meteorological instrumentations, the TORUS

team will be using a LiDAR (LIght Detection And Ranging) system that will

provide wind data. This will help in investigating the environment as well as the

development of tornadoes in severe thunderstorms.

In recent years, more audacious and radical methods have been used to obtain

full-scale data in tornadoes. Wurman et al. (2007) used a Tornado Intercept Vehi-

cle (TIV) (Figure 2.5 (b)), an instrumented and armoured truck that can sustain

strong winds and be driven inside a tornado. On-board meteorological instrumen-

tation as well as an anemometer at 3.5m AGL were used to obtain wind data right

inside the core of an EF2 tornado (Figure 2.7 (a)) (Wurman et al., 2013).

Figure 2.7 (a) shows the wind speed estimated from the RSDOW and reveals

(a) (b)

Figure 2.7: Tornado in-situ (a) wind data (Wurman et al., 2013) and (b) surface
pressure data (Karstens et al., 2010).
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the limitation of Doppler radars in measuring high-frequency wind fluctuations.

Another way to obtain in-situ data is to deploy surface pressure probes in the path

of a tornado. This technique can be very dangerous but also difficult to set up due

to the unpredictability of the tornado and the inability to predict the tornado path.

This technique has been used for several occasions leading to a dataset of surface

pressure inside tornadoes (Winn et al., 1999, Lee and Samaras, 2004, Karstens

et al., 2010). However, Figure 2.7 (b) shows the difference between two surface

pressure probes from two nearby locations but with significantly different signals

(Karstens et al., 2010). In this case, the tornado core diameter was estimated

between 400 and 450m from a DOW radar. Although it gives an idea of the

surface pressure within a tornado, F0-F1 tornadoes are the most common with

much smaller core sizes. Furthermore, pressure measurements are typically made

on landscaped grounds with no surrounding buildings. It is unclear what the

surface pressure at ground level would be and how the pressure distribution within

the tornado, and indirectly the wind loading, would be affected in urban areas.

2.2.5 Climatology

Theoretically, tornadoes can occur anywhere on the planet except within Antarc-

tica, where the temperature and moisture level are too low for convective storms

to occur. Figure 2.8 shows where tornadoes frequently occur. As discussed in

section 2.2.1, severe weather usually happens where strong temperature gradients

are observed. Therefore, mid-latitude regions are the most favourable environ-

ment to develop thunderstorms and tornadoes (Fujita, 1973) (Figure 2.8). In the

U.S.A, the Great Plains, covering a large area of North America’s mid-continent,
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are the region where most tornadoes are observed. Every year, about 1200 tor-

nadoes occur in the U.S.A (Mulder and Schultz, 2015), mainly in the so-called

Tornado Alley. The Tornado Alley is the region with most tornadoes in the world

due to a very particular meteorological environment. Cold air is travelling down

from the Canadian Prairies while warm most air is travelling up from the Gulf of

Mexico. This leads to the formation of the most spectacular and violent storms.

Fortunately, only 3% (Jones et al., 2004) to 25% (Trapp et al., 2005) of the super-

cell thunderstorms observed in the U.S. produce a tornado. Tornado climatology

showed that they could occur at any time during the year; however, the tornado

season in the U.S. is usually from April to August (Brooks, Lee and Craven, 2003).

Tornadoes are also relatively common in Europe, as shown in Figure 2.9. Similarly

to North America, tornadoes can generally occur at any time, although a peak is

Figure 2.8: Worldwide areas of tornado occurrences (NOAA, 1995).
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observed between May and August (Antonescu et al., 2016). In 2018, 628 torna-

does were reported in Europe. Regarding the geographic distribution, Germany

and the United Kingdom are the most affected. In the United Kingdom, about

30 tornadoes are reported every year, with 2.2 tornadoes per year per 10,000 km

sq. on average. This is more than in the U.S. with 1.3 tornadoes per year per

10,000km (Mulder and Schultz, 2015). The most recent and intense tornado in

Europe occurred in 2008 in Northern France, with winds estimated up to 300 km/h

(Wesolek and Mahieu, 2011).

Although tornadoes seem to occur in limited regions, as shown in Figure 2.8, it

is still unclear if other regions are indeed affected. Tornado reports seem to have

Figure 2.9: Tornado climatology in Europe between 1950 and 2015 (Antonescu
et al., 2016).
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risen with the global increase in population and the evolution of the Internet and

television in rural regions (Dias, 2011), as well as with the popularisation of camera

phones. Until the mid-19th century in the U.S.A., tornado reports were approx-

imatively ten times lower than nowadays (Doswell et al., 1999). Therefore, it is

most likely that on a global scale, many tornadoes occurring in remote regions

are still unreported. The development of Doppler radar and detection algorithms

(Brown et al., 1978, Bodine and Kurdzo, 2018) as well as research undertaken

on tornado damage on crops (Rhee and Lombardo, 2017, Baker et al., 2020) may

enhance the number of reported tornadoes worldwide in the future.
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2.3 Tornadoes: an engineering point of view

The lack of data regarding the flow field and structure of a tornado has stimulated

the development of apparatus and models to investigate tornado-like flow fields

physically and numerically. This research presents several advantages to simulate

scaled tornadoes by controlling geometric, kinematic and dynamic parameters. It

also allows flow field characterisation in an easy and safe environment and generally

gives good similarities with full-scale tornadoes. However, as a simplified model of

a tornado, they can fail in reproducing a realistic scale version of a real tornado.

Analytical vortex models are even more simplified models and therefore fail to

reproduce the complexity of either a physically modelled or full-scale tornado but

allow to consider different concepts easily. Section 2.3.1 introduces the major

tornado simulators and the controlling parameters to physically model tornado-

like vortices, while section 2.3.2 introduces the different analytical vortex models

developed to date.

2.3.1 Can we reproduce tornadoes in laboratories?

Over the past 40 years, several different approaches have been used to physically

simulate tornado-like vortices. This section introduces the major tornado-like vor-

tex generators that have been used to experimentally characterise and investigate

tornadoes. However, are these tornado simulators really reproducing full-scale tor-

nadoes and/or are they comparable with each other? Baker and Sterling (2019)

recently questioned the efficacy of tornado simulators in reproducing full-scale

tornadoes. The authors looked at various dimensionless groups to evaluate the

performance of several tornado simulators with regards to dynamic, kinematic
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and geometric similarities. The main conclusion drawn from this analysis is that

some are able to match geometric similarity for some tornadoes, some are able to

match kinematic similarity, but none of the current tornado simulators are able to

show all similarities with full-scale tornadoes and therefore are not fit for purpose.

Nevertheless, the research undertaken throughout the years has helped to identify

key parameters for the physical modelling of tornadoes.

Governing parameters

To physically generate a tornado-like vortex, it is necessary to define param-

eters controlling the flow dynamics of the simulated vortex. Three important

non-dimensional parameters governing the tornado flow have been introduced by

Lewellen (1962): the aspect ratio, the swirl ratio and the radial Reynolds number.

The aspect ratio, a, is a geometric parameter that defines the ratio between the

height of the inflow (h0) and the radius of the updraft hole (r0). The swirl ratio,

S, is a kinematic parameter that measures the circulation strength relative to the

updraft and is defined as:

S =
r0Γ

2Q′h0
(2.1)

where Γ is the circulation and Q′ the volumetric flow rate through the updraft hole

per unit length. The swirl ratio is an important parameter that characterises the

vortex structure evolution (Davies-Jones, 1973) as discussed in section 2.2.3 and

shown in Table 2.1.

The radial Reynolds number is a dynamic parameter defined as:

Rer =
Q′

2πν
(2.2)
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where ν is the kinematic viscosity of air.

Table 2.1: Vortex structure description as a function of the swirl ratio (Davies-
Jones, 1973)

Swirl ratio Vortex structure

S = 0 Vertical updraft

S < 0.5 One cell vortex

0.5 < S < 1 Vortex breakdown (VDB) appearance

S = 1 Two cell vortex structure

S > 1 Multiple vortex structure

Early in the experimental work on tornado simulators, Ward (1972) identified the

swirl ratio to be one of the key factors for designing tornado simulators. When

varying the swirl ratio, Ward’s simulator could produce different vortex structures

and particularly multiple vortex formations as observed during extreme tornadic

events (Figure 2.10).

Even if the swirl ratio is mainly accepted as the main parameter to describe the

vortex, its definition can be complicated to apply to full-scale tornadoes or depend

Swirl ratio, S

Figure 2.10: Evolution of vortex structure as a function of swirl ratio in a Ward-
type tornado simulator from a laminar vortex to multiple vortices
(Church et al., 1977)
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on the simulator configurations (Haan et al., 2008). Hangan and Kim (2008)

showed that a swirl ratio of 2.0 would be equivalent to a Fujita scale F4 tornado

by comparing full-scale data from the Spencer South Dakota tornado. However,

it was specific to one particular full-scale tornado and cannot be generalised to all

tornadoes. Moreover, it appears unsuitable to compare a dimensionless parameter

such as the swirl ratio to an estimation of wind speed. Mishra et al. (2008a) and

Baker and Sterling (2017) defined the swirl ratio as the ratio of the tangential to

the radial velocity. Whilst these velocities can be measured in tornado simulators,

they are more difficult to obtain in full-scale tornadoes as they are located near the

ground (see section 2.2.4). Therefore, defining a geometric or kinematic swirl ratio

for a full-scale tornado appears to be fraught with difficulties, if not impractical.

Davies-Jones (1973) showed the core radius (rc) to be solely swirl ratio dependent.

He also performed a dimensionless analysis and suggested the flow structure to

be swirl ratio (S) and Reynolds number (Re) dependent, as well as four dimen-

sionless geometric parameters, ro/rs, rw/rs, l/r0,h/r0, as defined in Figure 2.11.

Further investigation on swirl ratio, aspect ratio and Reynolds numbers effects us-

ing a Ward-type simulator showed that the flow fields of tornado-like vortices are

supposedly Reynolds number independent, under the considered range of radial

Reynolds number and above a certain critical value of radial Reynolds number

(Church et al., 1977, 1979) (Figure 2.12). Therefore, the flow characteristics are

considered Reynolds number independent if the radial Reynolds numbers achieved

are high enough to ensure turbulent flow. However, it is unclear if the flow char-

acteristics would behave similarly at low radial Reynolds number. Furthermore,

the swirl ratio is asymptotically dependent on the radial Reynolds number (Figure
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Figure 2.11: Schematic of a Ward-type tornado generator (adapted from Davies-
Jones (1973))

2.12) and would probably lead to unrealistic swirl ratio at low Reynolds number.

Figure 2.12: Swirl ratio as a function of radial Reynolds number for a Ward-type
tornado simulator and different aspect ratios (adapted from Church
et al. (1979)).
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The analysis also showed that an aspect ratio between 0.5 and 1.5 has little ef-

fect on the generated flow field, which differs from the early suggestions of vortex

structure dependences on aspect ratios (Ward, 1972).

Tornado-like vortex generators

Ying and Chang (1970) were the first to initiate an experimental investigation

of tornado-like vortices with a physical simulator. Their simulator consisted of a

rotating mesh screen to produce a horizontal circulation and an exhaust fan to

generate an axial flow. By controlling those two parameters, they managed to

generate different tornado-like vortices. Later, Ward (1972) developed a generator

based on Ying and Chang’s design and pioneered what became the standard Ward-

type generator (Figure 2.13 (a)). A Ward-type generator consists of a convergence

chamber characterised by a radial inflow simulating the low-level convergence ob-

served in supercell thunderstorms. A cylindrical rotating mesh, located around

the convergence chamber, was used to control the inflow angular momentum by

its rotation and therefore the horizontal vorticity inside the convergence region. A

wind vane was also used to measure the inflow angle. A fan located at the top of

the apparatus stretches the vertical vorticity present in the convergence chamber

into a swirling flow in the convection chamber. The convection region is consid-

ered to be analogous to the convection core of the thunderstorm. At the top of the

convection chamber, a fine mesh honeycomb was used to straighten the outflow

and remove vortices created by the fan.

Church et al. (1977) built at Purdue University a large-scale generator based on

Ward’s design which more easily controls the aspect ratio, swirl ratio and radial

Reynolds number (Figure 2.13 (b)). The aspect ratio is controlled by varying the
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 2.13: Different tornado generator designs from (a) Ward (1972), (b) Church
et al. (1977), (c) Mishra et al. (2008a), (d) Haan et al. (2008), (e)
Refan and Hangan (2018) and (f) Tang et al. (2018)
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height of the inflow and/or the size of the updraft hole. The control of the swirl

ratio allowed the formation of different vortex structures, from a single laminar

vortex to a four vortices configuration.

To attempt to simulate moving tornadoes, Diamond and Wilkins (1984) modified

a Ward-type simulator to reproduce translating tornado-like vortices. To do so,

they installed a translating ground plate inside the simulator chamber to simulate

the tornado translation. They showed that the ground translation generates sec-

ondary vortices as a result of the interaction with the rough surface. They also

showed that to generate multiple vortices with a rough surface, higher swirl ratios

needed to be reached. Smooth surfaces were previously found to help the forma-

tion of multiple vortices (Leslie, 1977). Fiedler and Rotunno (1986) developed a

physical model to estimate the maximum tangential velocities in tornadoes. They

compared the model with the experimental data obtained in the Purdue tornado

simulator (Church et al., 1977) and found that maximum tangential velocities in

the laminar regions can be up to 1.7× higher than inside the turbulent regions

associated with a vortex breakdown.

Mishra et al. (2008a,b) constructed at Texas Tech University (TTU) another Ward-

type generator; however, they adopted a different approach to introducing angular

flow. In the TTU vortex generator, the circulation is introduced by means of 16

slotted jets, which enables independent control of the circulation and makes flow

and pressure measurement easier in the vortex chamber (Mishra et al., 2008a). A

blower connected to the top of the convection chamber was used to generate the

updraft. Although it is stated that it allows independent control of the flow, it is

unclear what effects these slotted jets have on the generation of tornado-like vor-

tices. However, the surface pressure measurements in the TTU simulator matches
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the surface pressure data from the May 30, 1998, Manchester and June 24, 2003,

Spencer tornadoes.

In recent years, new large-scale tornado simulator designs emerged, with the view

of reproducing more realistic tornadoes in laboratories and accommodating larger

structural models. The Iowa State University (ISU) research group designed and

built in 2004 a new tornado simulator that aimed to realistically simulate a tor-

nado for wind engineering applications (Sarkar PP, Haan FL, Gallus WA, Kuai

L, 2005, Haan et al., 2008). The simulator consists of a central fan producing an

updraft which is then deflected by means of guide vanes, giving angular momen-

tum to the flow, before it is recirculated downward using a circular duct. The

simulator is suspended and mounted on a crane that allows a translation of the

simulator along a 10m ground plane. The height of the ground plane is also ad-

justable, which allows the aspect ratio to be changed. The ISU tornado simulator

recreates the RFD typically observed in tornadic thunderstorms as well as allows

translation (Haan et al., 2008). The simulator has shown the ability to generate

one-cell and two-cell vortex structures with corresponding swirl ratios from 0.08

to 1.14, as well as matching the May 30, 1998, Spencer (Wurman and Alexander,

2005) and May 3, 1999, Mulhall tornadoes (Lee and Wurman, 2005). The range

of tornado-like vortices generated in the ISU simulator also allows the investiga-

tion of tornado-induced wind loads on models of 1:100 to 1:500 scale. Haan et al.

(2010) looked at the wind loads on a 1:100 scale gable-roof building with the ISU

simulator and found that peak values were generally exceeding the recommended

design loads for buildings located in the U.S.A. ’Tornado Alley’. Hu et al. (2011)

further examined the interaction between tornado winds and the same gable-roof

building using PIV and found that the flow field around the building and related
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wake vortices was different from what is usually observed during wind events, such

as downbursts. Similar conclusions have also been drawn for a 1:3500 scale cubical

building model (Mishra et al., 2008b).

Using a 1:3 scale version of the ISU tornado simulator, the mini ISU simulator,

Zhang and Sarkar (2012) performed PIV measurements of the near-ground tor-

nado flow field and showed that the lower the swirl ratio, the higher the vortex

wandering. Instantaneous flow fields also show the existence of small-scale vortices

inside the swirling flow. These multiple vortices are usually observed in intense

EF5 tornadoes and can potentially cause more severe damage due to higher local

instantaneous velocities.

Constructed in 2009 at Texas Tech University, the large-scale simulator VorTECH

is a Ward-type design simulator (Tang et al., 2018). Compared to previous Ward-

type simulators (e.g. Ward, 1972, Church et al., 1977, Diamond and Wilkins, 1984,

Mishra et al., 2008a), the updraft hole and honeycomb cover the whole section of

the convection chamber. It is unclear what effects this does have on the tornado-

like flow field, but the vortex wandering appears to be low compared to other

tornado simulators (Tang et al., 2018, personnal communication). A large number

of guide vanes (e.g. 64 vanes) with a symmetric airfoil shape could also possibly

explain the low wandering due to a less disturbed inflow. Combining wind mea-

surements using a Cobra probe (TFI, 2011) and a 12-hole Omniprobe (Aeroprobe

Corporation) showed the ability of the VorTECH simulator to generate one-cell

and two-cell vortices as well as catching the transition between the vortex struc-

tures. Surface pressure measurements were also matched with surface pressure

data from three full-scale tornadoes with a range of swirl ratios (0.11 < S < 0.78).

The Wind Engineering, Energy and Environment (WindEEE) Research Institute
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at the University of Western Ontario (Canada) built in 2011 a three-dimensional

testing chamber that can generate tornadoes (Refan and Hangan, 2018). The

chamber has a hexagonal-shape configuration and is fitted with 100 fans. For

tornado simulations, eight fans at the bottom of each wall are used, and vanes

are placed in front of each individual fan to introduce circulation. The updraft

is created through a suction hole by means of six fans located at the top of the

facility. The WindEEE dome is currently the largest facility to study tornado-like

vortices but an investigation was initially carried out using a 1:11 scale version of

the WindEEE dome. Refan et al. (2014) performed PIV measurements for dif-

ferent swirl ratios and compared with full-scale tornado data measurements from

a Doppler radar. They suggested that the mini WindEEE dome (MWD) could

supposedly generate tornado-like vortices similar to full-scale EF0 to EF3 torna-

does. However, as discussed by Baker and Sterling (2019), proper scaling cannot

be reached to date in tornado simulators and EF-scaling does not relate to vortex

structures in tornado simulators. Therefore, although the physical simulations in

Refan et al. (2014) show some similarities with full-scale tornadoes, it does not

fully replicate a real tornado. Nevertheless, further investigation of the tornado-

like generated flow field using PIV showed that the mini WindEEE dome was also

capable of generating tornado-like vortices with one-cell and two-cell structures

(Refan and Hangan, 2016). The evolution of the vortex structures while vary-

ing the swirl ratio also shows strong agreements with the description given by

Davies-Jones (1973). Recently, physical simulations have been carried out in the

large-scale WindEEE dome and investigated using PIV (Refan and Hangan, 2018).

As discovered in previous studies (e.g. Zhang and Sarkar, 2012, Refan et al., 2014),
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it was also established that the lower the swirl ratio, the higher the vortex wan-

dering. Finally, by combining data from the MWD, the range of radial Reynolds

numbers (i.e. 1.6 × 104 < Rer < 2 × 106) tested was substantial enough to show

that average pressure measurements are Reynolds independent for Rer > 4.5×104.

2.3.2 Can tornadoes be modelled analytically?

Tornadoes can be simulated using vortex models to simplify all the complexities

observed in tornado flow fields. These models are, for different assumptions taken

that are detailed below, a solution of the Navier-Stokes equations in cylindrical

coordinates. The coordinate system is defined as:

Vθ

VW

r

z

VR

Figure 2.14: Cylindrical coordinate system and velocity vectors denotations.

where VR denotes the radial velocity, Vθ the tangential velocity and VW the vertical

velocity.

Wind loads during transient events such as tornadoes differ from uni-directional

wind events, as discussed in the previous section. Therefore, modelling tornado

winds is important to establish wind load designs and recourse to analytical vortex

models can help establish these guidelines. Figure 2.16 shows the radial profiles

for the analytical vortex models presented in this section (i.e. Rankine, Burgers-

Rott, Sullivan and Baker and Sterling vortex models). An extensive list of current
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analytical vortex models can be found in Kim and Matsui (2017) and a thorough

analysis of the models discussed after is given in Gillmeier et al. (2018).

Rankine model

The simplest way to express vortex behaviour has been proposed by Rankine

(1882) using the following assumptions:

• One-dimensional flow field, i.e. tangential velocity only

• Steady flow

• Inviscid

The combined Rankine vortex model is then expressed as:


Vθ =

Vθmaxr

rc
, (r < rc)

Vθ =
Vθmaxrc

r
, (r ≥ rc)

(2.3a)

(2.3b)

and consists of a solid body rotation between the centre of the vortex and the core

radius rc, where the vortex reaches its maximum velocity V
θ,max, and a free flow

outside the core radius (r > rc) where the tangential velocity decreases with the

radius. The modified Rankine vortex is defined as:

Vθ =
rΓmax

π (r2 + r2c )
(2.4)

where Γmax = 2πrcVθ,max is the maximum circulation at the core radius. The
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pressure distribution for the Rankine model is given by:


P = P0 +

1

2
ρaV

2
θ,max

(
r

rc

)
, (r < rc)

P = P∞ +
1

2
ρaV

2
θ,max

(rc
r

)
, (r ≥ rc)

(2.5a)

(2.5b)

where P is the static pressure, P0 the static pressure at the centre of the vortex,

P∞ the atmospheric static pressure. The pressure distribution for the modified

Rankine model is given by:

P = P∞ +
−ρΓ2

max

2π2 (r2 + r2C)
(2.6)

Rankine (1882) formulated the first and simplest vortex model, consisting of a

forced vortex between the centre and the core radius (rc) and surrounded by a

free vortex. The sharp discontinuity at the core radius makes the Rankine vortex

model unrealistic to model atmospheric vortices. However, it is often used to

numerically simulate and physically compare tornado-like flow fields (e.g. Church

et al., 1979, Selvam and Millett, 2003, Gorecki and Selvam, 2015, Mishra et al.,

2008a, Wood and Brown, 2011, Refan and Hangan, 2016, Tang et al., 2018). The

modified Rankine vortex model addresses the limitation of the Rankine model with

a better transition between the inner and outer vortex core. The main limitation

of either the Rankine or the modified Rankine vortex model is to only model one

velocity component, which is unrealistic for experimental and full-scale tornadoes.

Burger-Rott model

Burgers (1948) and Rott (1958) expressed an exact solution of the Navier-Stokes
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equations for a three-dimensional vortex with the following assumptions:

• Steady flow

• Constant viscosity

• Axisymmetric flow field

• Tangential and radial velocity solely dependent on the radial distance

• Vertical velocity dependent on the height

These solutions of the Burgers-Rott vortex model for the radial (VR), tangential

(Vθ) and vertical velocity (VW ) components are given by:



VR = −ãr

Vθ =
Γ∞
2πr

1− e
−

 ãr2
2νe




VW = 2ãz

(2.7a)

(2.7b)

(2.7c)

where ã is the suction strength, Γ∞ the circulation at infinity and νe the eddy

viscosity. Compared to the Rankine model, the Burgers-Rott model incorporates

a radial and vertical component modelling a single-cell vortex structure. The

radial and vertical components are proportional to the suction strength ã and are

functions of the radial distance r and the height z, respectively. The tangential

velocity, similar to the modified Rankine model, increases from the centre to the

core radius and reaches a maximum at rc before decreasing with increasing radial

distances.
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Sullivan model

Sullivan (1959) also expressed an exact solution of the Navier-Stokes equations but

for a three-dimensional two-cell vortex with the following assumptions:

• Steady flow

• Constant viscosity

• Axisymmetric flow field

• Tangential and radial velocity solely dependent on the radial distance

• Vertical velocity dependent on the radial distance and the height

The solution is given by:



VR = −ãr − 6
(νe
r

)1− e
−

 ãr2
2νe




Vθ =
Γ

2πr

H
(
ãr2

2νe

)
H(∞)



VW = 2ãz

1− 3e
−

 ãr2
2νe




(2.8a)

(2.8b)

(2.8c)

with H(∞) = 37.9 and the function H defined as:

H(x) =

∫ x

0

exp

{
−t+ 3

∫ t

0

(
1− e−τ

τ

)
dτ

}
dt (2.9)
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The Sullivan model describes a two-cell vortex structure, i.e. a region of positive

radial velocity associated with a region of negative vertical velocity correspond-

ing to a central downdraft inside the core vortex. Because the tangential velocity

mathematical definition is complicated, Wood and Brown (2011) fitted a paramet-

ric equation to the tangential velocity profile and found that it can be expressed

as:

Vθ =
(rc
r

)2.4(
0.3 + 0.7

(rc
r

)7.89)−0.435
(2.10)

where Vθ is the tangential velocity normalised by Vθ,max. The Burgers-Rott vor-

tex model (Burgers, 1948, Rott, 1958) and the Sullivan vortex model (Sullivan,

1959) are an exact solution of the Navier-Stokes equations, and therefore the three

velocity components are expressed for one-cell and two-cell vortices, respectively.

Both models have a dependence on the radial distance for the radial and tan-

gential velocity component as well as a dependence on the height for the vertical

velocity component. Consequently, all velocities go to infinity as radial distance

and height tend towards infinity. Furthermore, the lack of a boundary layer rep-

resentation makes the Burgers-Rott and Sullivan unrealistic to reproduce atmo-

spheric vortices. However, similar to the Rankine vortex model, these models

can be adequate to simulate vortex signatures (Davies-Jones and Wood, 2006)

or to compare with full-scale data. Wurman et al. (2013) found that the tornado

scanned with a Doppler-on-Wheels radar was consistent with the Burgers-Rott vor-

tex and determined the suction strength and eddy viscosity to be ã = 0.45 s−1 and

νe = 1800 m2.s−1, respectively. Davies-Jones and Wood (2006) used ã = 0.005 s−1

and νe = 10 m2.s−1 to model a full-scale tornado, which is significantly differ-

ent from those used in Wurman et al. (2013). These two parameters clearly lack
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a physical sense. Gillmeier et al. (2018) looked at the influence of the viscosity

parameter on the simulated velocity profiles. They showed that the radial and

vertical velocity profiles tend to flatten as the viscosity parameter decreases. How-

ever, the authors did not look at the viscosity effect on the tangential velocities.

