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the radial and tangential velocity components of flow as well as the core radius increase
with the higher swirl ratio values. Refan et al. (2013) used Mini WindEEE Dome at the
University of Western Ontario to simulate tornadoes of different swirl ratio and compared
the location of the maximum tangential velocity point with the actual scale tornado to

develop consistent geometric scaling approach for tornadic flows.

Some of the numerical studies include Harlow and Stein (1974), Rotunno (1977), Church
et al (1993), Noland and Ferrell (1999), Lewellen and Lewellen (1997, 1999, 2007),
Hangan and Kim (2008); Natarajan and Hangan (2012 etc.). Harlow and Stein (1974)
simulated tornadoes of different intensities and analyzed various flow related parameters.
Rotunno (1977, 1979) numerically modeled Ward’s tornado simulator and reported that
core radius is independent of the Reynolds number, and analyzed the flow structure for
different swirl ratio values. Church et al. (1993) numerically simulated the tornado and
reported that as the swirl ratio increases the altitude of the vortex breakdown decreases
until swirl ratio, S = 0.45. Nolan and Ferrell (1999) indicated that vortex Reynolds
number controls the flow structure and maximum wind speed of the tornado flow.
Lewellen and Lewellen (1997, 2007) numerically simulated a three-dimensional tornado
and analysed the flow structure near the ground. Kuai et al. (2008) replicated the ISU
Tornado Simulator numerically and compared their results with the laboratory model.
Hangan and Kim (2008) used their simulation to analyse the dependency of flow
dynamics on swirl ratio and its relation with the Fujita scale. Ishihara et al. (2011)
simulated tornadic flow using LES turbulence for two swirl ratios which represented one
and two-celled tornadoes and obtained from their study that, for one-celled type vortex
peak vertical velocity occurs at the center, however for two-celled vortex, it occurs near
the radius of the maximum tangential wind. Hangan and Natarajan (2012) used LES
simulation to analyse the impact of ground surface roughness and translation and
obtained from their study that translation reduces the maximum mean tangential velocity
for low swirl ratio, however for high swirl ratio it increases slightly. Ground roughness

was also reported to decrease the mean tangential velocity at all swirl ratios.

The second group of studies focused on simulating tornadic like vortex-structure

interaction. Some of the experimental and numerical studies include, Chang (1971);



Mehta et al. (1976); Jischke and Light (1983); Bienkiewicz and Dudhia (1993); Mishra et
al. (2003); Sarkar et al (2006); Sengupta et al., 2006; Haan et al., 2010; Sabareesh et al.
2012 etc.). Chang (1971) reported that the pressure distribution on the model is a
combined effect of both suction and dynamic pressure. Mehta et al. (1976) estimated
tornado wind speeds from the analysis of structural failure. Jischke and Light (1983) and
Bienkiewicz and Dudhia (1993) modified Ward's laboratory model to study the effects of
the location of object with respect to the tornado vortex. Wang et al. (2001) and Fouts et
al. (2003) both reported that the pressure distribution changes rapidly with change in
location of the model with respect to the tornado core. Mishra et al. (2003) compared the
pressure distribution due to tornadic vortex and atmospheric boundary layer flow in a
cubic model. Sarkar et al. (2006) and Sengupta et al. (2006) used numerical (LES) and
experimental methods to simulate transient loading due to tornado on a cubic building
and reported that tornadoes produce higher peak loads than microburst and slow moving
and smaller tornadoes produce higher peak loads. Their model was similar to the model
presented in Fouts (2003). Also, Mishra et al. (2003) simulated a single celled tornado-
like vortex and compared its flow field with an actual scale tornado of F4 intensity. Haan
et al. (2010) analyzed the impact of tornadic load and atmospheric boundary layer in a
low-rise building with gable roof and reported that the peak values of side forces
exceeded the standard by up to a factor of 1.5 while the uplift exceeded the ASCE 7-05
provisions by a factor as high as 3.2, indicating that buildings designed based on ASCE-
7-05 were possibly under designed. Some of the numerical studies on tornado-building
interaction include the following. Selvam and Millet (2003) modeled the interaction
between a tornadic vortex and cubic building using a large eddy simulation. They
reported that a translating tornado produces higher overall forces on the side walls and

roof of the building than quasi-steady wind.

The third group of researchers include post damage assessment after tornadic event. This
includes the continuous field campaign reports that come out from University of Florida
team (Wind Hazard Damage Assessment). Recently, they published several reports
regarding the damage caused by tornadoes and the types of damage. Their recent reports
include, southeastern US tornado outbreak (2017), Christmas tornado outbreak (2015),

Johns Island tornado (2015) etc. One of their important observation was, besides the



intensity of tornado and flow-structure, is the tornado pathway. Where they observed
some strong tornado did not cause severe damage because of offset pathway from the

community.