They also concluded that if the viscosity is assumed to be the kinematic viscosity

of air, the velocity components for both the Burgers-Rott and Sullivan models are

small. Therefore, these parameters tend to be used as a shape parameter to fit

specific velocities profiles.

By normalising the Burgers-Rott and Sullivan models, the dependency of the suc-

tion strength ã and eddy viscosity νe can be discarded. It is then possible to express

the Burgers-Rott and the Sullivan vortex model in a non-dimensional form. In or-

der to do so, the ratio of the Burgers-Rott vortex model as a function of the radial

distance r and the core radius rc is expressed as follows:

Vθ =
Vθ(r)

Vθ (rc)
=
rc
r

1− exp

(
− ãr

2

2νe

)
1− exp

(
− ãr

2
c

2νe

)
 (2.11)

Equation 2.11 was studied numerically to express rc as a function of ã/2νe. By

varying ã/2νe for a range of rc values, it was found that ã/2νe is a function of

KM/r
2
c with KM a constant (Figure 2.15). By replacing ã/2νe by KM/r

2
c in Equa-

tion 2.11, the following expression of the tangential velocity component of the
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Burgers-Rott model is obtained:

Vθ =
1

1− exp(−KM)

(
r

rc

)−1(
1− exp

(
−KMr

2

r2c

))
≈ 1.4

(
r

rc

)−1(
1− exp

(
−KM

(
r

rc

)2
)) (2.12)

That expression can be found in the literature as the parametric equation of the

Burgers-Rott vortex model (Wood and White, 2011). However, discrepancies were

noticed for the values of KM . It was found that Wood and White (2011) assumed

a/2νe = function(r2c ) with a power function a/2νe = KMr
2
c
γ

and found that

KM = 1.2564 and γ = 1.996 and rounded γ to 2. Kim and Matsui (2017) give

KM to be equal to 1.26. However, by fitting a/2νe = function(r2c ) with a power

function a/2νe = KMr
2
c
2
, it was found that KM = 1.253. In this case, it was

also found that the normalised tangential velocity is exactly equal to 1 at the

core radius rc, whereas it is not the case for the different values of KM mentioned

before.

By normalising with 2ãrc and replacing ã/2νe by KM/r
2
c in Burgers-Rott and

Sullivan radial and vertical velocity components, dimensionless models were ob-

tained solely dependent on r, rc and z, with the Burgers-Rott model expressed as

following: 

VR = − r

2rc

Vθ = 1.4
rc
r

(
1− exp

(
−KM

(
r

rc

)2
))

VW =
z

rc

(2.13a)

(2.13b)

(2.13c)
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Figure 2.15: Variation of the ratio of suction strength and eddy viscosity as a
function of the square of the core radius to determine the constant
KM as defined in Wood and White (2011).

and the Sullivan model expressed as following:



VR = − r

2rc
+

3rc
2KMr

(
1− exp

(
−K

(
r

rc

)2
))

Vθ =
(rc
r

)2.4(
0.3 + 0.7

(rc
r

)7.89)−0.435

VW =
z

rc

(
1− 3 exp

(
−KM

(
r

rc

)2
))

(2.14a)

(2.14b)

(2.14c)
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Baker and Sterling model

Recently, Baker and Sterling (2017) developed a new wind field model to describe

tornado-like vortices with a one and two-cell structure and it was derived from the

following assumptions:

• Steady-state

• Inviscid

• Radial and vertical velocity dependent on the radial distance and the height

• Vertical velocity dependent on the height

The one-cell vortex dimensionless expression of the Baker and Sterling model is

given by: 

VR =
−4rz

(1 + r̄2) (1 + z̄2)

Vθ =
Kr̄ [ln (1 + z̄2)]

(1 + r̄2)

VW =
4δ ln (1 + z̄2)

(1 + r̄2)2

(2.15a)

(2.15b)

(2.15c)

where VR = VR/Vθ,max, Vθ = Vθ/Vθ,max, VW = VW/Vθ,max, r = r/rc, z = z/zmax,

δ = zmax/rc, K = S/0.347. Vθ,max denotes the maximum tangential velocity, zmax

the height where the maximum tangential velocity occurs, and S the swirl ratio.

Unlike the different models detailed above, Baker and Sterling’s model is a solution

of the Euler equations. In the case of the Euler equations, the fluid is considered

inviscid, and Runstedtler (2013) showed that for high Reynolds numbers, a viscous

flow can be arranged in a way that viscous forces vanish and the flow behaves as
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inviscid. Runstedtler (2013) also showed that inviscid arrangements are vortex-

like and applicable to hurricanes or tornadoes. Baker and Sterling’s model also

uses dimensionless parameters to represent a single-cell structure with a height

dependency for each velocity component. Only the vertical component of the

Sullivan model is actually accounting for a dependency on both radial position

and height.

The dimensionless pressure is obtained from the simplified Euler equations using

the assumptions given above and the Equations 2.15, and is expressed as follows:

P = − 8r2z

(1 + r2)
2

(1 + z2)
2 −

4 · 15S2 [ln (1 + z2)]
2

(1 + r2)
− 4 [ln (1 + z2) (1− z2)]

(1 + r2)
2

(1 + z2)
2 (2.16)

The main difference between the models discussed above is that each velocity

component is a function of the radial distance and height. As a result, unlike the

aforementioned models, the Baker and Sterling model includes a boundary layer.

Since boundary layer wind data in full-scale tornadoes are still quite limited; it is

difficult to assess the real benefit of expressing the boundary layer in analytical

vortex models. However, including some representation of a boundary layer in the

models is necessary to assess the viscous effects near the ground. Since tornadoes

are rotational flows, it is unclear if the boundary layer depends on the location and

wind direction and if the thickness varies from the tornado centre. The variation

of the boundary layer thickness in tornadoes would then induce different wind

loads on buildings. Baker and Sterling (2018) calculated the wind loading at

the top of the boundary layer, but it is uncertain what the loading would be if

considered lower or higher. Nevertheless, radial and tangential velocities in Baker

and Sterling’s model seem to better fit experimental data than the other models,
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Figure 2.16: Radial profile of radial, tangential and vertical velocities at z/rc = 1
for Rankine, modified Rankine, Burgers-Rott, Sullivan and Baker and
Sterling analytical vortex models.
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at least near the ground (Gillmeier et al., 2018) . The fact that the tangential

and vertical velocities increase with height is a limitation of Baker and Sterling’s

model, knowing that maximal tangential velocities are typically found in the corner

region.

2.3.3 Debris in tornadoes

Particle Tracking Velocimetry

Particle tracking velocity (PTV) is a discrete Lagrangian flow measurement tech-

nique which uses tracer particles to obtain an insight into the flow. The positions

of the particles on an image can then be determined after careful calibration using

intrinsic and extrinsic parameters of the cameras and the principle of triangu-

lation. Recording consecutive images will determine the particle positions over

time, with displacements determined by reconstructing the trajectory of individ-

ual particles. The particle velocities are then determined by deriving the particle

displacements. Using stereoscopic imaging, it is possible to follow tracer particles

in three dimensions over time and therefore quantify velocities in a specific volume

of fluid.

Particle tracking was first developed in the 1950s with the examination of a low-

speed turbulent jet using a stereoscopic imaging system with two cameras (Chiu

and Rib, 1956). Turbulence research in a wind tunnel using particle tracking

was first carried out by Snyder and Lumley (1971) using a single camera. Image

digitisation has had a significant impact on the development of particle tracking

methods. Manual measurements were not required anymore, and the development
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of particle recognition and tracking algorithms has been supported by the digiti-

sation. The first digitised images and image processing techniques were performed

by Chang et al. (1985) to determine particle positions in three-dimensional flow

fields. Since then, efforts have been made to track more simultaneous particles

(Adamczyk and Rimai, 1988, Racca and Dewey, 1988, Nishino et al., 1989) but it

was in the 90s that particle tracking methods radically changed with a completely

new approach developed by the Institute of Geodesy and Photogrammetry at ETH

Zurich (Papantoniou and Dracos, 1990, Maas et al., 1993, Malik et al., 1993). The

mathematical model of photogrammetric 3D coordinate determination developed

by Maas et al. (1993) included the different refractive indices in the optical path,

which as a result significantly increased the accuracy of the 3D coordinate deter-

mination. Maas et al. (1993) also introduced the epipolar geometry to determine

the particle coordinates for each camera. The principle of epipolar geometry is

shown in Figure 2.17. A point M is seen by a stereoscopic system consisting of

two cameras of projection planes π1 and π2 and projection centres O1 and O2. m1

and m2 are the projections of M onto the projection planes π1 and π2, respectively.

The line (O1O2) defines the baseline of the epipolar plane. The projection of the

points M and m1 onto the projection plane π2 defines the epipolar line e2, and

vice-versa for the epipolar line e1. By overlaying the projection plane π1 and π2

and by knowing the intrinsic and extrinsic parameters of the cameras, it is possible

to determine the 3D coordinates of the point M at the intersection of the epipolar

lines e1 and e2.

The stereoscopic system can also be extended to more than just two cameras,

increasing the accuracy and reducing the ambiguity of the intersecting epipolar
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Figure 2.17: Stereoscopic system and epipolar lines.

lines. Maas et al. (1993) examined the influence of the number of cameras and their

respective locations on the accuracy of the epipolar correspondences. Malik et al.

(1993) then developed the fully automated tracking algorithm to determine the

sequence of velocity vectors over time in a three-dimensional flow field. Therefore,

the particle tracking method developed by the research group at ETH Zurich has

shown to be a robust and accurate technique to characterise the observation volume

of fluid flow. Since then, the technique has been used on numerous occasions to

study turbulent flow (e.g. Luthi et al., 2005), vortex-like flow field (e.g. Shnapp

and Liberzon, 2015) or flow structure in water channels (e.g. Akutina et al., 2018).

Compared to common measurement techniques, such as hot-wire anemometry,

multi-hole probes or sonic sensors, PTV has the advantage of being non-intrusive

and therefore does not disturb the flow. It also allows measuring at different

scales, from silicon microchannels (Kolaas et al., 2013) to large-scale indoor flow

(Biwole et al., 2009). Instantaneous and averaged velocities over large-scale flow

fields can be determined with relatively good accuracy and spatial resolution. The
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Lagrangian approach also gives a better estimation of the 3D velocity vectors com-

pared to particle image velocimetry (Bown et al., 2006). Nonetheless, 3D-PTV also

has limitations. The density of tracer particles in the flow has a significant influ-

ence on the quality of tracking, with high density leading to correspondence issues

due to overlapping particles. Therefore, the tracer particles size matters as well

as the density and ideally, the tracer particles would have neutral buoyancy. For

large-scale indoor flow, helium-filled soap bubbles (HFSBs) are typically used as

neutral buoyancy tracers (Kerho and Bragg, 1994, Bosbach et al., 2009). However,

since HFSBs are empty, extensive lights must be used to ensure tracer visibility (Fu

et al., 2015). High-speed cameras are also required for high velocity and/or turbu-

lent flow to ensure good flow field characterisation. The limitation with cameras

is if the frame rate is not high enough, the tracers will be seen as streaks and will

lead to particle identification and correspondence issues. However, by adapting

the particle tracking algorithm, it is possible to retrieve 3D motion from streaks,

commonly known as Particle Streak Velocimetry (Wang et al., 2017). Finally,

it is worth noting that PTV has to date frequently been used to determine flow

characteristics but has not really been used to investigate the motion of individual

particles.

Debris

In the 1970s, assessing the risk of flying debris on nuclear power plants embedded

in tornadoes motivated the modelling of debris’ behaviour. Debris flight models

were then at that time extremely simplified and only considered the drag forces

(McDonald et al., 1974) or drag and lift forces (Lee, 1974). Subsequently, an effort

has been made by researchers to understand the forces involved during the flight of



2.3. TORNADOES: AN ENGINEERING POINT OF VIEW 52

debris. Tachikawa (1983) extensively studied the flight of square and rectangular

flat plates in a wind tunnel and compared the trajectories with trajectories from

integrated equations of motion. Tachikawa expressed the equation of motions in a

dimensionless way which features an important parameter for the flight of debris:

K =
ρaU

2A

2mg
(2.17)

with ρa the air density, U2 the wind speed, A the frontal area of the debris, m the

mass of the debris and g the gravity acceleration. The parameter K, which repre-

sents the ratio of aerodynamics forces to the gravity forces, has subsequently been

named Tachikawa number (Holmes et al., 2006). A small K describes heavy/small

debris when a large K describes light/large debris. Tachikawa (1988) then devel-

oped a methodology to estimate the range of debris trajectories. Using photogram-

metry, Tachikawa collected the distribution of trajectories for different debris type

over a range of Tachikawa numbers and identified the debris and wind character-

istics influencing the trajectories, using the probability density function of the lift

coefficient. McDonald (1990) identified 2 x 4 inches timber planks and 3 inches

diameter steel pipes to be the most common type of debris found in tornado paths

in the U.S.A. Impact tests concluded that for tornado winds higher than 80km/h,

conventional house walls in the U.S., excluding brick veneer walls, cannot resist

timber planks and steel rods. Wills et al. (2002) classified windborne debris types

into three categories based on their shapes and aerodynamic properties: compact,

rod and plate debris. Compact debris consists of three-dimensional debris with

similar length for all dimensions, while rod and plate debris have one dimension

larger and smaller than the others, respectively (Figure 2.18).
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Figure 2.18: Debris classification (Wills et al., 2002).

Compact debris in horizontal winds have been investigated numerically by Holmes

(2004) and including the vertical air resistance led to the following equations for

the horizontal and vertical acceleration of the debris:


dVU,d

dt
= k
√(

(VU − VU,d)2 + V 2
W,d (VU − VU,d)

dVW,d
dt

= k
√(

(VU − VU,d)2 + V 2
W,d (−VW,d)− g

(2.18a)

(2.18b)

where k = ρaCD/2ρdl is the buoyancy parameter, ρa and ρd the air and debris

densities, respectively, VU the horizontal wind speed, VU,d and VW,d the horizontal

and vertical debris velocities, respectively, CD the drag coefficient, l the debris

characteristic length. Holmes also introduces turbulence to the flight equations

to add up variability to the trajectories. It was found that adding vertical air

resistance has a significant impact on the flight characteristics. However, adding

turbulence modifies the flight trajectories, even though it does not considerably

affect the overall trajectories. A new approach to debris flight equations has been

undertaken by Baker (2007) to study both compact and plate debris. Baker ex-

pressed the dimensionless debris flight equations that feature three dimensionless
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parameters that characterise the debris flight:


Ω =

mg

0.5ρaAU2

∆ = ml2/I

Φ =
0.5ρaAl

m

(2.19a)

(2.19b)

(2.19c)

where m is the debris mass, g the gravity acceleration, ρa the air density, A

the debris surface area, U the reference wind velocity, l the debris characteris-

tic length and I the moment of inertia. The parameter Ω is the reciprocal of

the Tachikawa number (K) and ∆ is considered constant for a square or rectan-

gular plate (Tachikawa, 1983). The parameter Φ acts similarly to the buoyancy

parameter in Holmes’ equations and was mainly found to be governing the flight

of compact debris. Results from Baker’s flight equations also compare well with

experimental and numerical works undertaken by Wills et al. (2002) and Holmes

(2004), respectively. It only showed little underestimation (12%) from Wills et al.

calculations due to the absence of vertical air resistance in the equations. Another

parameter to consider with windborne debris is the Froude number. The Froude

number is the ratio of inertial and gravitational forces, and is defined as:

Fr =
U√

gddebris
(2.20)

where U is the reference wind velocity, g is the gravity acceleration and ddebris

the debris diameter. Karimpour and Kaye (2012b) showed that the Froude num-

ber is an important parameter during the motion initiation of loose-laid debris.
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Additional work has been undertaken to investigate the flight of windborne de-

bris from different perspectives, with numerical and experimental investigations

of the 3D motion of plate type debris (Richards et al., 2008, Kordi and Kopp,

2011, Richards, 2012) and Monte Carlo simulations to study the stochastic nature

of windborne debris (Karimpour and Kaye, 2012a). However, all these researches

were concerned with windborne debris subjected to uni-directional winds. To date,

very little research has been undertaken on windborne debris in rotational flow,

such as tornadoes or even dust devils. In the late 1970s, Twisdale et al. (1979)

and Dunn and Twisdale (1979) developed a wind field model and performed an

analysis of tornado missile transport using a ’random orientation 6-degree of free-

dom’ 3D model including drag, lift and side forces. Comparison with a ’3-degree of

freedom missile transport’ model (Simiu and Cordes, 1976) suggested that simpler

models are possibly not conservative in predicting the impact of debris ranges and

velocities.

After a quiet period, interest in the study of windborne debris in tornadoes in-

creased with Sassa et al. (2009) who examined the motion of debris in a travelling

tornado. Using a translating tornado simulator, Sassa et al. recreated the spiral

pattern, which is usually observed with deposited debris in full-scale tornadoes.

However, the simplicity of the tornado simulator does not allow any kind of full-

scale comparison or any understanding of the debris motion. Maruyama (2011)

conducted numerical, large-eddy simulations (LES) of a tornado-like vortex and

calculated the three-dimensional motion of two different compact debris types. Al-

though two-way interactions between wind and debris are not considered in the

transport model, debris trajectories show larger deviations when released from the
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core vortex location. However, the simulated vortex flow field is considered sta-

tionary, but a translation velocity is added into the flight equations. It is difficult

to evaluate the real effect of this translation velocity as the translation disturbs

the tornado flow field symmetry and shear stress generated due to roughness in-

teraction increases the turbulence (Liu and Ishihara, 2016). Noda et al. (2013)

also conducted LES simulations and debris flight analysis but focused on 6 DOF

motion simulations of plate type debris for different scales, swirl ratios and wind

speeds. The falling distance was found to be dependent on the Tachikawa number,

the Froude number and the swirl ratio but also debris cloud inevitably forms due

to the equilibrium of all forces acting on the debris.

Baker and Sterling (2017), based on the work of Baker (2007), developed the debris

flight equations for tornado application. Compared to other flight equations, Baker

and Sterling’s equations include a centrifugal force term in the radial acceleration

equation, but also feature two dimensionless parameters governing the debris flight:

ΦT =
0.5ρaArm

m
CD (2.21)

ΨT =
grm
u2m

(2.22)

where rm is the core radius and um the maximum tangential velocity. The param-

eter ΦT is similar to the buoyancy parameter found in Holmes (2004) and Baker

(2007). Baker and Sterling (2017) show that the parameter ΦT is a function of

the swirl ratio and defines whether a debris flies or falls (Figure 2.19). For small

ΦT , the debris flies up and then down (Figure 2.19 (b)) while for large ΦT , the

debris flies up and reaches an equilibrium height (Figure 2.19 (a)). Additionally,
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the parameter ΨT is the inverse Froude number, and the ratio ΦT/ΨT gives the

Tachikawa number.

Figure 2.19: Debris flight trajectories using Baker and Sterling’s model for (a&c)
flying and (b&d) falling debris, (e) Flying and falling ΦT parameter
as a function of the swirl ratio S (adapted from Baker and Sterling
(2017).

Finally, Baker and Sterling (2018) used their tornado wind field (Equations 2.15)

to develop a conceptual design framework for wind and debris impact loading

from a moving tornado. Although the model could be used for structural designs

to estimate loading under different types of tornado winds, the model requires

better experimental and full-scale tornado knowledge to be applied to substantial

structural analysis.
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Scaling issues

Davies-Jones (1973) introduced with his dimensionless analysis the aspect ratio,

swirl ratio and radial Reynolds number to be the main parameters governing the

physical simulation of tornado-like vortices in laboratories. However, scaling these

parameters up to a full-scale tornado has been one of the biggest challenges for

the modelling of tornadoes. Also, although tornado simulators have essentially

been used to better understand the tornado winds, they also have been used to

study wind loads on buildings at model scales. In wind tunnel studies, a scaling

factor is usually based on the simulated boundary-layer (Schlichting and Gersten,

2000) but in tornado simulators, geometric, kinematic and dynamic similarities

would ideally have to be achieved to determine a proper scaling ratio. Baker and

Sterling (2019) showed that to date none of the current tornado simulators are

capable of generating tornado-like vortices with good full-scale similarities. The

authors defined parameters for geometric, kinematic and dynamic groups as well as

small, medium and large arbitrary tornado sizes and maximum tangential velocity

to establish the similarities. The WindEEE dome (Refan and Hangan, 2018) is the

only simulator showing scaling can be achieved in all three groups with a small

full-scale tornado. Nevertheless, most of the tornado simulators can reproduce

geometric scaling for small and medium tornadoes but mostly fail to reproduce

kinematic and geometric scaling for any tornado types. Moreover, even though

geometric scaling can be achieved, Gillmeier et al. (2018) showed that the physical

size of the simulator matters. By comparing a small and medium scale simulator

with similar aspect ratio and swirl ratios, Gillmeier et al. (2018) showed that

the flow fields were influenced by the size and significantly different. Therefore,
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two similar tornado simulators with geometric similarities could show disparities

between their respective flow fields.

Nevertheless, tornado-like flow fields, either experimental, numerical or analyti-

cal, are commonly normalised by the size of the core radius, rc (e.g. Haan et al.,

2008, Mishra et al., 2008a, Wood and White, 2011, Noda et al., 2013, Ishihara

and Liu, 2014, Baker and Sterling, 2017, Gillmeier et al., 2018, Refan and Hangan,

2018). Normalising using the core radius allow defining a scaling factor, although

it is usually defined against a specific full-scale tornado. For instance, Mishra

et al. (2008a,b) compared experimental data with the Manchester tornado (Lee

and Samaras, 2004) and obtained a scaling factor of 1:3500. In the United States,

average house size is about 201 m2; assuming a two-story house with 3m height

ceilings, the full-scale house size would be 10×10×6m while the model size would

be about 3 × 3 × 2mm. At that scale, no physical measurements can be under-

taken. A more reasonable scaling factor can be achieved by building larger tornado

simulators, such as the WindEEE dome, with simulated tornado-like vortices with

geometric scaling factors from 1:10 to 1:100 (Refan and Hangan, 2018).

When examining the flight of debris, it is important that the geometric scale, as

well as the mass scale, is considered. The Tachikawa number (Holmes et al., 2006),

which represents the ratio of aerodynamic to gravity forces, can be used to define

a Tachikawa scale factor λK (Crawford, 2012) such as:

λK =
Kexp

KFS

=
V 2
θ,exp

V 2
θ,FS

Aexp
AFS

mFS

mexp

= λ2V λ
2
L

1

λM
(2.23)
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where λV and λL is the dynamic and geometric scaling factors, respectively. As-

suming similarity between experimental and full-scale, i.e. λK = 1, a mass scale

factor can be expressed as:

λM = λ2V λ
2
L (2.24)

Tachikawa scaling is used in section 4.4 to estimate the equivalent full-scale debris

size for debris used in the tornado simulator.
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2.4 Research gap

Due to their unpredictability and their danger, full-scale tornadoes are difficult to

study, and it is particularly complex to obtain full-scale data. Therefore, recourse

to physical, numerical or analytical models is often made in order to elucidate

the complex flow field of tornado-like vortices. However, to date, little attention

has been given to the flight of windborne debris in tornado-like flow fields. It is

therefore not surprising that only a little can be found in the literature focusing

on windborne debris and tornadoes. Experimental studies are extremely limited

(e.g. Sassa et al., 2009), and most of the studies were carried out numerically

(Maruyama, 2011, Noda et al., 2013) or analytically (Baker and Sterling, 2017,

2018).

This research work aims to provide some insight into the flying behaviour of de-

bris in tornado-like flow fields. To that extent, physical and numerical modelling

have been carried out to explore the flight of debris. Wind measurements and

debris flight trajectories were obtained experimentally in the tornado simulator,

and debris trajectories were calculated numerically using experimental and analyt-

ical tornado-like flow fields. The different methodology developed in this research

work will benefit the tornado research community to investigate windborne debris

in tornadoes further, and the results assess some aspects of flying behaviour of

debris in tornadoes.
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Chapter 3

Physical simulation of tornado-like vortices at

the University of Birmingham

3.1 Introduction

In this chapter, the University of Birmingham Tornado-like Vortex Generator was

used to physically simulate and characterise the flow field of different tornado-like

vortices. This chapter aims to give a global picture of the tornado simulator and

its flow properties in order to better understand in the next chapters the type of

flow fields that debris are subjected to. Thus, a general overview of the simulator

is given in section 3.2. Section 3.3 presents and discusses the flow visualisation

experiments which were undertaken for different swirl ratios. The methodology

and techniques to characterise the wind field using a traverse system and a Cobra

probe are described in section 3.4. Section 3.5 and 3.6 present the results of the

flow mappings for different swirl ratios. The flow mappings show significantly

more complex flow structures than initially expected. Horizontal velocity profiles

are presented and compared with analytical vortex models in section 3.7. Vertical

profiles at different radial locations inside the simulator are presented in section
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4.8. Finally, concluding remarks about the physical simulation of tornado-like

vortices in the University of Birmingham Tornado-like Vortex Generator are given

in section 3.9.

3.2 University of Birmingham Tornado-like Vortex Generator (UoB-

TVG)

The University of Birmingham Tornado Vortex Generator (UoB-TVG) is a medium-

scale Ward-type simulator (Ward, 1972) built in the Civil Engineering Laboratories

(Figure 3.1). It consists of two chambers, a trapezoidal duct and a series of iden-

tical fans. Flow rotation is introduced by means of guiding vanes, located in the

convergence chamber in the lower part of the simulator. The convergence chamber

is 1m high, 3.6m wide and 30 guide vanes are equally spaced around the chamber.

Each guide vane angle (θ) (Figure 3.2) is set individually using a protractor from

Figure 3.1: (a) Vertical-cross section and (b) iso-view of the University of Birm-
ingham Tornado-like Vortex Generator (UoB-TVG)
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Figure 3.2: Guide vane angle θ

0 to 70 degrees. The convection chamber sits on top of the convergence chamber

and is 2m high, 3.1m diameter and has an octagonal shape. The updraft hole is

located on top of the convection chamber. The updraft hole has a radius (r0) of

0.5m and is connected to the trapezoidal duct via a 0.1m thick honeycomb section.

The honeycomb is placed in order to help remove fan induced rotation in the flow

(Ward, 1972). For an inflow height (h0) of 1m and an updraft hole radius (r0)

of 0.5m, the aspect ratio a (= h0/r0) is equal to 2. For the scope of this thesis,

three vane angles, 30◦, 50◦ and 70◦ were chosen to simulate tornado-like vortices

in the UoB-TVG. The vanes angles and corresponding swirl ratios (Equation 2.1)

are given in Table 3.1. The higher the swirl ratio, the more angular momentum is

introduced, therefore the highest rotational wind speeds are to be expected.

Nine axis flow fans (Ziehl-Abegg, 2010) (Figure 3.1) sit on top of the trapezoidal

duct into a three by three fan arrangement. Each fan has a theoretical flow rate

of 3.67 × 102 m3/s giving a theoretical flow rate through the updraft hole of

3.30 × 103 m3/s. Therefore, assuming no loss and uniformity through the hon-

eycomb, a maximum updraft of around 17 m/s would be expected. In order to

control the fans, bespoke software was used to control the fans speed via RS232
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Table 3.1: Vane angles and corresponding swirl ratios used to simulate tornado-like
vortices in the UoB-TVG.

Vane angle θ (◦)
Swirl ratio

(= tan θ/2a)

30 0.13

50 0.30

70 0.70

communication. The software requires the total fans power as an input; therefore,

point measurements are necessary to determine the required wind speed.

3.3 Flow visualisation

In order to help picture the simulated vortices in the UoB-TVG, a series of flow

visualisations using smoke were undertaken. The smoke was generated using a

water-based smoke machine, and different approaches were employed to obtain

qualitative flow field information. The first approach was to place the smoke

machine directly inside the simulator and release the smoke near the surface. This

approach was not considered satisfactory since the smoke machine was positioned

far away from the core vortex to avoid any disturbance. Thus, the smoke tended to

quickly dissipate, and no vortices were visualised for any low swirl ratio. Therefore,

an alternative approach was adopted, which consisted of releasing smoke inside the

core vortex with the smoke generator connected to the simulator’s surface via a

length of tubing. Different locations were tried, and the only location where the

smoke did not dissipate quickly was the centre of the simulator. Therefore, Figure

3.3 shows the flow visualisations obtained from the video footage recorded with a
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Figure 3.3: Flow visualisation for different swirl ratio (a) θ = 30◦ - S = 0.13 (b)
θ = 50◦ - S = 0.30 (c) θ = 70◦ - S = 0.70

camera placed inside the simulator and for three different swirl ratios (S = 0.13, 0.3

and 0.7). As noted in the previous section, the higher the vane angle, the greater

the swirl ratio and thus the stronger the vortex. For S = 0.13, the visualisation

shows an increase in the vortex size close to the ground and a relatively constant

size upwards (Figure 3.3 (a)). The time-evolving nature of the visualisations helped

to show the large vortex wandering for this swirl ratio (not shown in the still

images of Figure 3.3 (a)). A small wandering of the vortex can be described as a

low displacement of the vortex centre while a large wandering shows the significant

visual displacement of the vortex centre around the simulator’s central position.

For S = 0.3, the core vortex increases in size and appears almost twice as large

as for S = 0.13 but less defined (see Figure 3.3 (a)). The flow also became more

turbulent near the surface but seems to wander less with the vortex’s central
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position moving slightly around the simulator’s central position. For S = 0.7, the

core vortex broadened with the result that no discernible flow structure was able to

be identified (3.3 (c)). High-speed recordings of the smoke from the end of the tube

showed that near the ground and inside the vortex, the smoke was initially drawn

towards the centre and then flowed vertically downwards and away from the core.

At this stage, this was the first indication of a possible presence of a turbulent core

associated with a downdraft. The downdraft was slightly visualised for high swirl

ratios when the smoke was introduced inside the core vortex at different heights.

However, the phenomenon was transient and therefore obtaining a clear picture

was difficult.

Figure 3.4: Flow visualisation using soap bubbles depicting the turbulent core for
S = 0.70.
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Overall, the use of flow visualisation in the present case was not ideal in terms of

identifying flow structures, unlike that observed by others (Ward, 1972, Church

et al., 1977, Refan and Hangan, 2018). However, the use of flow visualisation

showed the potential presence of a downdraft, which was later identified via velocity

measurements and is discussed in section 3.6. The use of helium-filled soap bubbles,

as introduced in section 3.3, may have helped to identify the possible evolution of

the vortex structure with the increase of the swirl ratio. Since a helium-filled soap

bubble machine was not available, flow visualisation using normal soap bubbles was

carried out using a simple bubble generator. A long-exposure picture was taken

for S = 0.7 to show the motion of the soap bubbles (Figure 3.4). The picture

clearly depicts the turbulent characteristics of the core vortex, while outside the

core vortex the soap bubbles appears to be mainly moving tangentially.

3.4 Mapping methodology

3.4.1 Cobra probe

Mean flow velocities were measured inside the UoB-TVG using a Turbulent Flow

Instrumentation (TFI) Series 100 Cobra probe (TFI, 2011). The Cobra probe is

a 4-hole pressure probe measuring the 3D velocity components and local static

pressure (Figure 3.5). The probe can measure data with a magnitude of velocity

vector greater than 2 m/s within a cone of influence of ± 45◦. Data obtained with

the probe are given with a velocity, direction and static pressure accuracy within

0.5 m/s, 1◦ and 5 hPa, respectively. For the current work, the velocity uncertainties

are taken to be± 0.5m/s for the tangential velocity and± 0.2m/s for the radial and

vertical velocity (Gillmeier et al., 2018). The Cobra probe is provided from TFI
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Figure 3.5: (a) Schematic and description of a TFI Cobra probe – (b) Wind ve-
locity coordinates with a TFI Cobra probe (TFI, 2011).

fully calibrated for its own specific velocity and frequency range but still requires

a zero-wind calibration to correct any temperature fluctuation and/or possible

electrical noise. This ’zero’ is by default required every two hours by the TFI

Device Control software but could be performed between each point measurement

if necessary. A TFI interface unit is used to power the Cobra probe and log data

onto a computer via a USB connection. 3D velocities are calculated by the TFI

Device Control software using pressure measured on the probe head. Therefore,

a reference pressure is required to ensure the correct pressure measurement. For

the present work, a 0.0015m nylon tube is connected to the Cobra probe reference

port and is measuring atmospheric pressure outside the simulator.

The data were recorded using a TFI Data Acquisition (DAQ) box at a sampling

rate of 100 Hz for 80s. Gillmeier (2019) performed a convergence analysis and

showed that in the UoB-TVG, a sampling rate of 80s at 100 Hz was sufficient to

ensure that the time averaged velocity has converged towards a stationary value.

3.4.2 Traverse system

The Cobra probe was mounted on an in-house built bidirectional traverse system,

specifically designed to be used in the simulator (Figure 3.6). The traverse system
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consists of two vertical aluminium supports and a 2m aluminium horizontal linear

rail which a carriage, supporting the probe, slides along. A nut/lead screw system

is mounted on the carriage allowing the carriage to slide along the linear rail when

the lead screw is rotated. Finally, a stepper motor is attached to the lead screw to

accurately move the probe to the individual positions in the simulator. A stepper

motor is a brushless electric motor which rotates accordingly to the electrical pulses

applied to its coils. The minimum angle of rotation is called a step and is given by

applying electrical pulses to the different coils inside the motor. Common stepper

motors have 48, 100 or 200 steps per revolution.

The stepper motor is controlled using an Arduino Uno micro-controller board

and an Arduino Motor Shield. Arduino is an open-source hardware and software

project (Arduino, 2011), developed to easily interface external components and

prototype interactive objects. Supplied with its own compiler, libraries and code

examples, self-programming codes can very easily be developed using C/C++

programming language. The Arduino Uno is connected to the host computer

via a USB cable and can be either supplied via USB or with an external power

supply when more power is required. For the present work, an external 9V power

supply was required to drive the stepper motor. The motor speed, motor step

and direction are specified by the user before compilation. After compilation, the

code is uploaded onto the Arduino flash memory and automatically starts once

the board is powered on.

The stepper motor used here makes a full rotation with 200 steps and therefore

rotates 1.8◦ per step. The lead screw used with the traverse system has a lead of

0.002m, giving a horizontal displacement per pulse of:
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dx =
step angle

360◦
× screw lead =

1.8

360
× 0.002 = 0.0001m/step (3.1)

Thus, for every pulse sent by the motor shield, the carriage is theoretically moving

along the rail by 0.0001m, i.e. 0.1mm, giving an extreme precision to the traverse

system. However, the drawback to a stepper motor is the lack of feedback to ensure

the motor rotated accordingly. If the torque required to move the carriage is too

high, the motor will most likely miss steps leading to positioning errors. Neverthe-

less, after repetitive forward/backward movements, the traverse system has shown

accuracy of less than 1mm for short and long distances, which is consistent with

previous studies of tornado-like vortex flow fields using a traverse system (Mishra

et al., 2008a). Finally, the motor speed was set up at 150 pulse/s, which translates

into a linear speed of 1.5 mm/s.

Once the code is uploaded onto the flash memory, the traverse system can be con-

trolled by entering the distance required to move, either via the Arduino Software

using the Serial Monitor or by setting up a serial port communication. However,

this method was laborious when mapping a significant portion of the flow field

in the UoB-TVG. Therefore, a LabVIEW (NI, 1986) program was developed to

facilitate the velocity measurements in the simulator using the traverse system.

The program automatically performs the horizontal mapping at a specific height

by acquiring and saving the data and moving the probe to the specified next po-

sition. The program merges the manual data acquisition using the TFI software

and the manual control of the traverse system using the Arduino software. The

libraries were supplied by TFI and can be used to configure the sampling as well

as acquire and process the data on LabVIEW, C/C++ or MATLAB.
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3.5 Flow rate and radial Reynolds number

To estimate the flow rate (Q) through the simulator and therefore the radial

Reynolds number, it is necessary to measure the outflow velocities at the updraft

hole. As noted in section 3.3, the updraft hole connects the convection chamber

and the trapezoidal duct via a 1m diameter honeycomb. The traverse system

was used and placed inside the convection to measure the outflow, as shown in

Figure 3.6. For practical reasons and assuming all the fans have a similar and

constant mass flow rate, a single profile along the updraft hole was performed to

estimate the mass flow rate. Measurement points were carried out every 0.05m for

a sampling duration of 180s and at a sampling rate of 100 Hz. The mean outflow

velocities profiles for θ = 0◦, 30◦, 50◦ and 70◦ (i.e. S = 0, 0.14, 0.3 and 0.7) are

plotted in Figure 3.7.

For θ = 0◦, i.e. S = 0 and no swirling flow, the flow is reasonably constant along

the updraft hole with velocities at around 11 m/s but with a low asymmetry on

the left side and a difference of about 1 m/s between each end. For θ = 30◦, the

profile shows strong similarities with the profile obtained for θ = 0◦. However, a

reduction in velocity is developing in the centre of the updraft hole where data

quality (i.e. the ratio of the number of good and total samples) is dropping under

75%, and a slightly higher asymmetry is emphasised. As the vane angle increases,

the velocities reduce further, even more in the centre. The velocity reductions

observed in Figure 3.7 are more likely to be associated with the development of a

downdraft at the centre of the simulator.

To ensure an accurate estimation of the flow rate through the simulator, only the

case θ = 0◦ was considered. For higher vane angles, the velocities and data quality
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Figure 3.6: (a) Sketch of the simulator’s upper half with the traverse system
mounted to measure the outflow - (b) Traverse system inside the sim-
ulator while at prototype stage.

drop in the centre of the tornado, which could lead to an underestimation of the

flow rate and consequently also the radial Reynolds number. The flow rate through

the simulator is expressed as follows:

Q = πr20

(
1

N

N∑
p=1

Vp

)
= πr20Ṽ (3.2)
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Figure 3.7: Outflow velocities profiles at the top of the convection chamber for
θ = 0◦ (plain), 30◦ (dotted), 50◦ (dashed) and 70◦ (dash-dotted). The
red colour outlines when the data quality is lower than 75%.

where Ṽ is the spatially averaged velocity of the point measurements. Given

an averaged velocity of 10.5m/s at the updraft hole, the flow rate through the

simulator was estimated to be 4.93× 102m3/s. The updraft velocity and flow rate

are approximately 60% and 15%, respectively, of the theoretical values estimated

in section 3.2. Therefore, losses inside the trapezoidal duct, losses due to the

honeycomb or high fan static pressure significantly reduce the overall performance

of the simulator.

The radial Reynolds number (Rer = Q′/2πν) was expressed for Ward-type simu-

lators as a function of the flow rate in Equation 2.2 (section 2.3.1). For a flow rate

of 4.93× 102m3/s through the simulator, the radial Reynolds number is therefore

estimated to 8.7× 104.

3.6 Tornado-like vortex flow field and structure

Using the traverse system, flow velocities were recorded in order to map the flow

field in the simulator for different swirl ratios. Figure 3.8 shows the 3D velocity



3.6. TORNADO-LIKE VORTEX FLOW FIELD AND STRUCTURE
75

flow fields in the UoB-TVG for a swirl ratio of 0.13, 0.30 and 0.70. Heights are

normalised by the inflow height h0, radial positions are normalised by the core

radius rc, located at r/rc = 1, and velocities are normalised by the maximal tan-

gential velocity of the corresponding swirl ratio. Figure 3.8 shows the complexity

of a tornado-like flow field, with a strong inflow in the lower level towards the core

vortex region and a strong updraft at the corner region (r/rc = 1) for each swirl

ratio. The strongest tangential velocities are typically found in the corner region

and are identified in Figure 3.8 with the red areas.

For S = 0.13, the flow field does not exhibit a clear vortex structure (Figure 3.8

(a)) but shows a region of strong tangential velocities between r/rc = 0 and 3.

The region between r/rc = 0 and 3 also shows an outflow which is consistent with

previous observations made by Haan et al. (2008), Gillmeier et al. (2017), Tang

et al. (2018). Different possible reasons could explain this behaviour, such as the

vortex located off-centre the simulator’s centre or due to vortex. Gillmeier et al.

(2018) also identified vortex wandering in surface pressure measurements of the

UoB-TVG and found that the lower the swirl ratio, the higher the wandering.

Quantification of the vortex wandering will be given in section 4.8 but also draws

the same conclusion. However, it is still uncertain what is precisely causing the

radial outflow for S = 0.13, and it is therefore difficult to draw a general conclusion

considering the measuring techniques employed in the present case. For S = 0.3,

the flow structure appears to be more structured. The recirculation located at

z/h0 = 0.1 and r/rc = 1 seems to indicate the presence of a vortex breakdown,

which would indicate that for S = 0.3 the tornado flow field is not yet fully

developed into a two-cell vortex. Therefore, for S = 0.13, the vortex could possibly
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Figure 3.8: 3D velocity flow fields for (a) S = 0.13, (b) S = 0.3 and (c) S = 0.7.
The white contour outlines the normalised tangential velocities, and
the arrows show the 2D vector field of radial and vertical velocities.
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Figure 3.9: Turbulence intensity of the velocity vector for different swirl ratios of
(a) S = 0.13, (b) S = 0.3 and (c) S = 0.7. The white contour outlines
the data quality defined as the ratio of non-zero to the total number
of measured points.
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feature a one-cell vortex structure. Overall, the vortex structure for S = 0.3 shows

a relatively good agreement with previous work from Gillmeier et al. (2018) and

the VorTECH generator for a similar swirl ratio (Tang et al., 2018). For S = 0.7,

the flow field exhibits a downdraft in the core vortex but shows a rather more

complex structure than expected from a two-cell vortex structure. The downdraft

appears to be weaker at the centre of the tornado simulator (r/rc = 0) than closer

to the core radius. The flow field was most likely too turbulent for the Cobra probe

to capture a realistic flow pattern. Nevertheless, Figure 3.8 shows some agreement

with the vortex structure and downdraft found in the previous work from Haan

et al. (2008) and Gillmeier et al. (2018).

Figure 3.9 shows the turbulence intensity of the velocity vector V
(

=
√
V 2
θ + V 2

R + V 2
W

)
(see section 2.3.2 for the coordinate system) and data quality. For S = 0.13, over-

all high turbulence intensities are expected due to the fluctuation caused by the

vortex wandering with values up to 50% (Figure 3.9 (a)). For S = 0.3, the tur-

bulence intensity is lower and rather uniform outside the core region with values

around 10 to 20% and higher turbulence intensity associated with the updraft

(Figure 3.9 (b)). For S = 0.7, the turbulence intensity is mostly uniform with

values around 10%, but high turbulence is observed inside the core vortex asso-

ciated with the downdraft (Figure 3.9 (c)). However, it is difficult to draw any

conclusion regarding the turbulence in tornado-like vortices considering the non-

stationarity of current flow fields and the presence of the traverse system inside the

simulator. Tang et al. (2018) obtained more uniform and structured distributions

of turbulence intensity while not placing a traverse system inside their simulator

and generating more stable vortices. Nevertheless, it is worth noting that the data
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quality achieved during these simulations is significantly high enough for S = 0.3

and S = 0.7 to support the flow fields observed in Figure 3.8, and therefore con-

sidered the full dataset to be representative. For this reason, the threshold of 75%

data quality used by Mishra et al. (2008a) and Gillmeier et al. (2018) was not set

in the current work.

3.7 Horizontal velocity profiles

Figure 3.10, Figure 3.11 and Figure 3.12 show the horizontal profiles of each ve-

locity component for a height of z = 0.005, 0.1, 0.2, 0.3 and 0.4m and for a

swirl ratio of S = 0.13 (a), 0.3 (b) and 0.7 (c) respectively. Each profile was nor-

malised with the local maximum tangential velocity and core radius, as shown in

Figure 3.13. The different analytical vortex models (Rankine, modified Rankine,

Burgers-Rott, Sullivan, Baker and Sterling) described in section 2.3 were fitted to

the experimental data. For the sake of the current analysis, only one profile is

plotted for each model using the maximum tangential velocity and the core radius

of the lowest height (i.e. z = 0.005m).

Figure 3.10 shows the horizontal profiles of the normalised tangential velocities

for different swirl ratios. For S = 0.13 (Figure 3.10 (a)), the profiles significantly

vary with height, and therefore none of the models can precisely reproduce the

profiles. However, the modified Rankine, Sullivan and Baker and Sterling mod-

els perform better at reproducing the profile trend. It is worth noting that the

modified Rankine and Baker and Sterling tangential velocities are identical in the

current analysis and therefore are overlapping. For S = 0.3 (Figure 3.10 (b)),

the same conclusion can be drawn from the S = 0.13 case. Discrepancies inside
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Figure 3.10: Horizontal profiles of tangential velocity for different heights, analyt-
ical vortex models and for different swirl ratios of (a) S = 0.13, (b)
S = 0.3 and (c) S = 0.7.

the core radius (r/rc < 1) can be a result of recirculation due to the potential

vortex breakdown observed in Figure 3.8. For S = 0.7 (Figure 3.10 (c)), the flow

field tends to be more uniform, and therefore each profile for each height is in

good agreement except for z = 0.005m. Close to the ground, radial velocities have

higher magnitude than above due to friction (Trapp, 2000). Similarly, for lower

swirl ratios, all models perform well except the Rankine and Burgers-Rott models.

However, inside the core vortex (r/rc < 1) at the lowest height (z = 0.005m), the

profile follows a similar trend to the Burgers-Rott model.

Figure 3.11 shows the horizontal profiles of the normalised radial velocities for

different swirl ratios. For S = 0.13 (Figure 3.11 (a)), the outflow observed in
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Figure 3.11: Horizontal profiles of radial velocity for different heights, analytical
vortex models and for different swirl ratios of (a) S = 0.13, (b) S =
0.3 and (c) S = 0.7.

Figure 3.8 is characterised by negative radial velocities for r/rc < 1. The outflow

also tends to be more important at a higher height. That outflow has previously

been observed for small swirl ratios in the simulator (Gillmeier et al., 2018) but

also in simulators with different geometry and scale (Mishra et al., 2008a, Haan

et al., 2008). Regarding the vortex models, the Baker and Sterling’s model shows

good agreement in reproducing the shape of the outflow, even though it does not

precisely fit the experimental data. However, the parameters of Baker and Sterling

models were not adjusted for each velocity component as done by Gillmeier et al.

(2018). For S = 0.3 (Figure 3.11 (b)) and 0.7 (Figure 3.11 (c)), the flow field is too

complex to be reproduced by any of the vortex models. However, it is noted that
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Figure 3.12: Horizontal profiles of vertical velocity for different heights, analytical
vortex models and for different swirl ratios of (a) S = 0.13, (b) S =
0.3 and (c) S = 0.7.

the models used here are only a one-cell representation of the vortex structure,

and therefore it is not too surprising that they fail to fit the experimental data.

Figure 3.12 shows the horizontal profiles of the normalised vertical velocities for

different swirl ratios. Overall, the conclusions regarding the complexity of the flow

field can also be drawn here. The Burger-Rott model shows unrealistic constant

updraft, while the Sullivan and Baker and Sterling models show negative and

positive strong updraft at the centre of the vortex.

In section 3.3, the Burgers-Rott and Sullivan vortex models were expressed in a

dimensional way to discard the shape parameters and solely express them as a
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function of the core radius and the maximum tangential velocity. The comparison

between models and experimental data shows that the models generally failed to

reproduce the complexity of the flow field but also the velocity magnitude. Figure

3.10, Figure 3.11 and Figure 3.12 show that the models tend to overestimate the

velocity magnitudes. However, as reported by Gillmeier et al. (2018), with a

different set of measurements in the same simulator, Baker and Sterling’s model

tends to fit the experimental tangential velocity data the best but still fails to

reproduce the radial and vertical velocities. For a small swirl ratio (S = 0.13)

where most of the uncertainties are observed, Baker and Sterling’s model presents

some similarities with the experimental data, which could indicate the presence

of a one-cell, unsteady vortex. A non-intrusive measuring technique could help to

investigate further and better picture the vortex structure evolution as a function

of the swirl ratio without introducing disturbances due to measuring systems.

3.8 Vertical velocity profiles

Figure 3.13 (a) shows the variation with height of the local maximum tangential

velocity. For all swirl ratios, the highest tangential velocity is located at the lowest

height (z = 0.005m) and is given by Vθ/max(Vθ) = 1. Figure 3.13 (a) shows that

the lower the swirl ratio, the larger the decrease of maximum tangential velocity

with height. For S = 0.7, the maximum tangential velocity appears to be rather

constant with a height above z/h0 = 0.05.

Figure 3.13 (b) shows the variation with height of the local core radius defined as

the radial location of maximum tangential velocity for each height. For S = 0.13

and 0.7, the core radius increases slightly with height to be respectively 1.6rc and
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1.2rc at z/h0 = 0.4. For S = 0.3, the fluctuation between z/h0 = 0.05 and 0.2

are most likely associated with the recirculation identified in Figure 3.8. Above

z/h0 = 0.2 the core radius is about 2.3rc with a size relatively close to the core

radius for S = 0.7. However, the estimation of the core radius with height is

based upon the estimation of the maximum tangential velocity. When considering

the measuring techniques employed here, a tendency is observed and described,

but a general conclusion cannot be drawn. Non-intrusive measurements would be

required to validate the tendency observed in Figure 3.13.

Figure 3.14 shows the variation with height of the normalised tangential velocity

at different core radius locations and for different swirl ratios. For all swirl ratios,

non-zero tangential velocities for r = 0rc suggest that the vortex is potentially not

Figure 3.13: Vertical profiles of (a) normalised local maximum tangential velocity
and (b) local core radius for swirl ratios of S = 0.13, 0.3 and 0.7
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located at the centre of the simulator. This could be due to vortex wandering or

the vortex centre being located off-centre. Even though the flow field for S = 0.13

appears to be quite unstructured, Figure 3.14 (a) shows that the vertical profiles

at the different locations follow a similar trend. For S = 0.3 (Figure 3.14 (b)),

the profiles for r > 0.5rc show good agreements when z/h0 > 0.05. The variation

below z/h0 = 0.05 is most likely associated with the maximum tangential velocities

observed in the corner region. Not surprisingly, the profile for the r = 0rc is

significantly different and is certainly associated with the downdraft inside the core

vortex. For S = 0.7, each profile shows different tangential velocities but uniform

with height. The vertical profiles are also consistent with the horizontal profiles,

as shown in Figure 3.10 (a) where horizontal profiles show strong similarities for

Figure 3.14: Vertical profiles of the tangential velocity components for different
swirl ratios of (a) S = 0.13, (b) 0.3 and (c) 0.7 and at different core
radius locations (r = 0, 0.5, 1.0 and 1.5rc)
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each different height.

Figure 3.15 shows the variation with height of the normalised radial velocity at

different core radius locations and for different swirl ratios. Similarly to Figure

3.14, the vertical profiles exhibit similar trends for the different radial locations.

For S = 0.3 (Figure 3.15 (b)), since the recirculation is centred at r/rc = 1, the

profiles show a double change of sign because of the change of wind direction

induced by the potential vortex breakdown. For S = 0.7 (Figure 3.15 (c)), radial

velocities are not significantly important as the flow is primarily circumferential,

except for r = 1.5rc and near the ground where a strong inflow was recorded.

Figure 3.16 shows the variation with height of the normalised vertical velocity at

different core radius locations and for different swirl ratios. For S = 0.13 (Figure

Figure 3.15: Vertical profiles of the radial velocity components for different swirl
ratios of ((a) S = 0.13, (b) 0.3 and (c) 0.7 and at different core radius
locations (r = 0, 0.5, 1.0 and 1.5rc)
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3.16 (a)), the vertical velocities are predominantly positive, although the profiles

do not exhibit any peaks that would suggest a strong updraft. For S = 0.30

(Figure 3.16 (b)), the profile at the core radius (r = 1.0rc) shows a peak at

z/h0 = 0.05, whereas the profile outside the core radius (r = 1.5rc) shows a peak at

z/h0 = 0.125. This corroborates the increase of the core with height as observed in

Figure 3.13. For S = 0.70 (Figure 3.16 (c)), the vertical profiles confirms the double

cell structure of the vortex, with vertical velocities predominately negative inside

(r = 0.5rc) and positive outside (r = 1.5rc) the core vortex. The updraft at the

core radius location (r = 1.0rc) is the strongest at the lowest height (z/h0 = 0.025)

and is associated with the strongest winds in the corner region.