While congregating adequate knowledge for further research in tornado-like vortex, it has
been observed that compared to synoptic wind, tornadic flows are the least studied.

Based on the limited studies, the following gaps were identified. Regarding flow
structure, most of the tornado-like vortices were simulated over smooth flat ground and
some studies were conducted with surface roughness into consideration. However, it is
also important to assess the impact of topographical changes over tornado flow structure.
For example, transmission towers are often installed over hilly areas and are exposed to
tornadic damage. The state of the art in numerical tornadic tornado-like vortex structure
interaction is limited to mean pressure evaluation on scaled model and there is no report
on design load (peak) evaluations. Considering the computational resources required for
peak load calculation may not be feasible any time soon. However, with regard to
buildings with porosity (openings) the ability to do full-scale numerical studies needs to
be emphasized. This is because for internal pressure studies, maintaining the volume or
developing volume consistent scaling is important. To this effort, the work by Refan et al.
(2014) on scaling tornadic flow shall be further examined and adopted appropriately. Due
to the finite size and three-dimensional nature of tornadic like vortex, it is also important
to study the effect of the size of the tornado on building aerodynamics parameters. This
point does not seem to be addressed in the current literature. The various experimental
facilities seem to adopt different ways of tornado-like vortex generation leading to
multiple interpretation of the aerodynamic data. This problem will continue to persist as
many tornado simulators following different concepts. This is aggravated further with
lack of target field tornado flow data close to the ground. For example, the synoptic flow
has benefitted a wealth of a strong historic meteorological database. This will remain a

challenge in developing consistent tornado load evaluation methods.

Based on the observed limitations in tornado research discussed above, it is important

that further studies both in field data collection and proper method development to



analyses the tornado-structure interactions required. Some of the overarching problems

identified are listed below.
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Figure 1-2. Speed-up for Synoptic flow

Previous studies show that, when a synoptic flow approaches a hill flow-structure
changes over the surface of the hill and maximum speed-up occurs at the crest of the hill
(see Fig. 1-2). However, tornado has a very complex flow and its flow structure changes
at every location from tornado center. Thus, it requires different approach for obtaining

speed-up ratios and identifying the location of maximum speed-up.
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Figure 1-3. Impact of tornado wind profile over the different types of building

In actual tornadic flow, maximum tangential velocity lies within 20 to 50 m height from
the ground level. So, size (height) of the building is an important aspect. Most of the low-

rise buildings usually fall within the maximum wind speed height, while tall-buildings



(high rise) fall beyond this height (see Fig 1-3). Thus, it is anticipated that due to the
complexity of the tornadic flow, low and high-rise buildings aerodynamics to be very

different and the differences be examined carefully.
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Figure 1-4. Internal volume correction for opening on the building

Generally, impact of synoptic flow over openings on a building is evaluated using scaled
laboratory models and applying an internal volume correction (see Fig. 1-4). However,
tornadic flow is complex and it is cumbersome to apply internal volume correction and
therefore full-scale simulation is warranted. But a balance with computational cost and

large scale simulation need shall be investigated.

Based on the literature review and gathered knowledge, the main objective of the
proposed study is to develop a numerical model to represent tornado flow-structure and
to assess its interaction with bluff bodies. The numerical model is also validated in

comparison with WindEEE experimental measurements.

To achieve this objective, the following tasks are pursued by numerically simulating
tornado vortices and its interaction with engineering structures (representing simple

building shapes):

o Developing a simplified numerical model inspired by Purdue tornado simulator to
simulate tornado-like vortex for different swirl ratio values that realistically

represents flow structure of mechanically produced tornadic flows (flow-



structure, ground pressure distribution, location of maximum tangential velocity

etc.).

o Developing new methods to assess the impact of different types of topographic

features on tornadic flow structure commonly referred as “speed-ups”.

o Numerically estimating the tornadic load on a low-rise building for different

locations of tornado with respect to the location of the building.

o Numerically estimating the tornadic load on a standard tall building placed at

different locations with respect to the tornado center.

. Numerically estimating the tornadic load on a low-rise building with opening/’s,
placed at different locations with respect to the tornado center. Assessing the

internal pressure for various opening configurations and orientations.

1.3 Thesis Layout

The layout for this dissertation is “integrated article” format as specified by the faculty of

graduate studies in Western University, Canada.