Overall, the vertical profiles show good similarities between the different radial

Figure 3.16: Vertical profiles of the vertical velocity components for different swirl
ratios of ((a) S = 0.13, (b) 0.3 and (c) 0.7 and at different core radius
locations (r = 0, 0.5, 1.0 and 1.5rc)
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locations r = 0, 0.5, 1 and 1.5rc. However, these arbitrary radial locations might

not reflect regions where the flow field could be, for instance, transitioning from

radial inflow/outflow to vertical updraft. Therefore, the analysis is potentially

missing some features of the flow characterisation. These locations were chosen to

ensure consistency in the analysis and because the positions r = 0, 0.5, 1 and 1.5rc

were for all swirl ratios very close, if not equal, to the exact point measurement

location.
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3.9 Concluding remarks

The following conclusions can be drawn from the physical simulations undertaken

and presented above:

1. The flow field observed and measured in the UoB-TVG is far less structured

than described by conceptual views, as given by Davies-Jones (1973) or by

analytical vortex models.

2. The tangential velocity is generally well modelled by the modified Rankine,

Sullivan and Baker and Sterling models. However, the Rankine and Burgers-

Rott models fail to replicate it.

3. Expressing the analytical vortex models solely as a function of the core ra-

dius and maximum tangential velocity showed that they fail to replicate the

complexity of the flow field with higher radial and vertical velocities.

4. The core radius was found to be increasing with height for the different swirl

ratios as generally observed in the different tornado simulators.

5. Vertical profiles at different arbitrary radial locations, i.e. r = 0, 0.5, 1.0

and 1.5rc, mostly look consistent with height for each velocity component

and swirl ratio tested. However, the locations were not chosen at specific

points of interest and therefore, could lack representativeness of the flow

field complexities.
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Chapter 4

Experimental investigation of the flight of debris

in tornado-like vortices

4.1 Introduction

4.2 Experimental set up

Particle Tracking Velocimetry was introduced in section 2.3.3 and is a Lagrangian

velocimetry technique using one or multiple cameras to track individual particles

and determine their trajectories and velocities over time. The scope of particle

tracking experiments is to retrieve flow field information using tracer particles and

assumes that these particles follow fluid streamlines, i.e. all particles must have

a Stokes number close to or lower than 1. In this case, point measurement at a

specific location and time can be retrieved, but spatial and time averaging can

also be computed to obtain global characteristics of the flow field. However, the

current work focuses on investigating the flight of debris in tornado-like vortices,

and therefore individual debris trajectories were examined. 2D-PTV only requires

a single camera while 3D-PTV requires at least two cameras to retrieve three-

dimensional data. Generally, high-speed cameras are used to accurately measure
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the tracer particles in space and time. Thus, when investigating 3D trajectories,

time synchronisation between the cameras and precise calibration of the system is

necessary to obtain satisfactory qualitative and quantitative tracking data (Maas

et al., 1993). Finally, Figure 4.1 shows the coordinate system used when performing

2D/3D-PTV.
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Figure 4.1: Particle tracking velocimetry coordinate system.

4.2.1 High-speed camera

The Sony FS700RH is a professional camcorder (Figure 4.2) with slow-motion ca-

pability, and up to three cameras were used as part of the particle tracking system.

Figure 4.2: Sony FS700RH camera and SELP18200 (18–200mm F3.5–6.3 OSS)
11x zoom E-Mount lens used for Particle Tracking Velocimetry.
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The FS700RH has a 4K CMOS sensor capable of recording videos at a resolution

up to 4096 x 2160 pixels. The cameras can record RAW (i.e. no compression)

videos up to 120 frames per second (fps) at 4K resolution for approximatively 4

seconds, up to 240 fps at 2K RAW resolution (2048 x 1080 pixels) continuously.

However, this requires a special memory card device to be able to record at these

frame rates. For compressed videos, the camera can record up to 960 fps at full HD

resolution (1920 x 1080 pixels) for 5 or 10 seconds and the footage is saved onto a

memory card (SD card). For the current application, the cameras were set up to

record videos at full HD resolution and at 480 fps. The camera is supplied with an

11× zoom power lens with built-in optical image stabilisation. The zoom range of

the lens enables easy adaption of the field of view of the camera in order to focus

on the region of interest. For the current work, the horizontal field of view for each

camera was adjusted to cover around 2 × 1.2m, roughly giving a real-world pixel

size of 0.001m. For an averaged maximum wind speed of 10 m/s, a particle would

travel about 0.02m between two frames when recorded at a frame rate of 480 fps,

which is 20 times more than the real-world pixel size. Therefore, the resolution

of the camera and the adjusted field of view appears to be sufficient to identify,

between two frames, the motion of any particle larger than 0.001m travelling at

lower or equal to 10 m/s. Nevertheless, light luminosity and surface reflections

appeared to have a significant impact on the particle detection during the par-

ticle tracking process and pre- and post-processing adjustments were required to

enhance the particles detection.

In slow-motion mode, the camera integrates three different triggering modes, as

described in Table 4.1. For the current work, the camera was set up either to End

Trigger or End Trigger Half depending on the case study. As this mode buffers
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Table 4.1: Summary of the different triggering modes available on the Sony
FS700RH camera.

Triggering mode Description

Start Trigger
Records to the SD card for 10 seconds once the RECORD

button is pressed.

End Trigger
Continuously buffers for 10 seconds and starts recording the

buffer onto the SD card once the RECORD button is pressed.

End Trigger Half
Continuously buffers for 5 seconds and starts recording the

buffer onto the SD card once the RECORD button is pressed.

images for 5s or 10s, it allows the user to visually monitor the flow being seeded

with particles and typically only starts recording when the situation is applicable

(typically when particles stopped flying in the present work).

4.2.2 Camera triggering device

The camera can be externally triggered using the software and hardware commu-

nication protocol developed by Sony, called Logic Application Control Bus System

(LANC). The protocol is a two-way protocol sending a command and reading

the acknowledgement from the camera. To ensure the command was sent and

received, the protocol sends and verifies the acknowledgement three times before

processing the command. To externally trigger several cameras, a Multi-Camera

LANC Controller ALE718 (Figure 4.3), developed by Applied Logic Technology,

was used. The ALE718 is powered with 5V using a micro-USB cable, and the

cameras are plugged in using a 2.5mm jack connector. When the Start button is

pressed, the ALE718 sends the command simultaneously to trigger all cameras at
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Figure 4.3: Multi-Camera LANC Controller ALE718, developed by Applied Logic
Technology, used to trigger three cameras Sony FS700RH.

the same time. At normal frame rates, the controller provides a good synchro-

nisation between cameras for stereoscopic recordings. However, at higher frame

rates, it was found that random disparities between the cameras, up to 100ms,

were occurring. Nevertheless, it was also found that each individual frames were

recorded at the exact same time but only the starting time was randomly shifted

positively or negatively in time. This behaviour could be due to different internal

response times for each camera and could not be corrected or adjusted due to the

lack of control on either the camera or triggering device side.

4.3 Calibration

In section 2.3.3, the particle velocimetry tracking technique was introduced and

described as the principle of triangulation. The camera calibration is the central

procedure of a particle tracking system and consists of determining the relation

between pixels on images and corresponding real-world positions. A good calibra-

tion will result in a precise determination of the particle positions but also ensure a

good connection between particles during the tracking process. In order to deter-

mine the position of a point in two or three dimensions, it is necessary to estimate
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the cameras intrinsics (i.e. the inherent parameters of the camera, such as the

focal length), extrinsics (i.e. the parameters used to describe the transformation

between the camera and the real-world) and lens distortion (i.e. the optical aberra-

tion due to an imperfect lens) parameters. The mathematical model developed by

Maas et al. (1993) requires 15 parameters describing the geometry of the camera

to establish the relationship between the image and real-world coordinates.

Assuming a pinhole model for the camera, it is possible to calculate the camera

projective centre coordinates from the real-world camera coordinates. To perform

the calibration, a series of well-known located points, i.e. targets, ideally cover

the entire camera field of views, which can be found difficult to overcome in large

scale computer vision applications. The unknown parameters in Maas et al. ’s

model are then determined by resolving the mathematical model (not shown for

the purpose of simplicity). However, the model needs to be input with physical

realities such as described thereafter to reproduce as accurately as possible the

real-world phenomena.

Lenses are generally not perfect, and therefore distortion is generally present and

must be considered in the model. Brown (1971) described the lens distortion

to be dependent on five radial and tangential parameters. Furthermore, optical

media with different refractive indices cause light rays to be deflected, introducing

errors in determining particles positions. Corrections can be added to the model

if different optical media are used.

4.3.1 Calibration target

A calibration target is a planar or three-dimensional object, with a certain number

of dots or targets, used to perform the camera calibration of a computer vision
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system.

For the present work, different calibration targets have been tried. However, given

the significantly large field of view, it was impractical or even impossible to consider

a three-dimensional target covering the whole field of view. Therefore, a large

planar target was used to perform the calibration, and a three-dimensional target

was used to validate the calibration.

Figure 4.4 shows the pattern of the planar calibration target. It consists of an array

of 21× 15 dots, 0.003m in diameter and spaced every 0.04m for a total dimension

of 1.05m × 0.75m. The target was generated using a calibration pattern generator

and printed on an A0 poster. The poster was then glued onto a plastic board to

ensure a flat surface. This method, although looking easy, was significantly cheaper

than conventional calibration target boards but showed a submillimetre level of

precision (detailed in the next chapter), which is good for a large-scale application.

The three-dimensional calibration target was designed with the optics to be printed

in a 3D printer available in the Civil Engineering Laboratories. Therefore, the size

of the target was limited to the size of the 3D printer. Figure 4.5 shows the CAD

model and the printed version of the target. The dimensions of the target are

0.2m × 0.2m × 0.1m, with 81 dots evenly spaced every 0.0225m horizontally and

vertically. Each dot location was made of a shallow hole that has been filled with

white paint as precisely as possible.

4.3.2 Camera arrangement

The camera arrangement also plays a critical part in the calibration process. A

good arrangement will see each individual particle from a different angle of view
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and will facilitate the detection and correspondence of every particle between the

cameras. A bad arrangement will lead to particle mismatches and wrong corre-

spondences and will ultimately engender disconnection or wrong connections be-

tween partial trajectories. However, the camera arrangement is generally imposed

by the experiment itself and cannot be optimal. Refan et al. (2014) and Refan

and Hangan (2018) carried out PIV measurements in the both the small and large

WindEEE dome and placed the cameras under the simulator, looking through the

glass floor. For the UoB-TVG, the cameras could not be placed under the simula-

tor, and the convergence and convection chambers were made of blue transparent

acrylic panels reducing the visibility and causing significant reflections. There-

fore, the cameras were placed and mounted inside the simulator, allowing different

camera arrangements.

Figure 4.4: Planar calibration target. Each dot is spaced every 0.04m covering
1.05m × 0.75m.
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Figure 4.5: 3D calibrated target with the CAD design (left) and the 3D printed
target (right).

For a one-camera arrangement, the camera was mounted on an aluminium struc-

ture and placed in the centre of the simulator in x-direction but off-centre in y-

direction, pointing downward at the height of approximatively 1.5m (Figure 4.6).

The zoom was then adjusted to cover a field of view of 2 × 1.2m. This field of view

proved to be optimal, considering the size of the particles to be tracked, and for

the overall distances travelled for the particles during the different experiments.

Different approaches were carried out with a two-camera arrangement. However,

it quickly became apparent that given the large field of view and the size of the

particles, it was difficult to successfully obtain good correspondence when particles

were close together, and therefore to obtain good trajectories. Consequently, three-

dimensional particle tracking was undertaken with three cameras (Figure 4.7).

For the three-camera arrangement, different approaches have also been attempted.
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Figure 4.6: Camera used in a one-camera arrangement to perform 2D-PTV and
mounted at the centre of the simulator (in x-direction but off-centre
in y-direction) pointing downward.

Three main arrangements were investigated and are shown in Figure 4.8. Arrang-

ment 3B (i.e. 3 ”Bottom”) has the 3 cameras placed at the same height (Figure 4.8

(a)); Arrangement 2B-1M (i.e. 2 ”Bottom”, 1 ”Middle”) has one camera slightly

above the two others (Figure 4.7 and 4.8 (b)); and Arrangement 2B-1T (i.e. 2

”Bottom”, 1 ”Top”) has one camera at the top of the convection chamber (Figure

4.8 (c)). Table 4.2 summarises the different arrangements and the respective loca-

tions of the cameras from the centre of the simulator. The zoom was adjusted for

each camera and arranged to also cover a field of view of approximately 2 × 1.2m.
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Figure 4.7: Example of a three-camera arrangement mounted inside the simulator
and used to perform 3D-PTV.

4.3.3 Validation

Two different methods for validating the calibration have been carried out. The

first method was a static validation with the 3D printed calibration target. Initially

used to perform the calibration, the target was too small for the field of view and

therefore was finally used as a validation target. The target was placed in the field

of view of the cameras, and static images were taken to retrieve the 3D position

of each individual dot (Figure 4.9).

The other method that was tried was a dynamic method, used to evaluate the

performance of the tracking system to follow a moving target and retrieve the

correct velocities. An individual target was placed on a motor to simulate a circular

motion (Figure 4.10). The motor rotated at a known and constant angular velocity,

and the target was tracked over time. The validation and performance of the

cameras calibration are detailed in section 4.7 and show that the current particle
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Figure 4.8: Schematic of the different arrangements used with three cameras #1,
#2 and #3. (a) All three cameras #1, #2 and #3 are placed at equal
Y and Z positions but are evenly spaced along X direction from the
centre of the simulator. (b) Positions of camera #1 and #3 remain
unchanged but camera #2 is placed slightly above. (c) Positions of
camera #1 and #3 remain unchanged but camera #2 is placed at the
top of the convection chamber.
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Table 4.2: Summary of the three-dimensional coordinates for different arrange-
ments of the cameras used to perform the calibration of the 3D-PTV
system.

Arrangement Camera X [m] Y [m] Z [m]

3B

#1

#2

#3

-0.50

0.00

0.50

1.20

1.20

1.20

1.20

1.20

1.20

2B-1M

#1

#2

#3

-0.50

0.00

0.50

1.20

1.20

1.20

1.15

1.35

1.15

2B-1T

#1

#2

#3

-0.50

0.00

0.50

1.20

1.20

1.20

1.15

2.70

1.15

tracking system is accurate both statically and dynamically to have confidence in

the results presented in section 4.8 and 4.9.

4.4 Debris

Many different types of materials, such as pieces of paper, wood, plastic, tissue

and Styrofoam balls, were used to investigate the flight of debris in the tornado

simulator. However, due to the relatively low Reynolds number and the vortex

structure, it was quickly found that debris does not significantly get lifted off the

ground. Therefore, recourse to debris as small and light as possible was necessary.

In order to ensure repeatability and convenience, Styrofoam balls were used to
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carry out the particle tracking experiments, and statistical analysis of the flight

of debris was performed. Styrofoam balls were available in a range from 0.0015 to

0.006m, and particle sieving was performed in order to obtain the required size. It

proved difficult to obtain a large number of spheres of an exact size; therefore, a

particle size analysis was performed to obtain statistics on the size and variation

of the spheres. The particle size analysis was performed using ImageJ software

from a high-resolution picture, typically 16-megapixel. ImageJ software is capable

of determining the number of particles, the pixel area of each particle and their

roundness. After calibration with a ruler, pixel areas were converted from pixel to

the SI system.

The theoretical density of Styrofoam is 28 kg/m3 but can vary depending of the

size on the spheres and the manufacturer. To precisely estimate the density of the

Calibration target (x;y)

(0;0)

(0;0.3)

(0;-0.3) (0.6;-0.3)

(0.6;0)

(0.6;0.3)

(-0.6;-0.3)

(-0.6;0)

(-0.6;0.3)

Figure 4.9: Calibration validation using the 3D calibration target placed at differ-
ent locations inside the simulator.
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Figure 4.10: Calibration validation using a moving target mounted on a motor.

spheres used in the current work, a known volume with Styrofoam spheres inside

was weighed using a precision scale, and it was found that the current spheres had

a density of around 24 kg/m3.

In an attempt to scale the debris, geometric scaling (λR) and Tachikawa scaling

(λK) (detailed in section 2.3.3) were used to determine the equivalent debris size

and mass at full scale. This represents a potential approach to scaling, and it is

acknowledged that different approaches could have been used for scaling tornadoes

(Refan and Hangan, 2018, Baker and Sterling, 2019). A geometric scaling (λR)

is defined as the ratio between simulated (rc,TV G) and full-scale (rc,full−scale) core

vortex radii as follows:

λR =
rc,TV G

rc,full−scale
(4.1)

with the core radius value taken where the maximal velocities occur. The Fujita

scale (Fujita, 1971) gives an estimation of the tornado wind intensity based on

damage surveys but no accurate correlation or generalisation between tornado

size and wind speed has been found to date. Nevertheless, Wurman et al. (2013)

measured the core radius and maximum tangential velocity of 100m and 50m/s,



4.4. DEBRIS 105

respectively, at one specific time during an EF2 tornado. Therefore, Table 4.3

gives a selection of ”standard” full-scale tornado sizes and maximum wind speeds

accounting for a small, medium and large size tornado. The tornado sizes were

estimated based on the distribution of mean tornado path widths (Brooks, Doswell

and Kay, 2003) with small, medium and large size tornadoes representative of

EF0-EF1, EF2-EF3 and EF4-EF5 tornadoes, respectively. Since the EF2 tornado

measured by Wurman et al. (2013) matches the medium tornado size in Table 4.3,

the maximum wind speed for a small and large tornado was estimated based on

the measured maximum tangential velocity. The comparison with different swirl

ratios was solely used here to obtain full-scale equivalent based on the experimental

measurements.

The full-scale equivalent debris radius was then determined using the geomet-

ric scale λR and introduced into the Tachikawa scaling equation (Eq. 2.23).

The Tachikawa scaling was defined as the ratio of the experimental to full-scale

Tachikawa number and taken to be equal to 1 in order to keep similarity. There-

fore, it is possible to determine a mass scaling between experimental and full-scale

(Eq. 2.24). Table 4.4 summarises the calculated full-scale equivalent debris ra-

dius and mass, as well as impact moment and energy and Tachikawa for different

experimental debris sizes and swirl ratios.

Table 4.3: Swirl ratio tested and arbitrary full-scale equivalent core radius and
maximum wind speed.

Swirl ratio 0.13 0.30 0.7

Full-scale equivalent core radius [m] 20 100 300

Full-scale equivalent maximum wind speed [m/s] 30 50 70
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The impact momentum (pmax) and loading (Emax) were calculated for each exper-

imental debris size and swirl ratio using the equivalent full-scale debris mass and

maximum tangential velocity (Table 4.3) as follows:

pmax = mVθ,max (4.2)

Emax =
1

2
mV 2

θ,max (4.3)

where m is the mass of the debris and Vθ,max the maximal tangential velocity.

During strong wind events, the most common and most likely structural part of a

building to be damaged is the windows, and depending on the glass properties and

thicknesses, windows may or may not resist debris impacts. Vickery et al. (2006)

showed that the impact resistance of the glass is critical and must be larger than the

impact momentum of the debris to avoid failure by impact. Behr and Minor (1994)

estimated average impact resistance of 0.1 kg.m/s for 6mm thick window glass.

However, this value is likely to significantly vary upon the dimensions, thickness,

physical properties and mounting of the glass panel. Impact cladding, with impact

velocities between 9 and 34 m/s on 0.48mm Base Metal Thickness corrugated

metal cladding (Frye et al., 2009), generally showed that for impact momentum

and energy lower than 100 kg.m/s and 1300 J, respectively, the cladding only gets

deformed, whereas for higher momentum and energy, the cladding is penetrated by

the missile. Impact test requirements for tornado shelters require the safe room

to resist impact momentum and energy of respectively 245 kg.m/s and 4350J

(FEMA-361, 2015).

Based on Tachikawa scaling calculations, it is found that for the range of debris
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sizes and swirl ratios tested in the simulator, the range of equivalent full-scale

debris size and mass goes from 0.028 to 0.173m and from 0.006 to 0.513kg for the

debris radius and mass, respectively. This gives a range of impact momentum and

energy from 0.17 to 35kg.m/s and from 2.6 to 1260J, respectively. This means that

the debris tested would most likely cause damage to the building envelope during

a full-scale event if the debris reaches and impacts a building at the maximal wind

velocities of the tornado stated in Table 4.3. However, debris commonly does not

reach the maximum wind speed. During strong wind events with wind gusts ex-

ceeding 50 m/s, the debris would generally reach speeds of between 15 and 30 m/s

(Song and Ou, 2010).

Finally, the Tachikawa number range, equal for model and full scale, goes from 3 to

43.8, which is consistent with previous work in tornado-like flow fields. Noda et al.

(2013) simulated the flight of debris in tornado winds with a range of Tachikawa

numbers from 1 to 100, while Maruyama (2011) simulated heavy debris with

Tachikawa numbers between 0.71 and 5.69.
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In order to release the debris inside the simulator, a seeding system has been

designed and manufactured in the Civil Engineering Laboratories (Figure 4.11).

It consists of a disc with 100 equidistant holes of 0.002m diameter connected to

a stepper motor. The disc was enclosed in a chamber and attached to a motor

rotating at a constant speed. A vent passing through and aligned with the holes

on the wheel, which were then filled with 0.002m Styrofoam spheres. The seeding

system was then closed and attached to the floor under the simulator connecting

the vent to the surface pressure taps. The seeding system was placed at either

0, 0.5, 1 or 2rc. In order to release the spheres inside the simulator, the motor

rotated the disc which aligned the vent with each individual particle at a time.

The pressure difference between inside and under the simulator naturally sucked

the spheres in. Different motor speeds were tried out to evaluate the shortest

but most efficient time to release the spheres as fast as possible while still being

Figure 4.11: Device used to release Styrofoam spheres inside the simulator. The
device is mounted under the simulator and can be placed at differ-
ent positions (left) and consists of a perforated wheel loaded with
Styrofoam spheres (right).
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able to distinguish them during the particle tracking process. It was found that a

motor speed of 30 rotations per minute, releasing 100 spheres in about 2 seconds,

was optimal. Finally, the fact that this device could only seed 0.002m Styrofoam

spheres was a drawback but this limitation was only caused by the use of the

pressure taps to seed the flow.

A low-rise building model (20mm sides length × 20mm height, Figure 4) was 3D

printed and also used to initiate debris flight from the building’s roof. The building

model has a geometric scale of 1/8 with regards to the size of the experimental

core radius. Based on Wurman et al. (2013)’s full-scale tornado measurements,

the building model would be equivalent to a building of around 13 × 13 × 13m at

full-scale. The building model was placed at different locations and one hundred

spheres (compact debris) were injected into the flow field from the top of it.

4.5 Data pre-processing

The pre-processing of the video footage and images before being used in the par-

ticle tracking software plays an important role in the rendering of the particle

trajectories. The particle tracking software used in the current work requires the

images to be processed with a specific format. Therefore, careful preparation of

the images was necessary to quickly and easily obtain particle tracking datasets.

The cameras record videos in an MTS format, which is a ”Advanced Video Cod-

ing High Definition” video format. However, the PTV software requires input

with TIFF 8-bit grayscale images sequentially named. Therefore, to extract each

individual frame from the recordings, a script was developed using the FFmpeg

software (FFmpeg, 2000) and was coded in either a Unix or Windows version.
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FFmpeg is a free software containing all the video codecs and libraries to handle

multimedia media. The first step was to extract images from the recordings. Ex-

tracting each frame sequentially can easily be done by a command prompt of the

form:

1: ffmpeg -i example_video.mts frame_%4d.tif

where ’-i’ specifies the input data, example video.mts is the name of the file and

’%4d’ a 4-digit output number. However, each TIFF image sizes 3MB in memory,

which means each second recorded at 480fps takes around 1.5GB of hard drive

space per camera.

To be able to reduce the size of the files, more pre-processing was carried out.

The image processing was performed using the open-source ImageMagick software

suite (ImageMagick, 1990). ImageMagick is a software suite capable of editing,

processing, and displaying images. The following methods were used to process

the images, enhance the visibility and reduce the file sizes:

– Baseline image subtraction. Subtracting a baseline image is a common tech-

nique in image processing to isolate a moving object from a fixed background.

In the present case, it helps to isolate white particles on a black background,

which improves the detection and tracking of the particles by increasing their

contrasts. On ImageJ, the operation is performed by adding the command

option “-compose minus”.

– Threshold. To reduce the size of the images, a threshold is applied to create a

binary image. By doing that, each pixel value above the brightness threshold

is given the value ’1’ while a pixel value below is given the value ’0’. It reduces
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the size of the output file to around 35KB, i.e. 85 times smaller than the

original file. Consequently, each second of post-processed images takes 16MB

of hard drive space per camera. On ImageJ, the operation is performed by

adding the command option ’-auto-threshold’.

– Conversion. The conversion converts the original TIFF file into an 8-bit

grayscale TIFF scale. Whereas the previous steps are not mandatory to use

the OpenPTV software, the conversion into the right image type is vital to

make sure the software reads the images. On ImageJ, the operation is per-

formed by adding the command option ’-depth 8’ and ’-type grayscale’.

– Renaming. The OpenPTV software requires the file names to be sequen-

tially named from cam1.10001. Therefore, the original TIFF files have to be

renamed to remove the extension ’.TIFF’.

The image processing was performed in a single command line using ImageMagick

as follows:

1: convert ${files[$i+1]} ${files[$i]} -compose minus -composite -auto

2: -level -depth 8 -type grayscale -auto-threshold ${files[$i]

The images were then renamed to match the required input filename:

1: for f in *.tiff; do mv $f ${f%.tiff}; done

4.6 Data post-processing

4.6.1 OpenPTV software

Once the images were extracted from the videos, it was necessary to post-process

the images to determine the particle coordinates in each camera reference, perform
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the correspondence between the cameras and determine the 3D positions of each

camera. The open-source OpenPTV software, initially developed at ETH Zurich

(Willneff, 2003), and recently available in an open-source package (OpenPTV,

2012), was used to perform the camera calibration, post-process the images and

perform the tracking. However, some background on the main procedure steps is

given thereafter.

Either on the calibration or the tracking side, particle detection is based on a

high-pass filter and grey value threshold. Using this method, it is possible to tune

the particle recognition based on the particle brightness and therefore reduce the

detection of background noise. The particle detection identifies each particle as

a sum of pixel brightness values above the grey value threshold. Once the par-

ticles are detected, it is either possible to determine the particles 3D positions

on a specific image or run the particle recognition sequence over a set of images.