Chapter one is an introduction about tornado and its impact on our communities in recent
years. It also presents the motivation behind the present study and the objectives of this
study. Chapter two presents the simulation of tornado on an empty domain using a
mechanically produced vortex. It discusses the development of simplified numerical
model depicting the modified version of the Ward’s Tornado Simulator (simply named
modified numerical model hereafter) and the WindEEE Dome. Description of tornadic
flow structure depending on the swirl ratio is also included in this chapter. This chapter
ends with a comparison of ground pressure distribution between numerical model of
WIindEEE simulator and modified numerical model for identical swirl ratio value to build
a confidence on the numerical modeling of the tornado-like vortex. Chapter three
presents the study of topographic effect on tornado-like vortex. Two different types of
hills based on their slopes are considered. Three tornado locations with respect to the

crest of the hill are also considered. Chapter four presents a numerical evaluation of
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tornado-like vortex induced pressure on low-rise building. A comparison of pressure
distribution along the surface of a low-rise building is conducted among (i) simplified
numerical model, (ii) numerical model mimicking WindEEE Dome and (iii) experimental
measurements at WindEEE Dome for various locations and orientations of the study low-
rise building. A comparison of external surface distribution between ABL-flow and
tornadic flow cases is presented. Chapter five presents tornado-like vortex induced
pressure on a high rise building A comparison of pressure distribution along the surface
of a low-rise building is conducted among (i) modified numerical model and (ii)
numerical model mimicking WindEEE Dome. Chapter six presents tornado induced
internal pressure for the low-rise building for stationary and translating tornado. The
effects of building location, orientation and number of openings are investigated. Chapter
seven presents the conclusion based on the present work and scope of future studies.
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Chapter 2
2  Tornado Wind-field Simulation

2.1 Experimental and Numerical Modeling of Tornado
Simulation

Various scale and numerical tornado models exist in literature. The use of numerical
method can generally be divided into two categories: thunderstorm scale simulations and
tornado scale simulations. In the former category, Klemp and Whilhelsom (1978), three-
dimensional cloud models are used to numerically simulate the formation and dynamics
of the thunderstorms that are responsible for tornado formation. On the other hand,
tornado scale models, pioneered by Rotunno (1977), assume a particular environment of
rotation coupled with convection to create an intense vortex near the surface of earth.
These models are intended to provide the details of the wind field in a tornado and an
understanding of the dynamics that lead to tornadic flow structure. This research
focusses on the second category to facilitate a better understanding of the interaction

between tornado-like vortices and built environment.

Several laboratory scale models and numerical models have been used to analyze the
flow structure. In 1972, Ward was the first to build a tornado vortex chamber with
geometric and dynamic similarity to depict real scale tornadoes. In his design, at the
outflow, a fan was provided to generate updraft and guide vanes near the floor to generate
angular momentum. Wan and Chang (1972) replaced the guide vanes with the rotating
screen and was able to measure the radial, tangential and axial velocities with the three
dimensional velocity probes. From their analysis, they found that for low swirl ratio,
vertical velocities were all positive and quite strong; however, for high swirl ratio vertical
velocities were negative at the core of the tornado. Mitsuta and Monji (1984) modified
the simulator and provided the rotation at the top. From their analysis they found
maximum tangential velocity occurs near the ground surface for two celled type vortex.
Recently, Haan et al. (2008) also used the same simulator with guide vanes at the top to
generate the tornado vortex. Matsui and Tamura (2009) have conducted researches using

Ward-type simulator with laser Doppler Velocimetry (LDV). Although laboratory
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simulation provides a controlled axis symmetric tornado vortex, it still has some
limitations. In laboratory simulations, it is difficult to obtain detailed three dimensional
velocity and pressure fields due to the strong turbulence motion near the surface and the
center of the vortex.

Numerical simulation is more efficient and economical to analyze the three- dimensional
velocities and pressure fields due to the strong turbulence motion near the surface and the
center of the vortex. Using laboratory model, based on Ward Tornado Vortex Chamber,
Harlow and Stein (1974) was the first to simulate a tornado numerically. They were able
to simulate one celled and two celled tornado vortices using free slip boundary condition
and compared their results with laboratory scale model. Rotunno (1977, 1979) used the
same model used by Harlow and Stein (1974), and was able to observe a tornado with
Vortex Break Down. He also showed in his study that, core size of a tornado is a function

of Swirl ratio.