Working on a specific image and determining 3D positions helps to evaluate the

calibration performance. In section 2.3.3, epipolar lines were introduced and de-

scribed as virtual lines related to a stereoscopic system. Once the calibration is

done, the corresponding epipolar lines for each particle detected can be displayed

on the software for each camera image. Therefore, when using two cameras or

more, it is possible to display the intersection of the epipolar lines for each cam-

era (see Figure 4.12). The closer the intersections to the particle centroid, the

better the calibration. In order to obtain a good correspondence between the

cameras, correspondence criteria based on the distance of the particle centroid to

the epipolar lines are used to determine the quality of the correspondence. Once

correspondences are established for the particles, each particle is attributed to an
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asset number and will be identified by this number during the tracking process. If

at some point during the tracking process a correspondence cannot be established,

the particle is seen as a new particle, and a new trajectory is created.

Figure 4.12: Example of epipolar lines displayed for each camera for a specific
particle on OpenPTV software. The closer the intersection from the
particle centroid, the better the calibration.

The tracking process consists of finding the closest particle and connecting each

individual one over time to construct a trajectory. However, when a significant

number of particles are present, it can be difficult to determine the closest neigh-

bour. In order to reduce any ambiguities, the particle position for the next timestep

is predicted from the previous timesteps, and the predictions are transferred and

compared between cameras to find the corresponding area where the particle is

expected (Willneff, 2003). The calibration is, therefore, not only important for

finding correspondences between the cameras but also plays a crucial role in ob-

taining good quality trajectories.

Since the software itself only provides the raw particle tracking data and does

not perform any statistical analysis, compared to commercial software available

on the market such as Shake-the-Box (Schanz et al., 2013); therefore, significant

post-processing of the data was necessary to analyse the trajectory data obtained

with OpenPTV.
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4.6.2 Particle trajectories

Trajectory reconnection

The present work focuses on tracking individual debris trajectories over time.

Therefore, it is important that each trajectory can easily be identified from its

starting and stopping point and only counts a single trajectory, i.e. no discon-

nection. A significant effort was made in the pre- and post-processing of the data

images to ensure long fully tracked trajectories. However, sometimes correspon-

dences could not be established, and partial trajectories were obtained. As a

result, an algorithm was developed, with a similar approach to the particle track-

ing algorithm, to link partial trajectories by seeking neighbour trajectories. In

the present work, the fact that each particle describes a circular motion, due to

the tornado-like vortex flow field, makes the linking easier. As the particle leaves

the release point, its radial distance typically increases with time. Therefore, by

predicting the next potential radial distance and searching for trajectories starting

in a specific area, it was possible to reconnect partial trajectories and obtain a set

of fully tracked trajectories.

Filtered positions, velocities and accelerations

As previously mentioned, the quality of the calibration as well as the illumination

influences the correspondences and trajectories and can result in noisy trajectories.

To be able to reduce the noise and obtain smooth trajectories, 3D coordinates were

smoothed out using a polynomial fitting, as used by Luthi et al. (2005) for post-

processing particle tracking data. The fitting is based on a moving cubic spline

data interpolation acting as a low-pass filter (Luthi et al., 2005) and is expressed
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as:

x̂ti = ci,0 + ci,1t+ ci,2t
2 + ci,3t

3 (4.4)

where i = 1, 2, 3 corresponds to the x, y and z direction and .̂ the filtered expres-

sion. 21 points centred on xti are fitted using a spline to determine the coefficients

ci,j. Determining the velocities from the filtered positions using central differences

is only first order, therefore velocities are particularly sensitive to the position

errors. However, taking the first and second derivative of Equation 4.4 gives,

respectively, the filtered velocity and acceleration, which are defined as:

ûti = ci,1 + 2ci,2t+ 3ci,3t
2 (4.5)

and

âti = 2ci,2 + 6ci,3t (4.6)

4.6.3 Vortex wandering

In order to quantify the fluctuations in the vortex centre’s position over time,

a single camera and multiple debris were used to determine the motion of the

vortex centre. It was suggested in section 3.6 that the physically simulated vortices

tend to only have a two-cell structure, or at least transitional. Therefore, it was

found during preliminary tests that debris never reached the vortex centre and

described a circular ’free-of-debris’ region. Debris positions were recorded using

PTV technique and post-processed to calculate the size and position of the circular

region over time by fitting a circle to it.

Different statistical methods based on the least-squares method exist to fit a circle
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to scattered data (Umbach and Jones, 2003) but mainly differ for a low number of

scattered points and partial circle shapes. In the present work, a large number of

scattered points (> 100 points) describing a full circle were used; therefore, only

low divergence between the methods would be noticed. The direct least-squares

fitting method developed by Pratt (1987) and coded by Chernov (2009) was used

to estimate the vortex centre’s position and radius over time. The algorithm

was initiated by a rough estimation of the vortex centre’s position to search for

neighbour points within a boundary limit (dot-dashed line in Figure 4.13), and

determine the best circle fit in the central region at t = 0s. Then, for each timestep,

a circle was fitted to the set of points located within the boundary threshold around

Figure 4.13: Circle fitting in scattered data.
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the previous circle fit. As the vortex centre is not significantly moving between

two timesteps, searching for neighbour points to the previous circle fit helped to

reduce the calculation time and improve robustness.

This technique revealed to be very accurate and easy to implement. Results are

discussed in section 4.8.2. This technique also has good potential for accurately

evaluating the vortex wandering in other tornado simulators. Vortex wandering

is to date generally estimated using Particle Image Velocimetry (PIV) (Zhang

and Sarkar, 2012) or surface pressure analysis (Gillmeier et al., 2017, Refan and

Hangan, 2018) . PIV gives accurate results but requires using a laser and post-

processing to estimate the vortex wandering (Pelc, 2014, Zhang and Sarkar, 2012),

whereas a considerable number of pressure taps would be required to accurately

estimate the vortex wandering from surface pressure data. The technique used here

only requires a single camera, debris and little efforts to detect particle positions

and fit a circle to each image.

4.6.4 Debris path

When seeding a large number of particles to the flow over time, each particle

trajectory was found to have different initial directions due to the non-stationarity

of the flow field. As a result, particles trajectories between initial and final flight

times describe a path. In full-scale, the path would be the region where potential

damage can be caused to engineering and non-engineering structures. Therefore,

knowing the evolution of the debris path over time gives an idea of the potential risk

associated with windborne debris in close or far vicinity of a tornado. In order to

study the debris path from experimental data, a method was developed to estimate

the debris path width over time using data obtained with PTV. The method
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consists of finding over time the positions of all particles located perpendicularly

to the mean trajectory and estimating the path width based on these positions.

The method was performed through different steps described thereafter and is also

summarised in Figure 4.14:

1. Calculating the radial positions and flight distances for each particle n and for

each timestep t (Step 1 - Figure 4.14). As particles were seeded overtime and

described a 3D trajectory, working with radial position r and flight distance

reduces a 4-variable system to only two variables. The radial positions were

calculated as follows:

rtn =

√
(xtn)2 + (ytn)2 + (ztn)2 (4.7)

where xtn, ytn and ztn are the 3D positions for each particle at each timestep.

The flight distances were computed using the cumulative trapezoidal numer-

ical integration of the mean debris velocities, which gives the evolution of

the distance travelled by a particle over time.

From this point, all the calculations were done using the radial distance (r)

and the flight distance (FD) (Step 2 - Figure 4.14).

2. Calculating the mean trajectory over 100 samples.

3. For each radial position and particle, computing the local slope A and inter-

cepting B coefficients of the mean trajectory and the line perpendicular to it

(Step 3 - Figure 4.14). This is done to ensure the time-dependency between
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each particle. The coefficients are determined as follows:

{
Atmean =

rt+1
mean − rtmean

FDt+1
mean − FDt

mean

; Bt
mean = rtmean − Atmean · FDt

mean

}
(4.8)

and

{
At⊥,mean = − 1

Atmean

; Bt
⊥,mean = rtmean − At⊥,mean · FDt

mean

}
(4.9)

where for each particle and timestep Atmean is the local slope, Bt
mean the local

intercept and FDt
mean the flight distance, At⊥,mean is the local perpendicular

slope to the mean trajectory, Bt
⊥,mean the local perpendicular intercept to

the main trajectory.

4. For each radial position and particle, finding the closest points to the per-

pendicular direction of the main trajectory (Step 4 - Figure 4.14).

dtn = min

∣∣Bt
⊥,mean + At⊥,mean · FDt

n − rtn
∣∣√

1 +
(
At⊥, mean

)2
 (4.10)

5. For each radial position, calculating the probability density function (PDF)

of the closest points found in Step 4, and determining the path width as 90%

probability (2σ) (Step 5 - Figure 4.14).
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Figure 4.14: Step by step procedure to calculate the debris path width from tra-
jectory data.
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4.7 Camera validation

The camera calibration methodology was described in section 4.3 which dictates

the accuracy of a particle tracking system. Therefore, it is necessary to validate

the calibration to ensure accurate position and velocity tracking data.

Figure 4.15 and Figure 4.16 show examples of the reconstructed 3D positions of

the calibration targets. The circles with a cross refer to the reconstructed centroid.

When the cross overlaps the target position, the reconstructed centroid is located

above it; when the cross is not visible, the reconstructed centroid is located under

it. After calibration, the images were processed using the tracking software to

Figure 4.15: Real and reconstructed target points using the planar calibration tar-
get.
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evaluate the calibration performance. For any of the arrangements mentioned in

section 4.3.2, the reconstructed 3D positions generally matched reasonably well to

the calibration target positions with errors up to about 3mm (Table 4.5, Table

4.6, Table 4.7). However, as the calibration targets did not cover the entire field of

view, and extrapolation outside the calibrated region can result in large deviations,

it was important to validate and evaluate the calibration at different locations in

the field of view. Figure 4.9 showed the different locations where the 3D calibration

target was placed to perform the calibration validation. For each location, the 3D

positions of the calibration were reconstructed, and the root mean square (RMS)

error was calculated to evaluate the accuracy of the calibration and expressed as

Figure 4.16: Real and reconstructed target points using the 3D calibration target.
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follows:

RMSi =

√∑N
0 (ŷi − yi)2

N
(4.11)

where i = 1, 2, 3 corresponds to the x, y and z direction, ŷi the positions on the

calibration target, yi the reconstructed positions of the calibration target and N

the number of calibrated points.

4.7.1 Static validation and positioning errors

Table 4.5 and Table 4.6 summarise the RMS errors in the x−, y− and z−direction

for each target location and each camera arrangement using the 3D and planar

calibration target, respectively. For the 3D calibration target (Table 4.5) and the

camera arrangement 3B, where all cameras were located at the same height, the

RMS errors for all targets outside the calibrated region (i.e. ± x/y > 100mm)

show significant errors up to about 3mm, which is bigger than the debris size

mainly used. Within the calibrated region, the RMS errors in the x− and y−

direction are relatively marginal, albeit the RMS error in the z−direction is about

ten times higher. The further away from the target was from the cameras, the

bigger the errors. This is most likely due to the orientation of the cameras with

target centroids more identifiable closer to the cameras. For arrangements (b)

and (c), one of the cameras was placed higher than the others. The arrangement

2B-1M gave similar errors to the arrangement 3B. However, arrangement 2B-1T

significantly reduced the errors in the x− and y− direction, although a lower

amelioration is shown in the z direction.

For the planar calibration target, the RMS errors for each target location are

significantly lower than when using the 3D calibration target (Table 4.6). The
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planar target covers approximatively 20 times more horizontal field of view than

the 3D target, resulting in a more precise calibration. Similarly to the 3D target,

the arrangements 3B and 2B-1M gives large errors in the z direction, most likely

due to the orientation of the camera. However, the errors for the arrangement 2B-

1T reasonably reduce in the x−, y− and z−direction, compared to the previous

arrangements, and therefore give an overall error lower than the real-world pixel

size.

Table 4.7 shows the evaluation of the calibration between the different arrange-

ments and calibration targets. Since the calibration is usually performed with a 3D

target for a stereo system, the average RMS errors in the x−, y− and z−direction

were calculated and compared to the errors of arrangement 3B with the 3D target.

Table 4.7 reveals that placing the camera marginally higher improves the accuracy

of the calibration when using either the planar or 3D target. However, placing

the camera higher with the arrangement 2B-1T shows significant improvement in

the calibration. Finally, the results show that when using a large planar target

3D positions are more accurately measured by the PTV system than when using

a small 3D target.
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Table 4.5: 3D position RMS errors (RMSx;RMSy;RMSz) of the calibration target
using the 3D calibration for the three different camera arrangements.

x (×10−3 m)

3B -0.6 0 0.6

y (×10−3 m)

-0.3 (3.62;2.88;4.31) (3.15;3.63;4.05) (2.97;3.11;3.89)

0 (2.39;1.94;3.77) (0.24;0.28;2.16) (1.56;0.98;3.12)

0.3 (1.98;2.32;3.19) (1.73;1.50;2.63) (1.44;1.37;3.09)

2B-1M -0.6 0 0.6

y (×10−3 m)

-0.3 (3.42;2.88;4.16) (3.14;3.51;3.94) (2.71;2.92;3.82)

0 (2.35;1.81;3.59) (0.35;0.27;1.99) (1.42;0.95;3.06)

0.3 (1.87;2.20;3.08) (1.71;1.45;2.42) (1.34;1.36;2.83)

2B-1T -0.6 0 0.6

y (×10−3 m)

-0.3 (1.30;1.18;3.97) (1.39;0.88;3.54) (1.04;1.05;3.56)

0 (1.05;0.84;2.92) (0.21;0.16;1.54) (1.15;0.87;2.48)

0.3 (1.12;1.29;2.71) (1.39;1.11;2.19) (1.07;0.99;1.51)
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Table 4.6: 3D position RMS errors (RMSx;RMSy;RMSz) of the calibration target
using the planar calibration for the three different camera arrangements.

x (×10−3 m)

3B -0.6 0 0.6

y (×10−3 m)

-0.3 (0.38;0.35;1.19) (0.36;0.37;1.22) (0.36;0.35;1.19)

0 (0.37;0.39;1.21) (0.35;0.37;1.20) (0.35;0.40;1.18)

0.3 (0.36;0.39;1.18) (0.36;0.33;1.15) (0.37;0.40;1.15)

2B-1M -0.6 0 0.6

y (×10−3 m)

-0.3 (0.36;0.37;0.98) (0.40;0.36;1.22) (0.49;0.27;0.99)

0 (0.37;0.38;1.05) (0.38;0.30;1.02) (0.40;0.36;0.97)

0.3 (0.36;0.39;1.00) (0.36;0.38;0.99) (0.38;0.41;1.08)

2B-1T -0.6 0 0.6

y (×10−3 m)

-0.3 (0.18;0.16;0.72) (0.19;0.18;0.73) (0.17;0.18;0.66)

0 (0.20;0.16;0.70) (0.18;0.17;0.76) (0.15;0.16;0.66)

0.3 (0.18;0.17;0.74) (0.20;0.17;0.71) (0.21;0.18;0.72)
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Table 4.7: Percentage of calibration precision increase between the different cam-
era arrangements and calibration targets, relative to planar and 3D
targets with arrangement 3B.

Target planar 3D

Arrangement 3B 3B

3D 3B - 0.00%

3D 2B-1M - 4.76%

3D 2B-1T - 35.60%

planar 3B 0.00% 63.30%

planar 2B-1M 5.40% 65.00%

planar 2B-1T 48.70% 81.00%
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4.7.2 Dynamic validation and velocity errors

The static validation showed a satisfactory level of spatial accuracy but did not

account for the position and velocity accuracy dependent on the synchronisation

between the cameras. A slight delay from a camera will incur a slightly erroneous

position which will ultimately result in a wrong velocity. Variability of the particle

centroid recognition due to illumination variations also influences the accuracy of

the particle position, which also gives erroneous velocities. Therefore, a dynamic

validation doing a circular motion was performed to evaluate the position and ve-

locity error using a target rotating at a known constant velocity. The arrangement

2B-1T was used with the planar calibration as it showed the highest level of ac-

curacy. Figure 4.17 shows four different views of the reconstructed motion of the

moving target. Overall, the moving target was correctly tracked and described a

circle as expected. Slight offset from the expected trajectory could be due to a

small fluctuation of the target during the motion, calibration errors or errors in

determining the particle centroid. The average RMS error, evaluated from each

RMS error of each position over time, was 1.14mm, 1.36mm and 1.98mm in the

x−, y− and z−direction, respectively. This indicates that the accuracy of the

system is decreasing due to the different factors mentioned before, although the

error increase could be attributed to synchronisation disparities between the cam-

eras. Table 4.8 summarises the average radial position and height of the moving

target and its average velocity. It shows that overall, the tracking system is, in

addition to the static accuracy, also accurate dynamically. The position errors

are considered below 2% while the velocity error around 1%. Given the level of

position and velocity accuracy, the arrangement 2B-1T was therefore used in the
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following section to investigate the flight of debris subjected to a tornado-like flow

field.

Figure 4.17: Top (a) – Side (b & c) and isometric view of the reconstructed moving
target used during dynamic calibration validation.
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Table 4.8: Real and reconstructed radial position, height and velocity of a circular
moving target.

Radial position (×10−3m) Height (×10−3m) Velocity (m/s)

Expected 120 50 10

Reconstructed 120.79 50.93 10.11

Error 0.65% 1.82% 1.10%
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4.8 2D-PTV

In this section, the results looking at the flight of a single particle, as well as the

vortex wandering for different swirl ratios using a single camera, are presented. The

debris was simply introduced into the flow field manually and the recording started

once the debris was swirling around the vortex. The use of a single camera in the

present case was judged appropriate as it was visually observed that debris were

not lifted up when freely flying in the simulator, i.e. as opposed to mechanically

released.

4.8.1 Single debris

Figure 4.18 shows the results obtained using 2D-PTV of a single item of debris

subjected to a tornado-like flow field. Debris were found to be swirling around

the vortex core without flying up but were lifted enough to be bouncing while

swirling. Different sizes of debris, i.e. 0.002, 0.003, 0.004 and 0.005m in diameter,

and different swirl ratios, i.e. S = 0.13, 0.3 and 0.7, were used to investigate

the flight of a single debris. At full-scale, this scenario would represent a nearly

stationary tornado in a landscaped environment (i.e. no surrounding buildings or

vegetations) with a single item of flying debris.

For S = 0.13, Figure 4.18 (a), (d), (g) and (j) show that the debris tends to

mainly swirl close to the core radius while being occasionally ejected. The ejections

could either be due to a local and transient flow field at the core radius, changing

in velocity and/or direction associated with wind fluctuation or due to vortex

wandering. Interaction with the simulator’s surface (e.g. pressure taps, surface

imperfections, etc.), lifting the debris to higher velocity regions, could possibly
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Figure 4.18: Single debris trajectories subjected to tornado-like winds for different
swirl ratios (columns) and debris sizes (rows).
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be another justification. For S = 0.13, the ratio between radial and tangential

velocity right outside the core radius is about 50-60 %, which prevents the debris

from being ejected by forcing it back to the equilibrium between centrifugal and

pressure forces. The different debris path for each revolution also suggests that

the vortex inside the simulator wanders. However, turbulent velocity fluctuations

may also have an effect on each debris path but separating effects due to vortex

wandering or wind field fluctuations seems difficult. For each debris size, it seems

that the debris wanders for each revolution between r = 0.5 and 1.5, suggesting

the vortex to wander up to one core radius size. Zhang and Sarkar (2012) drew

a similar conclusion for a lower swirl ratio (S = 0.03) in the mini ISU tornado

simulator. A description of the vortex wandering for each swirl ratio will be given

in the following subsection.

For S = 0.30, the debris trajectories tend to be more ejected than for S = 0.13

(Figure 4.18 (b), (e), (h), (k)). For this swirl ratio, the tangential velocity is

about 30% higher than for S = 0.13, which lowers the ratio with the radial ve-

locity up to 40%. As a result, the debris gets potentially ejected more easily and

reaches distances up to three times the core radius, before flying again towards the

core radius. This behaviour has been observed and recorded at full-scale from a

drone with individual debris being ejected before flying back towards the tornado

(LiveStormMedia, 2019). Figure 4.18 (b), (e), (h), (k) also shows that the smaller

the debris, the closer and longer it swirls around the core vortex, with outer regions

repeatedly reaching for larger debris (Figure 4.18 (k)). Therefore, it would suggest

the risks at close vicinity to a medium-sized tornado, e.g. EF2-EF3 tornado, varies

significantly. The variation of debris size affects not only the momentum but also

the flying trajectory. Noda et al. (2013) showed that for a low Tachikawa number



4.8. 2D-PTV 135

debris tends to fly further when released from the core radius than high Tachikawa,

i.e. for heavier and large debris.

For S = 0.7, the debris are transitioning towards a similar behaviour than observed

for S = 0.13, where debris are mainly swirling around the core radius without being

significantly ejected outward. An exception is made for Figure 4.18 (i) where

the debris was ejected much further than in any other cases. To date, nothing

points towards a clear reason why this specific case showed a different behaviour.

Repeating the test may have ruled out any potential explanation. Nevertheless,

debris trajectories typically fluctuate between r/rc = 1 and r/rc = 2, with the

central downdraft preventing the debris from flying inside the core vortex, i.e. for

r/rc < 1.

In 2009, Wurman et al. (2013) observed an EF-2 tornado using a fine-resolution

DOW and showed that the debris cloud, formed from airborne debris, was approx-

imately twice the size of the tornado itself. Figure 4.18 shows that single debris

generally tends to revolve around the core vortex at a radial distance up to 2rc.

Although the current vortex simulations used here are not in any way a scaled

representation of full-scale events, it is interesting to notice that for different swirl

ratios and debris sizes a single debris is also generally contained within or close

to 2rc. Nevertheless, more full-scale observations or measurements would be nec-

essary to assess whether the size of the debris cloud could somewhat be directly

related to the tornado size itself. To date, tornadic debris signature (Ryzhkov

et al., 2005) can be identified on weather radar images when a tornadic is rich

in airborne debris. High debris loading causes high reflectivity on weather radar

which most likely indicates a severe tornado. However, the resolution of a weather
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radar varies with distances which limits the possibility of a real-time and accurate

measurement of the tornado sizes.

Table 4.9 shows the average and maximum total velocity magnitude of the debris

normalised by the maximum tangential velocity for each swirl ratio and debris size.

For each swirl ratio, average velocities appear to be approximatively constant for

any debris size, although variations up to 20% can be observed in somes cases,

and consistently lower than half the maximum tangential wind velocity for the

specific swirl ratio. However, the maximum wind speed appears to reduce as the

debris size increases, with maximum speed up to 80% of the maximum tangential

wind velocity. Therefore, the debris is either not reaching the region of maximum

tangential velocities or not accelerating fast enough to reach such velocities. This

seems to corroborate the conclusions from Song and Ou (2010) that indicate debris

are not reaching the maximal wind velocities during strong wind events.

Finally, it is worth noting that in the current work, debris were not being kept in

position and then mechanically released, and appeared to not fly up. The main

supposition to this behaviour is probably due to the vortex structure, with a central

downdraft when the debris is moving towards the core radius, the nature of the

Table 4.9: Normalised average and maximal velocity magnitude of single debris
for different swirl ratios and debris sizes.

S = 0.13 S = 0.30 S = 0.7

2mm sphere 0.297 / 0.753 0.430 / 0.784 0.477 / 0.807

3mm sphere 0.351 / 0.626 0.479 / 0.705 0.451 / 0.772

4mm sphere 0.315 / 0.477 0.400 / 0.611 0.439 / 0.681

5mm sphere 0.316 / 0.454 0.382 / 0.583 0.391 / 0.650
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corner region keeps the debris from being lifted.

4.8.2 Vortex wandering

Flow visualisation presented in section 3.3, velocity fluctuations during the velocity

mapping in section 3.6, or single debris tracked in the previous section all suggested

that the simulated vortices in the simulator wander but could not be clearly quan-

tified. Gillmeier et al. (2017) performed Proper Orthogonal Decomposition on the

surface pressure data in the UoB-TVG and identified the vortex wandering in the

simulator to be related to an intensifying/weakening of the vortex centre as well

as a circular motion around it. However, the number of pressure taps used in this

study did not allow the authors to precisely quantify the fluctuation in the vortex

centre’s position, but only the speed at which it revolves around its centre.

Figure 4.19 shows the distribution of the vortex centre’s position over a period of

10s in the simulator. Knowing particles are not reaching the vortex core due to

the downdraft in the centre, and by seeding the simulator with a large number of

Figure 4.19: Distribution of the vortex centre picturing the vortex wandering for
(a) S = 0.13, (b) S = 0.30 and (c) S = 0.7. The dashed line out-
lines the size of the normalised core radius determined from the wind
velocity mappings.
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debris, it was possible to track the centre of the core vortex as detailed in section

4.6.2. Figure 4.19 (a) shows the distribution of the vortex centre for S = 0.13,

which clearly illustrates a large vortex wandering with the vortex centre moving

up to 0.5rc. The lack of clear structure in the core vortex regions identified in the

velocity mapping for S = 0.13 can be explained by the large fluctuation in the

vortex position observed in Figure 4.19 (a). Zhang and Sarkar (2012) estimated

that vortex wandering leads to an underestimation of the maximum tangential

velocity by 15% and 4%, and an overestimation of the core radius by 18−29% and

4%, for small and medium swirl ratios, respectively. For S = 0.30 and S = 0.7,

the vortex wandering is clearly lower than for S = 0.13 and appears to be confined

between r/rc = 0 and 0.25. In addition, in order to determine the travelling of

the vortex around the simulator’s centre, the technique employed allows the esti-

mation of the size of the core vortex. The ratio between the core radius estimated

from the velocity mappings and the methodology here and the relative errors are

shown in Table 4.10. Considering the methodology used here to estimate the core

radius is being more accurate, it clearly demonstrates the underestimation of the

core radius size when performing the velocity mappings for low and medium swirl

ratios. However, it is worth noting that the current method is affected by the size

of the debris used. Larger/heavier debris would give a larger estimation of vortex

Table 4.10: Estimated error between core radius sizes estimated from wind mea-
surement and particle tracking.

S = 0.13 S = 0.30 S = 0.7

rc,wind/rc,tracking 0.625 0.556 0.824

Error 37% 44% 17%
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core, as showed in Figure 4.18, whereas smaller/lighter debris would potentially

fly up and compromise the calculation of the vortex core’s size. By introducing

fluctuations into analytical vortex models, Snow and Lund (1997) estimated errors

in core radius size were up to 46%, which agrees with the errors found in Table

4.10. For S = 0.7, a low vortex wandering only incurs a 17% difference between

the two methods.
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4.9 3D-PTV

In this section, 3D trajectories obtained using three cameras are presented. 100

debris were released using the seeding system described in section 4.4 either from

the floor, simulating a large number of debris flying in a landscaped environment,

or from a building model, simulating the flight of debris consecutive to a building

failure. Each test and analysis was carried out using one set of 100 debris.

4.9.1 Floor seeding

Figure 4.20 (a) shows the typical kind of 100 debris trajectories when the debris

are seeded into the tornado-like flow field. The debris are lifted aloft, reach their

maximum velocities then fall and impact the ground. In order to simplify the

visualisation and analysis of the debris trajectories, trajectories are only shown

and analysed from their initiation into the flow field until they fall to the ground.

However, it is worth noting that the debris tends to bounce on the ground and

keeps flying in a similar manner, as shown in Figure 4.18. Figure 4.21 shows

the effect of varying the swirl ratios and the release locations on the debris flight

behaviour. For all positions and swirl ratios, debris are always ejected outwards

from the core vortex before falling down to the ground following the specific vortex

flow fields. However, differences in initial direction are noticed when released at

the centre of the vortex (0rc), leading to significantly different impacting regions.

The variations in the initial directions could be attributed to the variation of

the debris shape, the wandering of the vortex or fluctuation of the local flow field

around the release position. The former is relatively difficult to validate considering

the size of the debris used in this study, although the debris analysis showed an
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Figure 4.20: 3D representation of debris trajectories when released from (a) the
core radius for S = 0.30 and (b) the vortex centre for S = 0.7. The
colours depict the normalised velocities of the debris.
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average circularity of 0.93. The latter though can be somewhat correlated to the

flow field fluctuation. Figure 4.22 shows the horizontal velocity vectors, taken

from the point measurements described in section 3.6, overlapping the early stage

debris trajectories for S = 0.30 and different release positions. It is relatively

clear that early-stage trajectories follow the fluctuation tendency of the flow field

around the release position. Therefore, variation in the debris trajectory directions

can be attributed to local flow field fluctuation, although it is acknowledged that

variations in debris shape may also influence the debris behaviour but could not

be validated at this stage. For S = 0.13 and S = 0.30, this behaviour could

be attributed to the vortex wandering with the centre of the vortex not located

at the centre of the simulator. For S = 0.7, the debris are released inside the

turbulent core vortex, as identified during flow visualisations in section 3.3, which

results in debris being ejected outside the core in all directions. The 3D plot of

this case shows that debris are lifted aloft inside the core vortex until a level of

stagnation where the debris vertical motion is slowed down before being ejected

outside (Figure 4.20 (b)). This situation reveals that the vortex breakdown has

most likely not fully reached the surface yet and that for S = 0.7, the flow field

has not evolved into a fully developed two-cell vortex structure.

For S = 0.13, debris trajectories show similar behaviour when released from the

centre (0rc), inside the core vortex (0.5rc) and from the core radius (1rc). When

released far from the core radius (2rc), the vertical velocity of the flow field appears

to be too low to lift the debris up enough, and the debris tend to generally fall at

the proximity of the core radius. The large vortex wandering for this swirl ratio

makes it difficult to realistically analyse the debris behaviour. For S = 0.30, debris
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Figure 4.21: Horizontal view of debris trajectories released from different distances
from the origin (row) in tornado-like flow with different swirl ratios
(column). The red line denotes the mean debris trajectory.
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Figure 4.22: Early flight trajectories and wind velocity vectors for S = 0.3.

are flying further than for S = 0.13 but still shows a large variation in their initial

directions. Disregarding the release position 0rc, the closer the release position

to the core, the further the debris are flying. Similar behaviour is observed from

S = 0.7 where the debris are flying longer distances due to higher wind velocities.

Although Figure 4.21 gives a general overview of the flying behaviour of debris

released for different locations and swirl ratios, it does not reflect the regions

affected by the debris, as trajectories overlap on the figure. Therefore, the impact

locations of the debris are first looked at. Table 4.11 gives the mean radial and

flying distances at impact, normalised by the core radius rc; the area, normalised

by the core vortex area (=πr2c ), covered by the impacting debris; and the mean

normalised maximal total velocity magnitude. Table 4.11 (a) reveals that the mean

radial distance of impacting debris is relatively similar when released from 0, 0.5

and 1rc and for each swirl ratio. As pointed out before, the low vertical velocities

at 2rc tend to reduce the overall flying distance of the debris, and therefore the

mean radial distances are roughly 30% lower than for ’closer-to-vortex’ released

locations. Overall, the debris appears to be impacting at a distance of between

3 and 5 times the size of the core radius, which for full-scale tornadoes would
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Table 4.11: Debris flight analysis of (a) mean normalised radial distance at impact,
(b) mean normalised flight distance at impact, (c) normalised impact-
ing debris area and (d) mean normalised maximal velocity magnitude
for different swirl ratios and release locations.

(a) S = 0.13 S = 0.3 S = 0.7 (b) S = 0.13 S = 0.30 S = 0.7

0rc 3.47 5.84 3.67 0rc 4.5 10.18 7

0.5rc 3.49 5.66 3.93 0.5rc 5.32 9.99 8.21

1rc 3.55 4.88 3.63 1rc 5.75 8.75 7.91

2rc 2.55 2.99 3.14 2rc 3.79 5.84 7.79

(c) S = 0.13 S = 0.30 S = 0.7 (d) S = 0.13 S = 0.30 S = 0.7

0rc 3.01 2.43 22.66 0rc 0.61 0.46 0.52

0.5rc 3.37 2.41 4.46 0.5rc 0.51 0.51 0.53

1rc 2.82 3.13 4.25 1rc 0.67 0.57 0.54

2rc 3.7 4.09 1.16 2rc 0.55 0.54 0.55

represent distances of several kilometres. Knox et al. (2013) found that during

the 27 April 2011 tornado outbreak in Alabama (U.S.A.), light debris, classified

as lighter than 0.45 kg, were transported by EF4-EF5 tornadoes for distances up

to 150km with most debris travelling 2.5km. Brooks, Doswell and Kay (2003)

has estimated that EF4 tornadoes are around 480m wide, which multiplied by the

averaged mean radial distances of 3 and 5, gives a scaled-up transported distance

of between 1.44 and 2.4km. This seems consistent with Knox et al.’s conclusions,

although they cannot be generalised to all tornadoes and debris.

Table 4.11 (b) again shows consistency in how far debris travel when released

between the core centre (0rc) and core radius (1rc) between the different swirl

ratios. For S = 0.13, travelled distances are about 40% higher than the impacting
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radial distances, which means the debris tend to follow low curve trajectories. Since

for this swirl ratio the core vortex is relatively small, it suggests that the debris are

initially affected by the local flow around the release location, and as it gets ejected,

it only gets affected by a weaker surrounding flow field. For S = 0.30 and 0.7, the

travelled distances are about twice as large as for the impacting radial distances.

This indicates that for medium and large vortices debris are flying around the core

vortex longer distances before reaching the floor than for small vortices when being

transported at close vicinity of a tornado. The longer the debris travels, the more

likely the debris is to impact engineering and non-engineering structures, which

can possibly generate even more debris.

Table 4.11 (c) gives the proportion of the affected regions of impacting debris

in relation to the size of the vortex. This gives an estimation of the size of the

region (calculated from the scattered impact positions of the debris) where debris

are likely to fall and produce damage to surrounding structure. For S = 0.13,

the affected regions are around three times the size of the vortex itself and does

not seem to be dependent on the release location. However, the debris released

far from the centre (2rc) are mostly impacting the ground after being released

and therefore possibly do not reflect the real affected region. For S = 0.30, the

sizes of the affected regions are consistent for the different release locations, but

again releasing debris far from the centre increases the area due to in this case

debris flying in straight trajectories (Figure 4.21 (k)). For S = 0.7, releasing the

debris at the core centre (0rc) unsurprisingly shows a significant affected area 22

times bigger than the core vortex. Debris are scattered in all directions due to the

turbulent core vortex, which would mean during a full-scale event any structures
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located within 4rc would potentially be damaged.

Table 4.11 (d) gives the mean normalised maximal velocity the debris reached for

each release location and swirl ratio. Interestingly, each case shows that the debris

reached on average only 50% the maximal tangential velocity for each respective

vortex. In comparison with a single debris flight (Figure 4.18; Table 4.9), sin-

gle debris revolving around the core vortex appeared to reach up to 80% of the

maximal tangential velocity. This shows debris already airborne reaches higher

velocities when swirling around the vortex and therefore it would suggest that the

maximum damage associated with a tornado would be caused by airborne debris

in the debris cloud rather than debris becoming windborne due to a building fail-

ure. Nevertheless, debris reaching half the maximal velocity of a full-scale tornado

would still cause significant damage to engineering structures.

Although Figure 4.21 gives a good idea of how initial conditions affect the debris

trajectories and impact locations, it was necessary to analyse how this compares

between each case. To do that, the debris path width, where the methodology

was detailed in section 4.6.2, was calculated along with the travelling distance of

the mean trajectory. This gives an idea of how the probability of debris to hit

a structure on its path varies as it is travelling. Figure 4.23 shows the evolution

of the debris path width with travelling distance for different release locations

and swirl ratios. Although the visual representation on Figure 4.21 seems to

indicate that the debris path simply increases for each release case, Figure 4.23

shows that the statistical path width varies between each case. When released

from the centre, i.e. 0rc, no particular similarities are picked up by the analysis

between the different swirl ratios. It is somewhat not surprising considering the
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Figure 4.23: Evolution of the debris path width with flight distance for different
swirl ratios.

previous analysis and behaviours observed when releasing debris ”inside” the core

vortex. Debris are scattered in all directions and defining a path based on a mean

trajectory seems rather challenging. At 0.5rc, good similarities between S = 0.13

and 0.7 are observed, with a debris path reaching up to 3 times the core radius

size at the average impact position. The debris path for S = 0.3 increases at a
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slower rate to present a much narrower path at the impact location. At 1rc, good

similarities are now observed between S = 0.3 and 0.7, whereas for S = 0.13

the debris path increases at a much faster pace. At 2rc, the debris path increases

similarly for each swirl ratio up to about 1rc flight distance, from where the smaller

the swirl ratio, the larger the debris path increases. However, it is interesting to

note that each swirl ratio tends to show a similar tendency. The analysis of the

debris path seems to indicate some similarities between the swirl ratio and the

release position. Figure 4.23 also seems to illustrate that the debris path increases

faster when debris are released closer to the core vortex. Therefore, there may

exist a relationship between the different vortex sizes regarding the initiation of

debris flight. However, at this stage, it is difficult to draw such a conclusion, thus

simulating more stable vortices would be required to confirm this assumption.

Finally, vortex wandering and fluctuation of the local flow field around the release

location may significantly influence the initial direction of the debris and thus the

whole trajectory and the final location where it impacts the ground. Therefore,

to validate the results and ensure the repeatability, debris released at the core

radius position (1rc) were repeated five times (i.e. five times 100 debris) for each

swirl ratio. For each, the mean radial and travelling distance were calculated,

Table 4.12: Relative standard deviation of the repeated mean radial distance and
travelling distance of debris released from the core radius location for
S = 0.13, 0.30 and 0.70.

S = 0.13 S = 0.30 S = 0.7

RSD(mean radial distance) [%] 27.2 2.2 7.11

RSD(mean travelling distance) [%] 24.5 1.39 8.48
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and the relative standard deviation (=standard deviation/mean *100) was calcu-

lated to evaluate the dispersion between each repeated case. For S = 0.13, as

could be expected, significant variations are shown in Table 4.12 with 27.2% and

24.5% difference compared to the average value for the mean radial and travelling

distance, respectively. For S = 0.30 and 0.7, the fluctuations significantly drop,

which confirms a lower vortex wandering as the swirl ratio increases, with very

small dispersion at medium swirl ratio (S = 0.30).

4.9.2 Building model seeding

To simulate the flight of debris resulting from a building failure, whether due to

high wind loading or debris impact, a low-rise building model was placed in the

simulator and debris were released from its top using the seeding device (Figure

4.11). As discussed previously, Wurman et al. (2013) measured winds using a

DOW during an F2 tornado and were able to determine the size of the tornado

and debris cloud around it, as well as the maximum wind speed. For this reason,

this specific tornado was already chosen for scaling debris using Tachikawa scaling

(see section 2.3.1). In order to investigate the effect of a low-building, a swirl

ratio of 0.3 was chosen due to the ”similarities” with an F2 tornado, i.e. medium

size simulated vortex versus medium size tornado, and the fact Tachikawa scaling

gives reasonably good full-scale debris characteristics for this swirl ratio. The

debris used here are the same as for the floor seeding study, i.e. 0.002m Styrofoam

spheres with a Tachikawa number of around 25, full-scale equivalent size and mass

of 0.057m and 0.017kg. The building model measures 0.02×0.02×0.02m equivalent

at full-scale to a building of around 13× 13× 13m.

To be able to characterise the effects of the low-rise building model on the vortex
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flow field, vertical profiles close to the simulator’s ground, i.e. within the first

0.03m, were taken at the core radius location (r = rc). Figure 4.24 shows the

vertical profiles of velocities close to the ground at the core radius location with

and without building model included. To measure the vertical profile on top

of the model, the Cobra probe’s head was placed tangential to the core vortex

and at the model’s corner between the top and leeward side. With no building

model, the tangential velocity (Figure 4.24 (a)) at this location is similar in many

respects to a typical boundary-layer profile. The radial velocity (Figure 4.24 (b))

is predominantly negative over the height and accounts for the radial inflow, as

found in Figure 3.8. The vertical velocity (Figure 4.24 (c)) shows a change of sign

Figure 4.24: Vertical velocity profiles at the core radius location (r = rc) of nor-
malised – (a) tangential, (b) radial, (c) vertical velocity, (d) yaw angle
and (e) pitch angle. The black line denotes when the building model
is not included in the flow field, and the grey line when it is included.
The horizontal capped lines denote the measurement uncertainties.
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at around z/rc = 0.05 which is difficult to interpret since the velocity remains

relatively close to zero and the measurement is taken in a turbulent region. When

the building model was included, the profile was measured from the top of the

leeward side, to be as close as possible to the debris released position. It shows

that the tangential velocity is typically not affected with height by the building

model (Figure 4.24 (a)) and that the radial and vertical velocities are reduced

in magnitude but still display a similar profile with height (Figure 4.24 (b) and

(c)). The largest discrepancies observed around z/rc = 0.15 are associated with

a potential flow separation occurring on top of the building model. Numerical

simulations of a low-rise building in a tornado-like flow field with a similar swirl

ratio (S = 0.4) showed that recirculation is generated on the lee-ward side of the

building (Nasir, 2017). That recirculation produces a downward flow in the wake of

the building, which most likely explains the debris behaviour described thereafter

where debris tends to fly upward and downward when ejected from the building

model. The yaw angle (Figure 4.24 (d)) refers to the horizontal wind direction

facing the probe while the pitch angle (Figure 4.24 (e)) refers to the vertical wind

direction. Figure 4.24 (d) and (e) indicates a change of wind direction on top of

the building model. It emerged from Figure 4.25 and Table 4.13 that this change

of direction has a significant effect on the debris flight initiated from the model.

Comparing mean trajectories for debris released from 0, 0.5, 1 and 2rc for S = 0.30

Figure 4.25 clearly highlights the effect of the changes in wind direction identified

in Figure 4.24. Debris tend to be initiated with a slightly higher relative angle

when initiated from the building model.

Figure 4.26 illustrates the flight of the debris released from the top of the building
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Figure 4.25: Mean debris trajectories for S = 0.30 initiated with and without a
building model.

model. Strong similarities are shown with the case without the building model

(see Figure 4.20 (a)) with debris initiated with different horizontal and vertical

directions resulting in a large spread of the impacting locations. Similarly to the

analysis carried out when seeding debris from the floor, Table 4.13 (a) shows the

different parameters characterising the flying debris. Debris are impacting the

floor at radial distances up to 5rc when the building model is placed within and at

the core radius position (i.e. r/rc ≤ 1), and travel distances up to 10rc. Table 4.13
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Figure 4.26: (a) 3D representation of the flight of debris from a low-rise building
at the core radius (rc) location. The dashed line denotes the size of
the core radius, the arrows denote the idealised flow-field the building
is subjected to.

(b) shows the difference in characteristic flight parameters for the building model

and the difference without the building model. For the mean radial and travelling

distances, including the building model makes little difference with maximal dif-

ference up to about 10%. However, the impact patch, which is defined from the

contour area of the debris impacting positions, shows extremely large difference

between with and without the building model. As the model is moved away from

the vortex centre, the impact patch area reduces from 94 times the size of the

impact patch area without the model to 7 times. This shows how debris initiated



4.9. 3D-PTV 155

Table 4.13: (a) Debris flight analysis for the building model and (b) the difference
without the building model for S = 0.30.

(a)
mean radial

distance

mean flight

distance

mean debris

patch

mean maximum

velocity

0rc 5.78 10.08 34.29 0.64

0.5rc 5.92 10.48 19.4 0.66

1rc 4.46 7.7 5.3 0.56

2rc 3.21 5.16 4.94 0.53

(b)
mean radial

distance

mean flight

distance

mean debris

patch

mean maximum

velocity

0rc -1.03% -0.96% 9317.02% 40.31%

0.5rc 4.56% 4.91% 5267.05% 30.94%

1rc -8.74% -11.93% 1031.59% -1.43%

2rc 7.35% -11.54% 705.04% -1.73%

from an engineering structure significantly increases the risk of a surrounding en-

gineering and non-engineering structure to be impacted by windborne debris and

maintain the debris chain. Maximum velocities reached by the debris show large

discrepancies for 0rc and 0.5rc but little discrepancies for 1rc and 2rc. Considering

the impact patch area and maximum velocities for 0rc and 0.5rc, it is unclear how

the flow field was affected by the building model at these positions. However, a

significant difference in initial debris directions was already observed without the

model (Figure 4.21). Therefore, it is suggested that a different local flow field

around the building affected the initial flying conditions of the debris at the time

of the tests.
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Figure 4.27: Comparison of the debris path width evolution with and without the
building model for S = 0.30.

Figure 4.27 shows the evolution of the debris path width with travelling distance,

with and without the building model for S = 0.30. Disregarding when the debris

are released from the centre position (0rc), the debris path for each release position

seems to increase more as the debris are released further away the vortex centre.

The path width seems to be approximatively multiplied by a factor 2 as the release

position is also increased by a factor 2. Figure 4.27 also reveals very similar

trends, whether a building model is included or not. For each release position,

the evolution of the debris path is generally in good agreement with including the

model or not but is also lower than for the next release position. This again seems

to indicate that the model had little effect on the overall flow field generated in

the simulator.
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4.10 Concluding remarks

The following conclusions can be drawn from the simulation and analysis of the

flight of windborne debris in the simulator undertaken and presented above:

1. The Particle Tracking Velocity appeared to be a good tool to investigate the

flight of debris in tornado-like flow fields. The level of accuracy (submil-

limetre) reached after calibration allowed the quantification of the flight of

debris for different situations. However, the way the cameras are arranged

appeared to have a significant effect on the calibration performance,

2. Tracking single debris flying freely in the simulator revealed the debris gen-

erally revolved around the core vortex before being ejected outward. The

debris appeared to be ejected up to a distance twice the size of the core

radius, which seems in good agreement with Wurman et al. (2013) full-scale

observations,

3. Characterisation of the vortex wandering showed that the lower the swirl

ratio, the higher the wander. It also appeared that the size of the core radius,

estimated using the circle fitting technique, was generally much smaller than

when determined using wind profiles,

4. In order to statistically investigate the flight of debris, 100 debris were seeded

into the simulator flow field, either from the floor or a building model. This

showed that variability in the initial debris directions infers large variability

of the impacting locations. This initial variability appears to be wind-related,

rather than aerodynamically related due to the variation in debris sizes,
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5. Investigating the flight of debris initiated from a building model revealed

good similarities in the analysed flight parameters when including and not

including the model. Therefore, it is considered that the overall flow field is

not affected by the building model, but only the local flow field around it

influences the initial condition of the debris. It also showed that this change

in direction does not affect the distances travelled by the debris but has a

significant effect on the size of the region where debris are falling.
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Chapter 5

Comparison between physical and numerical

approaches to debris flight in tornado-like winds

Some of the material presented in this chapter has previously been published in

the proceedings of the ICWE15 (Bourriez et al., 2019), and has also been accepted

for publication to the Journal of Wind Engineering and Industrial Aerodynamics,

and is reproduced with the permission of the co-authors.

5.1 Introduction

In this chapter, a comparison between experimental and numerically calculated

trajectories is presented. Section 5.2 details the numerical methodology developed

to compute the motion of debris by incorporating experimental data. Section 5.3

describes the results obtained experimentally and numerically. Finally, section 5.4

completes this chapter with concluding remarks.
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5.2 Numerical methodology

5.2.1 Debris equations

The 3D motion of Styrofoam beads in a tornado-like vortex was computed to

numerically determine 3D trajectories, following a similar approach from Sassa

et al. (2009). A compact debris with only drag forces acting and no rotation is

assumed. The accelerations of the compact debris are defined as:



dVθ,d
dt

= kV (Vθ − Vθ,d)

dVR,d
dt

= kV (VR − VR,d)

dVW,d
dt

= kV (VW − VW,d)− g

(5.1a)

(5.1b)

(5.1c)

where Vθ and Vθ,d,d are the local circumferential wind and debris velocities respec-

tively, k is a buoyancy parameter (Eq. 5.3), t represents the time, VR and VR,d are

the local radial wind and debris velocities respectively, VW and VW,d are the local

vertical wind and debris velocities respectively, and V is the vector of the relative

velocity between the wind and debris defined as:

V =

√
(Vθ − Vθ,d)2 + (VR − VR,d)2 + (VW − VW,d)2 (5.2)

The buoyancy parameter (Holmes, 2004) is defined as:

k =
ρaCD
2ρdl

(5.3)

where ρa and ρa are the air and debris densities, respectively CD the drag coefficient
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and l the debris characteristic length. The parameters were set to ρa = 1.2kg/m3,

CD = 0.5, ρd = 24 kg/m3 and l = 2ddebris/3, with ddebris the debris diameter.

5.2.2 Equations discretisation

The velocity and position components, denoted hereafter with •, were computed

numerically using a linear method as:


V t+1
• = V t

• + At•∆t

X t+1
• = X t

• + V t
•∆t

(5.4a)

(5.4b)

with ∆t the timestep andAt• the acceleration component. The Courant–Friedrichs–Lewy

or CFL condition (Courant et al., 1928), which determines the stability of numer-

ical methods, is defined for a one-dimensional case by:

C =
Vθ,max∆t

∆x
(5.5)

where Vθ,max is the maximum tangential velocity and ∆x the grid spacing used

experimentally to characterise the flow field. C is typically known as the Courant

number, and it is generally assumed that C ≤ 1 is needed to insure numerical

stability in explicit schemes. A timestep of 0.001s was chosen, which gives C = 0.5

and therefore offers a good ratio stability/time efficiency considering the maximal

wind velocities of the flow field used in the present work. However, as described in

the next section, bilinear interpolation is used to determine sub-grid velocities that

are to be incorporated into the equations and then calculate the next velocity and

position components. Therefore, the notion of grid spacing is somewhat eliminated,
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which increases the robustness of the model.

5.2.3 Data incorporation

Experimental data were included in the calculations, by incorporating the experi-

mental wind and tracked debris data into the calculated accelerations (Equations

5.1 and 5.2). Wind data were incorporated by means of the terms Vθ, VR and VW

(i.e. from Figure 3.8) into the Equations 5.1 and 5.2, and therefore, the flow field

is assumed steady and axisymmetric. The initial debris positions and velocities

obtained experimentally with 3D-PTV were incorporated by means of the terms

Vθ,d, VR,d and VW,d into the Equations 5.1 and 5.2, and by means of the terms X t
•

and V t
• in Equations 5.4. Therefore, for t = 0s, the initial conditions (V 0

• and X0
• )

z2

z1

r1 r2r(t+1)

z(t+1)

V(r1;z2) V(r2;z2)

V(r2;z1)V(r1;z1)

V(r(t+1);z(t+1)) ?

Bilinear interpolation?
Interpolation between 
V(r1;z1),V(r2;z1),
V(r1;z2) and V(r2;z2)

Nearest neighbour? V(r1;z2)

z

r

Figure 5.1: Sub-grid wind determination using bilinear interpolation.
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were set to the first velocity and position data obtained from the particle tracking

experiment. To determine at each timestep t the wind velocities to be incorpo-

rated into the calculations, bilinear interpolation was used to interpolate sub-grid

velocities from the positions (Figure 5.1). Since the measurement grid was coarse

(0.025m grid spacing), this technique improves the accuracy and robustness of

the calculations by interpolation wind velocities rather than finding the nearest

measured point.

To reproduce the effect of vortex wandering of the debris trajectories, experimental

vortex wandering data (obtained in section 4.8.2, Figure 4.19) were incorporated

into the calculations by adding the vortex centre displacements into Equation 5.4

(b).

5.2.4 Elastic collision

As mentioned in section 4.9.1, debris inside the simulator tend to bounce on the

floor after being lifted aloft. A simple elastic collision condition was added to the

model to reproduce some sort of bouncing behaviour. Given the fact small size

Styrofoam spheres were used as debris in the physical simulation, it was impossible

t-1 t+1

t

z(t-1)
VW,d(t-1)

z(t+1) =  z(t-1)
VW,d(t+1) = -VW,d(t-1)

ddebris

α =  β

Figure 5.2: Perfect elastic collision model.
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to determine their mechanical properties in impact. Therefore, a perfectly elastic

collision with no kinetic energy dissipated was considered in the model, i.e. the

speed after impact is the same as the speed before impact (Figure 5.2). In the

model, when the next vertical position were lower than the debris radii, i.e. z(t+

1) < ddebris/2, the vertical position and velocity was replaced with the position and

velocity at t = t− 1. This was shown to be a simple and efficient way to introduce

bouncing to the computed debris trajectories. On the other hand, if bouncing does

not need to be considered in the model, such as for the trajectories in section 5.3.2

and 5.3.3, the model was simply stopped for each individual trajectory when the

condition z(t+ 1) < ddebris/2.

5.2.5 Validation

In order to validate the numerical methodology, a simple experiment was set up

using the University of Birmingham Mobile Wind Tunnel (Figure 5.3). Frequently

utilised for educational purposes, it was used for the present purpose considering

the low turbulence intensity and relatively constant wind velocities across the test

section showed during wind measurements, as well as the ease to undertake the

experiment. The UoB Mobile Wind Tunnel consists of three independent fans

connected to a contraction section with a test section of about 0.2 × 0.2 × 1m

(w × h × l). A coarse (0.01m) and fine (0.0025m) honeycomb mesh were placed

at the end of the contraction section to straighten the flow and reduce turbulence.

Debris were held in place via a fine tube connected to a vacuum pump in the test

section far enough from the walls to avoid boundary layer effects. Once released,

the motion of the debris was recorded using one high-speed camera and data reduc-

tion was performed on OpenPTV software (OpenPTV, 2012). The 2D motion of
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Cobra probe
Wind Mobile Wind Tunnel

Styrofoam
sphere

Camera

Figure 5.3: PTV set up for single debris tracking in the wind tunnel.

debris was numerically calculated by following the same method described above.

Holmes’ equations (Holmes, 2004) were used and when considering horizontal drag

only, horizontal and vertical positions were calculated over time, xd(t) and zd(t),

respectively, as follows:


xd(t) = VU,wt

[
t−
(

1

kVU,wt

)
log (1 + kVU,wtt)

]

zd(t) = −
(

1

2

)
gt2

(5.6a)

(5.6b)

whereas when considering horizontal and vertical drag with and without incorpo-

rating experimental data, the following horizontal and vertical accelerations were
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resolved numerically:


dVU,d

dt
= kVwt (VU,wt − VU,d)

dVW,d
dt

= kVwt (VW,wt − VW,d)− g

(5.7a)

(5.7b)

where VU,wt and VW,wt are the horizontal and vertical wind speeds, and Vwt the

vector of the relative velocity between the wind and debris in the UoB Mobile

Wind Tunnel.

5.3 Results

5.3.1 Numerical validation

Figure 5.4 shows the comparison between the experimental trajectory, obtained

using a 0.002m Styrofoam bead subjected to steady horizontal winds of 5m/s,

and numerically calculated trajectories. Same results were found with different

Figure 5.4: Comparison between experimental debris trajectories and different nu-
merical methods subjected to uni-directional winds.
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ball sizes but only one iteration is showed in Figure 5.4. When only consider-

ing the horizontal drag, the calculated trajectory shows that the debris impacts

the ground plane much faster than experimentally, with an impact distance 29%

shorter. When considering horizontal and vertical drag, Figure 5.4 shows good

agreement with the experimental data, and the numerical and experimental tra-

jectories match when incorporating the initial PTV velocities. Therefore, it shows

that incorporating the experimental data into the model contributes to improv-

ing the early trajectory of the debris and ultimately to the location where the

debris impacts the ground. However, although the present results provide a good

validation for the numerical method applied to steady uni-directional winds, it

is acknowledged that for tornado-like flow fields, where small scale turbulence is

still not fully understood and may potentially have an influence, a variation of the

local fields cannot be modelled and may result in some variations of the terminal

location of the debris.

5.3.2 Low-rise building located at 1rc for S = 0.3

The comparison between different debris flight configurations is shown in Figure

5.5. The Tachikawa number for the present results is 25. The debris trajectories

obtained experimentally are shown in Figure 5.5 (a) and (c), while Figure 5.5 (b)

and (d) show the attempt to numerically reproduce these trajectories. In both

cases, visual similarities are observed and are quantified in this section. Figure

5.5 (a) and (c) illustrate the typical set of experimental data obtained using 3D-

PTV when injecting 100 particles from the core radius position. Similar trajectory

behaviours were found numerically when debris were released from the core radius

location (Maruyama, 2011, Noda et al., 2013). In the present cases, the debris were
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injected experimentally from the floor simulating the initiation of debris flight in

a landscaped environment (i.e. no building), and from the top of a building. The

tracking was stopped when the particles were falling to the ground after being

airborne to reflect what could be observed during a full-scale event. However, it

is worth noting that due to the elasticity of the Styrofoam bead, its light mass

and the smooth floor surface in the tornado generator, the beads bounce when

falling to the ground. For the sake of the current analysis, such motion has been

neglected and is not considered further.

Figure 5.5 (a) shows that the particles are ejected outward from the vortex fol-

lowing a relatively straight line for a short period of time. The particles are then

swirling back again around the vortex before falling to the ground. It also illus-

trates that a slight variation of the early stage trajectories can result in a large

variation of the falling location. The variability observed in the trajectories could

be due to the varying size of the beads, although it is most likely that the variation

is due to the vortex wandering and/or to turbulent fluctuations of the local wind

field. Figure 5.5 (c) shows the debris trajectories when injected from the top of

the cubic model. It illustrates a greater variation of the early stage trajectories

than without the model, resulting in a larger region where the debris falls. The

larger variation can be attributed to the disturbance of the local flow field around

the building model. This assumption can be supported by the initial velocity dis-

tributions, i.e. the first debris velocities calculated using 3D-PTV (Figure 5.6). It

appears that debris are driven by positive tangential velocities in both situations

(Figure 5.6 (a)); however, radial and vertical velocities have opposite signs between

the two. As a result, an overall difference of 40 degrees in direction can be noticed
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Figure 5.5: Top view of the experimental and numerical debris trajectories. Left
column denotes the experimental trajectories (a-c), right column the
computed trajectories (b-d). The top row denotes the trajectories
when the building model is not included (a-b), the bottom row the
trajectories when the building model is included (c-d).

when including the building into the flow field (Figure 5.6 (d)). Furthermore,

Figure 5.6 (c) shows that debris are mainly driven by both positive and negative

vertical velocities when released from the top of the building, which could be ex-

plained by potential flow separation. When debris are driven by negative vertical

velocity, the debris falls quickly to the ground and is embedded further by strong
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local tangential velocities, and therefore accounts for the closest trajectories to

the core vortex. On the other hand, the debris tends to be ejected outwards from

the core vortex and fall further, accounting for the longer trajectories to the core

radius. Therefore, the risks with windborne debris initiated from a low-rise build-

ing are not only associated with long-range falling debris but also with possible

short-range impacts at higher velocities.

Figure 5.5 (b) and (d) present the computed debris trajectories using experimental

Figure 5.6: Distribution of debris initial tangential (a), radial (b), vertical (c) ve-
locities, yaw (d) and pitch (e) angle, when the low-rise building model
is and is not included in the tornado-like flow field.
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Table 5.1: Comparison between wind and initial debris velocities, pitch and yaw
angles, when the building model was included and not included in the
simulations.

Vθ/Vθ,max VR/Vθ,max VW/Vθ,max Pitch (◦) Yaw (◦)

No building
Wind 0.30 -0.20 0.04 25.8 4.01

Debris 0.27 -0.16 0.04 30.7 7.10

Building
Wind 0.70 -0.44 0.27 -32.1 17.7

Debris 0.38 0.11 -0.09 -16.7 -17.3

wind and PTV data. In both cases, the computed trajectories are in good agree-

ment with the tracked trajectories. Although the flow field is assumed axisymmet-

ric and does not include any turbulence, it shows that the present methodology can

reproduce the trajectories variability. Table 5.1 compares the components of wind

and initial debris velocities and shows that when the building is not included, the

velocity components are matching wind and debris. This validates the assumption

that debris flight is mainly a wind-driven process. When the building is included,

large discrepancies are observed between wind and debris which could be explained

by the fact that velocities are not measured exactly at the same position.

Figure 5.7 shows the debris flight analysis with normalised flight parameters deter-

mined from the debris trajectories (Figure 5.5). The flight distance (Figure 5.7 (a))

accounts for the cumulative local distance travelled by the debris, the flight time

(Figure 5.7 (b)) accounts for the duration while the debris is airborne, Vmax (Figure

5.7 (c)) accounts for the maximal velocity reached by the debris, and flight time

to Vmax (Figure 5.7 (d)) accounts for the duration taken by the debris to reach the

maximal velocity. Overall, it shows that including a building model does not affect

the flight behaviour of the debris in terms of flight distances. This corroborates
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the assumption that the overall flow field is not affected by the building model,

as discussed in section 4.9. The numerical simulations tend to reproduce some

behaviour, although more variability is generally observed. The flight distance

shows good agreement with experimental results and coincides with the debris

trajectories overall behaviour (Figure 5.5), and so does the flight time. However,

the numerical simulations show limitations in modelling the maximum velocity

Vd,max, and therefore the flight time to reach Vmax (Figure 5.7 (c) and (d)). This

could be explained by the flow field variability (due to wandering and/or turbu-

lence) that is dimmed after averaging and could result in a stronger instantaneous

flow field at the time of the experiment.

5.3.3 Floor seeding at 0rc for S = 0.7

In the previous chapter, Figure 4.20 and Figure 4.21 showed interesting debris tra-

jectories when releasing the debris from the floor at the centre of the core vortex

(0rc) for S = 0.7. Since in the previous section, the numerical methodology showed

a good capacity to reproduce similar experimental debris trajectories, it was con-

sidered appropriate to investigate the performance of the methodology when debris

were released in a turbulent flow field. Figure 5.8 shows the comparison between

experimental and computed trajectories with a Tachikawa number of 44 released

at the core centre (0rc) for S = 0.7 and reveals quite a few similarities. It shows

that the computed trajectories are also scattered in all directions but tend to travel

shorter distances compared to the experimental trajectories. Table 5.2 shows that

the mean radial distance and flight distance of the computed trajectories, where

it impacts the ground, is 45% and 33% smaller than experimentally. It also shows

that the area affected by the debris is 49% smaller when trajectories are computed,
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Figure 5.8: Comparison between experimental and computed trajectories released
from the vortex centre (0rc) for S = 0.7.
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Table 5.2: Debris flight analysis and comparison between experimental and com-
puted trajectories released from the vortex centre (0rc) for S = 0.7.

(a)
mean radial

distance

mean flight

distance

mean debris

area

mean maximum

velocity

Experimental 3.67 6.98 22.66 0.52

Computed 2.02 4.69 11.41 0.61

Difference -45% -33% -49% +15%

which does reflect a mean radial distance about twice smaller. As observed in the

previous section, the mean maximal velocity is overestimated at the moment and

tends to confirm the current limitation of the model to correctly simulate the debris

velocities. Nevertheless, considering the significant turbulence in the core vortex

for S = 0.7 (see flow visualisation in Figure 4.4) and the fact wind data were

obtained with invasive techniques (traverse system and Cobra probe), it shows the

good potential of the present methodology to investigate debris flight numerically

using experimental data.

5.3.4 Single debris with vortex wandering

An attempt to reproduce and understand the motion of single debris, as observed

in Figure 4.18, was undertaken. In section 4.8.2, it was suggested that the way

debris were ejected from swirling around the core vortex could be attributed to the

vortex wandering. However, this was difficult to confirm as tracking single debris

and measuring the vortex wandering at the same time was impractical. Therefore,

the fluctuations of the vortex centre measured during the characterisation of the

vortex wandering for S = 0.3 were incorporated into the model to simulate the

vortex wandering. As a result, Figure 5.9 shows the comparison between single
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Figure 5.9: Single debris trajectories (a) experimental for S = 0.30, (b) computed
and (c) computed included vortex wandering.
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debris measured experimentally (Figure 5.9 (a)), computed (Figure 5.9 (b)) and

computed with the vortex wandering included (Figure 5.9 (c)). Figure 5.9 (b)

shows that when computing single debris (or more if needed) and released far

from the centre (2rc), the debris is embedded and moves towards the core radius

before reaching a steady position around it. At this stage, if the debris is not

disturbed from its equilibrium position, the debris will remain at the same radial

position for the rest of the simulation. Therefore, it suggests that the annular

ring around 1rc as observed in Figure 5.9 (a), is associated with a low vortex

wandering which keeps the debris in equilibrium around the core radius. On the

other hand, Figure 5.9 (c) shows that incorporating the vortex wandering into

the model replicates the debris ejection as observed experimentally but with more

uniform radial extents due to the axisymmetric flow field used in the simulations.

The annular ring at 1rc, appears to be broader than in Figure 5.9 (b) which

confirms that this annular ring is most likely associated with small variations of the

vortex centre position. However, an additional contribution could be attributed to

intensifying/weakening of the vortex as previously observed in the simulator with

surface pressure measurements (Gillmeier et al., 2017).

Figure 5.10 and Figure 5.11 reveal some hints on how debris get ejected outwards

from the core vortex. Figure 5.10 (a) shows the single debris flight in the vertical

plane and illustrates that the debris is lifted aloft when being ejected outwards,

with height up to 0.5rc. Figure 5.11 (a) and (b) show the evolution of the de-

bris radial and height positions, respectively, whereas Figure 5.11 (c) shows the

retrieved vertical wind velocity the debris was exposed to during its flight. Figure

5.11 clearly establishes the local vertical wind velocity to be the cause of ejecting

the debris outward. Each peak in vertical wind velocity (Figure 5.11 (c)) results
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Figure 5.10: Vertical view (XZ plan) of single debris trajectories for S = 0.30
computed with vortex wandering.

in a peak in the radial and vertical position. Vertical tangential velocity profiles

(Figure 3.14) showed for S = 0.30 and at the core radius position (1rc), the max-

imum tangential velocity to be located at z/h0 = 0.025, i.e. around z/rc = 0.17.

Therefore, it suggests that the variation in the local, vertical wind around the

debris position lifts it sufficiently to reach higher vertical and tangential velocities,

which force the debris to be ejected outward. Short spikes of vertical wind veloc-

ities in Figure 5.11 (c) (Revolutions = 13, 70 and 86) seem to corroborate this

assumption, as they result in a slight deflection of the radial and vertical positions

observed in Figure 5.11 (a) and (b), but not strong enough to be ejected outwards.
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Figure 5.11: Evolution of (a) radial and (b) vertical position of single debris sub-
jected to vertical wind velocities (c).
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5.4 Concluding remarks

Physical and numerical simulations were undertaken to investigate the flight of de-

bris in tornado-like vortices initiated with and without a low-rise building model.

Numerical calculations were used to attempt reproducing the debris trajectories

and flight behaviour. Using debris flight equations with wind and PTV experi-

mental data, the computed trajectories show strong similarities with experimental

trajectories. The debris flight analysis shows that the simulations could reproduce

the overall trajectories but had limitations in simulating similar velocities. The

limitations could be related to the experimental wind data used to compute the

trajectories and not to the methodology itself. Finally, this numerical methodology

presents advantages to investigating debris flight in tornadoes:

1. Gillmeier et al. (2018) showed that analytical vortex models could reproduce

some of the behaviours observed in full scale and modelled tornadoes but

fail to reproduce the complexity of the 3D flow field. Wind measurements

help to describe the complexity that models fail to reproduce and therefore

integrate a more ”realistic” flow field to the study of debris flight.

2. Using bilinear interpolation to approximate the local wind field, the debris is

affected by increases in the accuracy of the computed positions and velocities

and does not require a fine measurement grid. It also significantly reduced

the computational time compared to other methods (i.e. finding nearest

neighbours, see Figure 5.1) and does not require high computational power.

3. The methodology also allows investigating any type of debris in tornado-

like flow fields. By adjusting the debris flight equations to either compact
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(Holmes, 2004) or plate (Holmes et al., 2006), a large range of debris types,

sizes and densities (i.e. Tachikawa number) could be investigated.

4. The methodology could also be applied to full-scale tornado wind data. How-

ever, Doppler radars often fail to measure wind below 30m AGL (Wurman

et al., 2013), which is where most of the debris are becoming airborne. When

data are available, comparison and validation could be undertaken with full-

scale data.

Although the methodology has many advantages, it also has limitations. The

assumption of an axisymmetric flow field does not reflect the complexity of a

tornado-like flow field. Volumetric wind measurements using neutral buoyancy

tracers and laser illumination (Tomographic PIV, 3D-PTV, etc.) could help to

retrieve instantaneous 3D flow field. Finally, the methodology only considers av-

erage flow fields. Turbulence could be incorporated into the simulation (Holmes,

2004) to recreate wind field fluctuations but would require a better understanding

of the turbulence in tornadoes/tornado-like vortices.
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Chapter 6

Analytical modelling of debris flight in

tornado-like flow field

6.1 Introduction

In this chapter, five analytical vortex models were used to investigate the effect

of vortex wandering on the flow field as well as the flight of debris with various

Tachikawa numbers. Section 6.2 details the numerical methodology used in the

present investigation. Section 6.3 analyses the introduction and effect of vortex

wandering on an averaged flow field. Section 6.4 looks at the effect of the Tachikawa

number on the computed debris flight using several vortex models. Section 6.5 fo-

cuses on debris flight using Baker and Sterling’s two-cell model. Finally, concluding

remarks are given in section 6.6.

6.2 Numerical methodology

For the present work, the same approach, as presented in section 5.2, was used

here to compute debris trajectories. However, as identified in the previous chapters,

the flow field measured experimentally appeared to indicate a two-cell vortex-like
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structure. Therefore, the two-cell vortex model from Baker and Sterling (2017)

will be used and detailed herein. As analytical vortex models are expressed di-

mensionlessly, the debris flight equations are also expressed in dimensionless form

using the Tachikawa number.

6.2.1 Baker and Sterling two-cell vortex model

Baker and Sterling (2017) expressed the two-cell vortex model as a superposition

of two flow fields: the first flow field consisting of the one-cell expression of the

authors’ model (see section 2.3) and the second an additional flow field representing

a downdraft near the vortex core. The additional flow field is expressed as follows:



VR =
4r̃z̃

(1 + r̃2) (1 + z̃2)

Vθ = 0

VW = −4δ ln (1 + z̃2)

(1 + r̃2)2

(6.1a)

(6.1b)

(6.1c)

resulting in the following two-cell formulation of Baker and Sterling’s model:



VR =
−4rz

(1 + r̄2) (1 + z̄2)
+

4r̃z̃

(1 + r̃2) (1 + z̃2)

Vθ =
Kr̄ [ln (1 + z̄2)]

(1 + r̄2)

VW =
4δ ln (1 + z̄2)

(1 + r̄2)2
− 4δ ln (1 + z̃2)

(1 + r̃2)2

(6.2a)

(6.2b)

(6.2c)

where VR = VR/Vθ,max, Vθ = Vθ/Vθ,max, VW = VW/Vθ,max, r = r/rc, z = z/zmax,

δ = zmax/rc, K = S/0.347, r̃ = εrr̄ and z̃ = εz z̄. εr and εz are scaling factors
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in the radial and vertical direction and their values set to 0.3 and 1, respectively.

These scaling factors give a downdraft located within the core vortex (Baker and

Sterling, 2017).

6.2.2 Debris flight equations with Tachikawa numbers

Dimensionless debris flight equations were used to compute the 3D motion of de-

bris, following the same methodology as described in section 5.2. The accelerations

of the compact debris are defined as:



dVθ
dt̄

= KV (Vθ − Vθ,d)

dVR
dt̄

= KV (VR − VR,d)

dVW
dt̄

= KV (VW − VW,d)− 1

(6.3a)

(6.3b)

(6.3c)

where K is the Tachikawa number, t̄ represents the normalised time, Vθ and Vθ,d

are the normalised tangential wind and debris velocities respectively, VR and VR,d

the radial wind and debris velocities respectively, VW and VW,d the vertical wind

and debris velocities respectively, and V is the vector of the relative normalised

velocity between the wind and debris defined as:

V =

√
(Vθ − Vθ,d)2 + (VR − VR,d)2 + (VW − VW,d)2 (6.4)

The maximal tangential velocity is used in the Tachikawa number and to normalise

the different velocity components.
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6.2.3 Simulated vortex wandering

The experimental investigation in section 4.8 revealed an effect of the vortex wan-

dering on the debris trajectories. It showed that the lower the swirl ratio, the

higher the vortex wandering, with the vortex centre randomly moving horizontally.

Therefore, to assess the effect of the vortex wandering on the analytical vortex flow

field, a horizontal random motion was introduced into the model to replicate sim-

ilar behaviours observed experimentally. The horizontal random motion consists

of a circularly bounded Gaussian random walk (Sadegh, 2016) characterised by

a normal distribution of vortex centre position with a standard deviation and a

confined radius. The confined radius defines the reflective boundary where the

random walk is contained.

It is assumed here that if the vortex centre positions were measured experimen-

tally for a significantly long period of time without any external perturbations,

the vortex wandering would be circularly bounded within a certain radius. This

assumption seems to be supported by PIV measurements in the ISU simulator

(Hu et al., 2011). Therefore, for the present work, the random walk was gener-

ated to cover the whole confined area with a long timescale (t̄ = 200, 000, which

corresponds to about an hour at an experimental scale).

Values of the confined radius between 0 and 1, with 0.1 increments, were investi-

gated and the same generated vortex wandering was introduced into the normalised

Rankine, modified Rankine, Burgers-Rott, Sullivan and Baker and Sterling ana-

lytical models.
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6.3 Effects of vortex wandering on velocity flow fields

6.3.1 Averaged tangential velocity profiles

The different analytical vortex models introduced in section 2.3 were used to in-

vestigate the effects of the vortex wandering on the averaged flow fields. The

tangential velocity is analysed here for all models, and the velocity profiles show

an increase in velocity from the vortex centre up to the core radius, followed by a

decrease in velocity. Figure 2.16 in section 2.3 showed the difference in radial and

vertical velocity profiles which limits the interpretation of vortex wandering effects

between the models. The vortex wandering was introduced by means of a vortex

centre displacement from 0rc (no wandering) up to 1rc, and the velocity profiles

were averaged to obtain time-averaged profiles.

Figure 6.1 shows the tangential velocity profiles for the different vortex models and

vortex centre displacements. It is noticeably evident that when introducing vortex

wandering in each individual vortex model, the larger the displacement, the more

the maximal tangential velocity is reduced. However, the difference far from the

core radius (5rc) is less noticeable. For the Rankine model (Figure 6.1 (a)), it is

interesting to point out that the discontinuity at 1rc, giving a non-physical sense

to the Rankine model, is flattening out as vortex wandering is introduced. The

maximum tangential velocity also drastically drops as the vortex displacement in-

creases. This is not surprising considering the linear variation of the velocity from

the centre where it is equal to zero, to the core radius where it is maximal. For

the modified Rankine (Figure 6.1 (b)) and Burgers-Rott (Figure 6.1 (c)) models,

the variations in the maximum tangential velocity are similar between the models

but lower than for the Rankine model. For the Sullivan model (Figure 6.1 (d)),
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Figure 6.1: Averaged tangential velocities at z/rc = 1 with vortex wandering up
to 1rc for (a) Rankine, (b) modified Rankine, (c) Burgers-Rott, (d)
Sullivan and (e) Baker and Sterling analytical vortex models.
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the fluctuation of the vortex centre position has a significant effect on the velocity

profiles. This is not surprising as the tangential velocity slowly increases near the

core centre (r/rc = 0) before increasing to the maximal tangential velocity. Al-

though the Sullivan model accounts for a two-cell vortex structure, the structure

of the vortex in the Baker and Sterling model does not account for the same slow

increase close to r/rc = 0. It is worth noting that the expression of the tangential

velocity in Baker and Sterling’s model is the same for the one-cell and two-cell for-

mulation (see Equation 6.2 (b)). Figure 6.1 (e) shows similar behaviour between

Baker and Sterling’s model and Burger-Rott and Sullivan models, with a slight

decrease in maximal tangential velocity. This is principally due to the shape of

the profile between the centre (r/rc = 0) and the core radius (r/rc = 1).

6.3.2 Variation in core radius size and maximum tangential velocity

Figure 6.2 (a) and (b) show, respectively, the maximum tangential velocity and

core radius retrieved from the averaged velocity profiles in Figure 6.1. As discussed

in the previous section, Figure 6.2 (a) shows that the maximum tangential velocity

decreases as the vortex wandering increases, particularly for the Rankine and Sul-

livan models. When the vortex centre fluctuations are up to 1rc, the Rankine and

Sullivan maximum tangential velocities difference is up to 19% and 11%, respec-

tively. For the other models, they appear to be less sensitive, and only a difference

up to 5% is observed for the maximum vortex displacement. Zhang and Sarkar

(2012) showed a difference up to 15%, whereas Snow and Lund (1997) a difference

of 15−50% in the maximum tangential velocity when vortex wandering occurs.

Considering the differences were obtained experimentally for different swirl ratios,

it cannot precisely be compared to the results shown in Figure 6.2. However, it
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∆∆

Figure 6.2: Effect of maximal fluctuation ∆rc of the vortex centre position on (a)
the maximal tangential velocity and (b) the core radius.

confirms that great care must be taken when interpreting velocity profiles, or map-

ping when single-point measurements using probes are taken to measure the flow

field in tornado-like vortex generators.

Figure 6.2 (b) shows a more significant effect on the core radius than for the

maximum tangential velocity. Overall, all models are affected likewise by the

introduction of vortex wandering with a somewhat linear decrease of the core

radius size. The changes in gradient observed in Figure 6.2 (b) are most likely

attributed to the randomness of vortex wandering. Therefore it is assumed that

for a greater time scale than considered for the present work (t̄ = 200, 000 here),

the core radius size would decrease linearly. For the maximum fluctuation of 1rc, a

difference of about 50−60% of the core radius size is observed between the different

models. Experimentally, in section 4.8, a difference of 17−44% was found in the

core radius size between wind and particle tracking measurements, whereas Zhang

and Sarkar (2012) and Snow and Lund (1997) showed a difference of 18−29%

and up to 46%, respectively. However, as mentioned before, the experimental
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measurements were carried out with different swirl ratios, and to date, there is no

clear picture of how vortex wandering evolves with the swirl ratio. Therefore, it can

be concluded that introducing a fluctuation of the centre positions shows to some

extent some agreements, but cannot be used to explain all of the experimentally

observed behaviour.

6.3.3 Tangential velocities at the vortex core centre

In section 3.7, horizontal velocity profiles measured using a Cobra probe in the sim-

ulator showed that for different swirl ratios the tangential velocity at the centre of

the simulator, also assumed to be the centre of the simulated vortex, is not equal

to zero. Similar behaviours were also measured by Gillmeier et al. (2018),Tang

et al. (2018) and more marginally by Refan and Hangan (2018). Therefore, Fig-

ure 6.3 shows the variation in the tangential velocity for different vortex centre

fluctuations. For the Rankine model, the central tangential velocity increases lin-

early up to 0.65 as vortex wandering increases. For the Sullivan model, it slowly

Figure 6.3: Effect of maximal fluctuation ∆rc of the vortex centre position on the
tangential velocity at r/rc = 0.
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increases, due to the slow increase in velocity close to r/rc = 0, up to 0.6. On the

other hand, the central tangential velocity tends to increase more rapidly with the

other models to reach up to about 0.8. The measurements presented in section

3.7 showed that normalised tangential velocities at the core centre varied between

0.2 (S = 0.7) and 0.40−0.45 (S = 0.13 and 0.30) for different swirl ratios and

at the height where the maximum tangential velocity occurred. This agrees with

errors observed in the estimation of the core radius, where the highest errors were

observed for S = 0.13 and 0.30, than for S = 0.7 (see section 4.8). Therefore, the

analysis presented here revealed that vortex wandering could significantly influ-

ence the estimation of the core radius and maximum tangential velocity. However,

there is nothing indicating which analytical vortex models perform the best in

reproducing full-scale or experimental behaviours.

6.4 Tachikawa number effect on debris flight

In this section, vortex models were used to investigate the flight of compact debris

using a range of Tachikawa numbers. Table 6.1 presents some Tachikawa num-

bers and associated debris types found in the literature. The range of Tachikawa

numbers investigated in tornado studies ranges from about 1 to 100; however, it is

worth noting the studies reported in Table 6.1 have been carried out numerically

or analytically. Sassa et al. (2009) looked experimentally at the behaviour of flying

debris carried by a travelling tornado, but the data presented in the paper did not

enable calculations of the Tachikawa number. Table 6.1 also shows that heavy

compact debris were investigated in wind tunnel studies with Tachikawa numbers

ranging from approximately 1.5 to 19.
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Table 6.1: Brief review of Tachikawa numbers and associated debris types used in
tornado and wind tunnel studies.

Reference Tachikawa number Debris type

T
or

n
ad

o Maruyama (2011) 0.7 <Ta <5.69 Wood plank / car

Noda et al. (2013) 2 <Ta <100 Not specified

Baker and Sterling (2018) 28 <Ta <50 Not specified

W
in

d
tu

n
n
el

Holmes (2004) Ta = 2.07 Wood sphere

Holmes (2004) Ta = 2.30 Stone sphere

Karimpour and Kaye (2012a) Ta = 1.59 Gravel

Richards (2012) Ta = 5 Steel sphere

Richards (2012) Ta = 18.8 Stone sphere

Therefore, a range of Tachikawa numbers from 1 to 100 was analytically investi-

gated here. Based on the debris types reported in Table 6.1, Figure 6.4 shows the

equivalent full-scale diameter of the compact debris against the Tachikawa number

over the EF-scale range. The diameter was determined based on the maximum

wind speed of the specific EF-scale and debris densities. It is assumed that for

EF0-EF1 tornadoes, wood debris would most likely be easily embedded and be

causing the maximum damage, whereas, for EF2-EF3 and EF4-EF5 tornadoes,

stone and steel debris would respectively most likely be easily embedded. Those

assumptions are not scientifically proven but help to put into perspective the range

of Tachikawa numbers tested here against full-scale tornadoes.

Figure 6.5 shows the trajectories of debris released from r/rc = 1 and z/rc = 1, i.e.

where the maximum tangential velocity is found, and calculated using the Burgers-

Rott, Sullivan, Baker and Sterling vortex models. For the sake of simplicity, the

debris trajectories are shown with a selection of Tachikawa numbers (K = 1, 2,
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Figure 6.4: Estimated debris diameter based on the EF-scale for different debris
types and Tachikawa numbers. Wood debris are more likely to be-
come windborne with EF0-1 tornadoes (light grey), gravel with EF2-3
tornadoes (grey) and steel debris with EFF4-5 tornadoes (dark grey).

5, 10, 20, 40, 60, 80 and 100) corresponding to compact type debris, i.e., debris

where the aerodynamic force coefficient would be largely unchanged with the angle

of attack.

Debris trajectories using the Burgers-Rott model are shown in Figure 6.5 (a) and

show that when releasing debris from r/rc = 1 and z/rc = 1, the debris are mainly

swirling towards the vortex centre and lofted with only the heaviest debris (K = 1)

impacting the ground. Vertical velocities in the Burgers-Rott model are radially

constant but linearly increasing with height. It was found using Equation 6.3c that

for K > 1.33 the vertical acceleration of the debris is solely positive. This explains

why the trajectory for K = 2 is following a different flight than for 5 ≤ K ≤
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Figure 6.5: Debris released from r/rc = 1 and z/rc = 1 with K = 1, 2, 5, 10,
20. 40, 60, 80 and 100 and with (a) Burgers-Rott, (b) Sullivan, (c)
Baker and Sterling one-cell and (d) Baker and Sterling two-cell vortex
models.
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100, with the debris slowly moving upward before significantly being moved aloft.

Similar behaviours are observed for the Sullivan model (Figure 6.5 (b)), although

the debris impacts the ground for K = 1 and 2. At r/rc = 1 and z/rc = 1, the

radial and vertical components of the Sullivan model are positive and close to 0,

respectively. Therefore, as soon as the debris is released, the debris is subjected

to vertical velocity and depending on the Tachikawa number, it will be moved

aloft or not. Nevertheless, Figure 6.5 (a) and Figure 6.5 (b) point out again the

limitations of unbounded vortex models as discussed in section 2.3. Vertical axes

on Figure 6.5 are shown up to z/rc = 10, but the trajectories for the Burgers-Rott

and Sullivan models are essentially continuing towards infinity.

Figure 6.5 (c) shows the debris trajectories using Baker and Sterling’s one-cell

model. Similar to Burgers-Rott and Sullivan, only debris with K = 1 impacts on

the ground. However, the major difference with the former models is that for K ≥

2 the debris are embedded aloft up to a temporary equilibrium height, where the

debris stops moving upward and starts to slowly fall. Baker and Sterling (2017)

showed that the significant parameters influencing whether the debris is flying or

falling are the swirl ratio and the buoyancy parameter, i.e. the Tachikawa number

to some extent. Here, the swirl ratio is fixed to S = 1; therefore, the flight of

debris is solely dependent on the Tachikawa number. Compared to the Burgers-

Rott and Sullivan models, debris flight using the one-cell formulation of Baker

and Sterling’s model shows significantly different trajectories for each Tachikawa

number. For low Tachikawa numbers, debris tends to fly close to the core vortex

whereas, for high Tachikawa, the debris are gradually flying away from the vortex.

Similar behaviours were observed in Baker and Sterling (2017) for falling and flying
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debris.

Debris trajectories using the two-cell formulation of Baker and Sterling’s model

are shown in Figure 6.5 (d) and show very different behaviours than observed

in Figure 6.5 (c). Increasing the Tachikawa number shows that the debris are

gradually flying further away from the core vortex and higher, while still impacting

the ground within one revolution up to K = 20. For K > 20, the debris are

reaching a temporary equilibrium height before falling, as observed with the one-

cell formulation. However, the biggest difference between the two formulations

is the fact debris are always being ejected outwards from the core vortex. This

behaviour is typical for a two-cell vortex structure and confirms the possible two-

cell structure for all swirl ratios, which was observed experimentally (see section

3.6).

Figure 6.6 shows the range of Tachikawa numbers when the debris are released

from radial positions r/rc = 0.5, 1 and 2 and height positions z/rc = 0.5, 1 and

2, and impacting the ground within one revolution. It is undeniable that different

analytical vortex models behave very differently when it comes to debris flight.

Although released from the same height but from different radial positions, large

discrepancies are observed between the models. The range of Tachikawa numbers

of the debris impacting the ground generally increases with the radial distance

for the Burger-Rott and Sullivan models, whereas it decreases for Baker and Ster-

ling’s one-cell model. Although Baker and Sterling’s two-cell model seems to give

a lower and more limited range of Tachikawa numbers, it is the only model show-

ing consistency between the different release heights. Therefore, considering the

similarities observed between experimental trajectories and Baker and Sterling’s
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Figure 6.6: Comparison between different vortex models of the ranges of
Tachikawa numbers when the debris is released for different radial and
height positions and impacting the ground within one revolution.

two-cell model and the consistency for different release positions, it appears that

Baker and Sterling’s two-cell model is the most suitable for the study of debris

flight. Moreover, full-scale two-cell structured tornadoes are more often observed

than single-cell ones (Baker and Sterling, 2017).
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6.5 Debris flight in Baker and Sterling’s two-cell model

This section will now focus on Baker and Sterling’s model as it appeared to better

match the experimental flow field (Gillmeier et al. (2018); see section 3.7) as well

as being more consistent with debris flight analysis (Figure 6.6).

6.5.1 Effect of Tachikawa numbers on impact velocity

Figure 6.7 shows the variation of the impact velocity of the debris against the

Tachikawa number using Baker and Sterling models. The impact velocity was

normalised using the wind velocity at the released position; therefore, it reflects

whether the debris impacts the ground at a lower or higher velocity than initiated

from. For both models, Figure 6.7 reveals that the ratio of impact and wind veloc-

ity clearly decreases non-linearly for most of the release positions as the Tachikawa

number increases. Given the fact impact velocities were only considered when the

debris reaches the ground within one revolution, it is most likely that some of the

profiles would extend further if longer flights were considered. The condition to

impact within one revolution was chosen to ensure the momentum at impact orig-

inates from the wind at the release position and to a lesser extent from built-up

momentum during the debris flight. For the one-cell model (Figure 6.7 (a)), most

of the debris impacting the ground are contained with Tachikawa numbers between

1 and about 10, i.e. mainly heavy debris. When the debris were released within

the boundary layer (z/rc = 0.5) and far from the centre (r/rc = 2), the debris are

impacting the ground up to K = 60. At this release position, it is also the only

case where the impact velocity is greater than the initial wind velocity. For the

two-cell model (Figure 6.7 (b)), a similar trend is observed than for the one-cell
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Figure 6.7: Relation between normalised initial impact debris velocities and
Tachikawa number for Baker and Sterling’s (a) one-cell and (b) two-
cell vortex models and for debris impacting the ground within one
revolution. The velocities are normalised by the wind velocity at the
release location (V 0

wind).

model, although some debris are now impacting the ground up to K = 100.

The biggest difference between the two models is the fact that more release posi-

tions are now showing impact velocities greater than the initial wind speeds, with

velocity factors up to 2.5. It shows that not only debris initiated in strong winds

can have significant impact momentum but also debris initiated further from the

core vortex (2rc here) can also reach high velocities and potentially cause great

damage. This behaviour can be attributed to the fact that vertical winds (for in-

stance at r/rc = 2, z/rc = 0.5) are just strong enough to keep the debris airborne

without being considerably moved aloft. Therefore, debris is dragged towards the
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region of maximum velocities and the heavier the debris, the higher its impact

velocity. Similar experimental behaviour was discussed in section 4.9 when debris

were released from r/rc = 2 with S = 0.13. However, due to the simplified nature

of the model itself and the fact that it has not been validated against full-scale

data to date, it is unclear whether the relationship between the Tachikawa num-

ber and the ratio of wind and impact velocities is dependent on the model itself.

The same analysis for Burgers-Rott and Sullivan (not shown) did not depict any

relationship at all. Nevertheless, Baker and Sterling’s model is the only model

including a representation of the boundary-layer and therefore gives some credit

to be potentially representative of a full-scale event.

6.5.2 Effect of turbulence intensity and vortex wandering

Figure 6.8 shows 100 debris trajectories computed using Baker and Sterling’s model

with K = 5 and looking at the effect of the turbulence intensity and vortex wander-

ing when the debris were released over time. Debris were released every ∆t̄ = 0.125

for a duration t̄ = 120, which corresponds at full-scale to a few debris being initi-

ated per second for several minutes. The turbulence intensity was introduced by

incorporating into the calculations fluctuations to the initial debris tangential, ra-

dial and vertical velocities (same methodology as in section 5.2), and the standard

deviation was calculated using the wind velocity vector at the release position.

The vortex wandering was generated and introduced, as discussed in section 5.2.

To ensure repeatability, the same set of generated random vortex wandering and

turbulence intensities were used between each simulation, i.e. each row and col-

umn in Figure 6.8 uses the same repeatable random data. Figure 6.8 (a-d) shows
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Figure 6.8: Effect of turbulence intensity and vortex wandering on 100 debris com-
puted using Baker and Sterling’s two-cell model and released from
r/rc = 1 and z/rc = 1.
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the effect on the trajectories of the turbulence intensity, only with no vortex wan-

dering. Without any turbulence or wandering, the 100 debris unsurprisingly follow

the same trajectories (Figure 6.8 (a)). When increasing the turbulence intensity,

Figure 6.8 (b−d) shows little effect on the early stages of the debris trajectories,

but some variations are observed in falling locations. The debris trajectories still

follow the same main flight, as shown in Figure 6.8 (a) but the falling locations

broaden as the turbulence increases, with debris simply falling closer and further.

Holmes (2004) showed that incorporating turbulence into the simulated wind fields

does not affect the mean trajectories over a certain amount of trajectory samples,

but only adds variability into the horizontal velocity and displacement. Similar

behaviour is observed here, although turbulence was only incorporated into the

initial debris velocities and not into the simulated flow fields. To date, the poor

understanding of turbulence in tornado-like flow fields and full-scale tornadoes lim-

its the complexity of analytical vortex flow fields. However, introducing the vortex

wandering appears to lower the effect of turbulence around the release position.

Figure 6.8 (e−h) shows the debris trajectories when the vortex centre wanders up

to 0.25rc, with turbulence intensity increasing from 0 to 30%. Although variabil-

ities in the falling location without vortex wandering were observed, very modest

variations are observed in the falling locations when the vortex is moving.

The same conclusion can be drawn when the vortex wandering is up to 0.5rc (Figure

6.8 (i−l)), 0.75rc (Figure 6.8 (m−p)) or 1rc (Figure 6.8 (q−t)). Nevertheless,

adding vortex wandering influences the falling locations of the debris with more

debris falling quicker as the vortex displacement increases. Table 6.2 shows that

in general, adding turbulence to the initial conditions has little effect on the mean

flight distances, but the standard deviation only increases when no wandering
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was introduced. However, introducing vortex wandering significantly decreases

the mean flight distance and increases the standard deviation with a mean flight

distance of about twice as low as when the vortex wanders up to 1rc. Therefore,

the analysis suggests the variability in the falling locations, as observed in section

4.9, can be attributed to wind field variabilities, mainly due to the wandering of

the vortex rather than turbulent velocity fluctuations around the release location.

Table 6.2: Normalised mean flight distance and standard deviation for different
turbulence intensities and vortex wandering.

Turbulence intensity (%)

0 10 20 30

∆
r c
/r

c

0 11.4 ± 0.00 11.3 ± 0.14 11.3 ± 0.28 11.3 ± 0.40

0.25 7.9 ± 1.03 7.9 ± 1.04 7.9 ± 1.03 8.0 ± 1.12

0.5 6.8 ± 1.67 6.8 ± 1.66 6.8 ± 1.68 6.8 ± 1.71

0.75 5.7 ± 1.56 5.7 ± 1.57 5.7 ± 1.57 5.8 ± 1.59

1 5.0 ± 1.92 5.0 ± 1.92 5.0 ± 1.93 5.1 ± 1.97
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6.6 Concluding remarks

The following conclusions can be drawn from the simulation and analysis of the

flight of debris in analytical vortex models presented above:

1. Averaging the vortex model flow fields subjected to vortex wandering showed

that the maximum tangential velocity and core radius size decreases for all

vortex models as the vortex wandering increases. However, discrepancies

were found between the models, but the modified Rankine, Burgers-Rott

and Baker and Sterling tangential velocity components appear to perform

the same way.

2. None of the models simulates similar trajectories when releasing debris from

the same position. It was found that the range of Tachikawa numbers to be

used for debris impacting the ground is limited. However, when releasing

debris from different radial and height positions, Baker and Sterling’s two-

cell model appeared to have a more consistent range of Tachikawa numbers

to be investigated.

3. Using Baker and Sterling’s two-cell model, an effect of the Tachikawa number

on the impact velocity was found. It showed that the impact velocity de-

creases non-linearly as the Tachikawa number as well as the impact velocity

can be higher than the wind velocity the windborne debris originated from.

4. Also using Baker and Sterling’s two-cell model, introducing turbulence in-

tensity into the debris initial velocities as well as vortex wandering suggests

that variations in the debris trajectories could be attributed to the vortex

wandering.



6.6. CONCLUDING REMARKS 205

Nevertheless, analytical vortex models also show limitations in modelling debris

flight. Large differences in debris flight between the Burgers-Rott, Sullivan and

Baker and Sterling models were found. The Burger-Rott and Sullivan models

showed that they are not suitable for debris flights as the vertical components of

the models are unbounded. The Baker and Sterling model gives better results, but

the validation of the model against full-scale data is required before considering

further analysis.
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Chapter 7

Conclusions and recommendations for further

work

7.1 Introduction

The main aim of this research was to explore tornado-like flow fields and inves-

tigate the flight of debris using physical and numerical simulations. This section

summarises the main concluding remarks made in each chapter with a discussion

of the different objectives listed in the introductory chapter. Recommendations

for further work on the investigation of either the physical modelling of tornadoes

or the flight of debris in tornadoes are suggested in section 7.3.

7.2 Conclusion

Objective 1: Characterise the vortex structure within the tornado simulator,

using a velocity mapping with a high spatial resolution for different swirl ratios.

Chapter 3 focused on the physical modelling of tornado-like vortices using the UoB-

TVG. The UoB-TVG was built during the early stages of this research; therefore,

characterising the flow fields was crucial to understanding the performance of the
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simulator. To do this, a traverse system and a control and data acquisition soft-

ware were designed and developed to ease the mapping of different flow fields.

Three swirl ratios were investigated (i.e. S = 0.13, 0.3 and 0.7) and wind velocity

measurements revealed far more complex vortex structures than those idealised by

conceptual views. For a low swirl ratio, for which a single cell structure is usually

observed, a clear updraft could not be identified.

The flow visualisation already pointed out the large vortex wandering for this

swirl ratio, which was confirmed and characterised in section 3.3. The medium

and large swirl ratio depicted a clearer vortex structure. However, the flow field

for S = 0.3 showed a clear recirculation, whereas, for this swirl ratio, a single cell

vortex should be expected. This questions the formulation of the swirl ratio for

Ward-type simulators as a function of the aspect ratio. Gillmeier et al. (2019)

showed that two simulators with different geometric scales but the same aspect

ratios and swirl ratios produce two significantly different flow fields. Therefore, it

appears crucial that an accurate measurement of the vortex circulation is under-

taken to correctly estimate the swirl ratio of tornado-like vortices. Nevertheless,

some characteristics of the flow fields showed good similarities with other tornado

simulators. The core radius was found to increase with height. For each swirl ra-

tio, the maximal tangential velocities are located near the ground, and the radial

profiles for each velocity component are consistent with height. Horizontal profiles

of radial and vertical velocities are however different with height. The vertical

profiles of radial, tangential and vertical velocities are also generally consistent

with height for different radial locations and above the corner region.

Comparison with analytical vortex models confirmed the complexity of the flows

but also the limitations of the vortex models to replicate tornado-like flow fields.
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The tangential velocity was well represented by the models and has generally

been in other tornado simulators. However, despite the fact the Burgers-Rott

and Sullivan models have been expressed dimensionlessly, the models significantly

overestimated the radial and vertical velocities. Baker and Sterling’s model seems

to better approach the experimental data, and Gillmeier et al. (2018) drew the

same conclusions with another dataset. However, to date, these models are too

simplistic to genuinely replicate tornado(-like) flow fields and still require some

turbulent and time dependencies. Davies-Jones and Wood (2006) expressed a

time-dependent version of the Burgers-Rott model. Although it has some credit

to investigate developing tornado-like vortices, it did not account for the evolution

of the vortex structure over time. Including some sort of turbulence into the vortex

models seems somewhat delicate, as turbulent wind fields either experimentally or

at full-scale are still unresolved. Therefore, using analytical vortex models remains

the most straightforward way, but they are to date not realistically modelling tor-

nadoes.

Objective 2: Develop a methodology to investigate the flight of debris using

high-speed cameras and the Particle Tracking Velocimetry technique.

Obtaining experimental debris trajectories was a crucial milestone of this research

work, as a gap in the literature was identified. Therefore, Chapter 4 focused on

the experimental investigation of the flight of debris in the tornado simulator and

was performed using the Particle Tracking Velocimetry technique. This technique

is commonly used in air and water flow to characterise the flow field but has rarely

been used to describe long and individual trajectories. In order to develop the
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PTV system, three high-speed cameras were used, synchronised using a trigger

device, and calibration targets were designed for the calibration of the system.

A thorough calibration of the PTV system was undertaken, and a good level of

accuracy was achieved with marginal errors in position and velocity (submillimetre

position errors and lower than 2% velocity errors). This allowed a good tracking of

multiple debris released over time, enhanced by the development of different pre-

and post-processing methodologies. Overall, individual debris were successfully

tracked in 2D or 3D.

Individual debris flying freely in the simulator were first investigated for different

debris sizes and swirl ratios. Debris were found to be flying close to the ground

without being significantly lifted and swirled around the core vortex within radial

distances up to twice the size of the core radius (2rc). This seems to agree with

measurements of the debris cloud of a full-scale tornado. In order to statistically

assess the flight of debris, multiple debris were released into the different flow fields

either from the ground or from a house model. In both cases, the debris were found

to be flying up and then impacting the ground. Variabilities in the initial direc-

tion of the debris were discovered and appeared to be related to fluctuations of the

local flow field around the release location. When the debris were released from

the building model, similar flight characteristics were found but with a change

up to 40 degrees in the initial debris direction. This indicated that, overall, the

simulated flow field was not affected by the model, but only the local flow field

around the building was fluctuating. Nevertheless, the region affected by impact-

ing debris were found to be significantly larger when initiating the debris from the

building model than from the ground. Debris released from the ground were also

found to be travelling at distances of 3 up to 5 times the size of the core radius.
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Therefore, the risk associated with windborne debris is not only limited to urban

areas but could also be increased by long-distance travelling debris embedded in a

landscaped environment.

Objective 3: Develop a methodology to numerically simulate the flight of debris,

using analytical vortex models.

In chapters 5 and 6, debris trajectories were investigated numerically using either

experimental data or analytical vortex models. The original objective was to focus

on analytical models, but a robust method to compute trajectories from experi-

mental data was also developed. Computer codes were designed and maintained

to efficiently compute the debris trajectories from Holmes’ debris flight equations.

The data obtained from wind velocity mapping and PTV experiments were in-

corporated into the debris flight equations, and results were compared with PTV

data. The methodology was shown to be accurate in reproducing strong similari-

ties with experimental results and replicated surprisingly well a similar behaviour

when the debris were released inside the core vortex in a highly turbulent flow

field. The methodology has good potential to be used with different tornado(-like)

flow fields and various types of debris.

The performance of five analytical vortex models to compute debris trajectories

was evaluated. A parametric study was undertaken with debris initiated from dif-

ferent locations with Tachikawa numbers ranging from 1 to 100, i.e. from heavy to

light debris. The analysis showed that none of the models simulate similar trajec-

tories and the range of Tachikawa numbers that can be considered to investigate

debris impact is rather limited, with mainly heavy debris impacting the ground.
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Nevertheless, Baker and Sterling’s two cell model appeared to be more consistent

when releasing debris from different locations. The debris impact velocity seemed

to have some sort of reciprocal relation to the Tachikawa number, with heavier

debris impacting at a higher velocity than lighter debris. Finally, introducing tur-

bulence and vortex wandering to the model seemed to confirm the experimental

observation that variations in debris trajectories are related to the vortex wander-

ing rather than small scale turbulence.

The question of using analytical vortex models for debris studies remains open.

To date, the lack of full-scale data to validate the models keeps them at the the-

oretical stage. The fact that only the tangential velocity component is generally

compared with experimental or full-scale data clearly limits the assessment of the

models’ performance. Baker and Sterling’s model showed good promise in mod-

elling experimental tornado-like flow fields but was only compared to data from

a single tornado simulator. More comparisons, particularly with different tornado

simulator flow fields, are needed before considering further analysis with regards

to the flight of debris in tornadoes.

7.3 Recommendations for further work

The work presented in this thesis has shown good potential for investigating the

flight of compact debris in tornadoes experimentally and numerically. However,

further questions still need to be addressed in future studies to understand the

interaction between debris and tornadoes with a more general scope.

The experimental techniques generally used to conduct wind measurements in

tornado-like flow fields are usually not adapted for such a complex, three-dimensional
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and transient flow field. Multi hole probes are useful to picture an averaged flow

field but can be limited in highly turbulent flow fields. On the other hand, PIV

is great for obtaining instantaneous and averaged flow fields but can only mea-

sure individual planes at a time. Therefore, volumetric wind measurements could

retrieve instantaneous 3D flow fields and provide essential information about the

structure of the flow field. Additionally, debris could also be tracked while mea-

suring the 3D flow field, and therefore it would provide critical indications about

the interaction between debris and tornado winds.

More debris types need to be investigated experimentally. The low Reynold num-

ber in the tornado simulator was a significant drawback for the examination of

more debris types, as only Styrofoam beads appeared to suitably fly. Using a large

tornado simulator will allow using different debris sizes and densities, with more re-

alistic full-scale equivalents. Scaling the debris up to full-scale using the Tachikawa

scaling gave some rather practical information but was dependent on a geometric

scaling. Scaling is one of the critical challenges for tornado studies. Obtaining

proper scaling is necessary to compare experimental and full-scale tornado flow

fields. Baker and Sterling (2019) pointed out the limitations of tornado simula-

tors to replicate realistic tornado-like flow fields. Full-scale data are challenging to

collect due to the unpredictability of tornadoes and the associated risks, as noted

in section 2.2.4. Wind data close to the surface, where the strongest winds are

observed and critical for engineering and non-engineering structures, are generally

still lacking. On the other hand, measuring wind components experimentally can

bring a certain amount of uncertainty, especially when measuring near the sur-

face. Therefore, establishing a general concept for scaling tornadoes appears to be

imperative before further considering either physical modelling, wind loading or
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debris studies.

Finally, it is essential to obtain more full-scale data and especially retrieve debris

flight information during a tornado. The recent use of drones to get extremely close

footage of tornadoes could be useful to obtain quality footage for photogrammetry

analysis. Sassa et al. (2014) used mobile phone videos to perform photogrammetry

analysis and retrieved flow field information of a full-scale tornado. Drone swarm,

i.e. multiple drones flying in formation, could be used in that sense to obtain more

video footage in a safe and controlled environment.
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