Recently, Howells et al. (1988) and Nolan and Ferrell (1999) used axis-symmetric
Navier-Stokes equation with constant viscosity in cylindrical coordinates to investigate
the dynamics of tornado vortex. Nolan and Ferrell (1999) were able to simulate a low
swirl one cell type vortex and drowned two celled type vortex. Lewellen and Lewellen
(1997, 2007) used LES to analyze the impact of swirl ratio and transition. Lewellen et al.
also analyzed the interaction of swirl ratio with the surface roughness. Hangan and Kim
(2008) attempted to establish a relation between swirl ratio in laboratory or numerical
simulations and the Fujita scale in actual tornadoes using RANS (Reynolds Averaged
Navier-Stokes) equation for the simulation. Recently, Hangan and Natarajan (2012) used
LES (Large Eddy Simulation) to analyze the impact of translation and surface roughness
on tornado-like vortices. Moving wall condition was used to achieve the translation and
surface roughness was achieved by using roughness blocks. From their analysis, they
observed that for low swirl ratio, the maximum mean tangential velocity increases with
the increase in translation while for the high swirl ratio the maximum mean tangential
velocity decreases with the increase in the translation. Maryam et al. (2013) were able to
establish a scaling ratio for the simulated tornadoes and full scale tornadoes using

GBVTD (Ground-Based Velocity Track Display) analysis of full-scale data.
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With regard to the tornado/structure interaction, Chang (1971) was the first to use his
own simulator to produce a single celled tornado and analyze the pressure data on a cube
model for two different locations. He obtained from his study that, the pressure
distribution on the model is a combined effect of both suction and dynamic pressure.
Most of the laboratory simulators were based on the pioneering work of Ward (1972).
Mehta et al. (1976) were able to estimate tornado wind speeds from the analysis of
structural failure. Jischke and Light (1983) and Bienkiewicz and Dudhia (1993) modified
the Ward's laboratory model and concluded the damage related with tornado does not
only depend upon the maximum velocity but also upon the location with respect to the
tornado vortex. Wang (2001) and Fouts (2003) both found from their study that pressure
distribution changes rapidly with change in location of the model with respect to the core
position. Mishra et al. (2003) compared the pressure distribution due to tornadic vortex
and atmospheric boundary layer flow in a cubic model. Sarkar et al. (2006) and Sengupta
et al. (2006) used numerical (LES) and experimental methods to simulate transient
loading due to tornado on a cubic building and reported that tornadoes produce higher
peak loads than microburst and slow moving and smaller tornadoes produce higher peak
loads. Recently, Mishra et al. (2008) was able to obtain a single celled tornado-like
vortex and compared its flow field with actual scale tornado of F4 intensity. Haan et al.
(2010) also analyzed the impact of tornadic load and atmospheric boundary layer in a
low-rise building with gable roof and reported that the peak values of side forces
exceeded the standard by up to a factor of 1.5 while the uplift exceeded the ASCE 7-05
provisions by a factor as high as 3.2, indicating that buildings designed based on ASCE-
7-05 were possibly under designed.

Selvam and Millet (2003) were able to analyze the interaction between a tornadic vortex
and cubic building developing a three-dimensional turbulence model based on a large
eddy simulation. From their study, they found that a translating tornado produces higher

overall forces on the side walls and roof of building than quasi-steady wind.
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2.2 Simplified Numerical Model
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Figure 2-1. (a) Purdue Tornado Simulator and (b) Simplified Numerical Model

For the present study, a numerical model depicting Purdue Tornado Simulator is used
(see Fig. 2-1a). This Purdue simulator is an upgraded version of the Ward’s Tornado
Vortex Chamber. In Purdue simulator, flow enters the simulator from the bottom and
directional vanes provide the required flow direction angle to create a circular motion in
the flow and exhaust fan sucks the flow out from the simulator. Similar concept is used
for the present CFD based numerical modeling after some modifications, that is enabled
due to the ease of boundary condition application in the numerical domain as shown in
Fig. 2-1b. For example, the guide vanes can be simply replaced with an inclined velocity

inflow boundary condition etc.

The following boundary conditions for tornadic flow are used: an exhaust fan at the outlet
of the laboratory model is replaced by the outflow boundary condition in the numerical
model and at the inlet the flow velocity had two components (radial and tangential) in order
to produce the swirling flow field. The equation for the radial and tangential velocity

components are as follows:

z 1/7
W=WXG) 2-1
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V, = 2:" XS XV, 2-2

o

where, V,. and V; are the radial and tangential component of velocity at z height from
ground surface respectively. V; and z, are the reference velocity and height respectively.
Shear free sidewall is used. For numerical simulation, RSM (Reynolds Stress Model)

turbulence model is used.

2.3 Governing Parameters

To simulate a tornado properly in laboratory scaled modeled or numerical model, it is
important to consider several parameters which controls the flow structure of tornadic

flow. They are as follows,

Swirl ratio (S) determines the helicity of a tornado-like vortex (Lewellen (1962) and
David Jones (1973). It is the ratio of the ambient vertical vorticity to the ambient
horizontal convergence. It defines as follows,

tanf

S = 2—3
2a

Here, 6 is the inflow angle (see Fig. 2-2) at the inlet and a is the aspect ratio.
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Figure 2-2. Computational Domain for Simulating Tornado
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Aspect ratio (a) is the ratio of depth of inflow (Ho) in a tornado vortex chamber to the
radius of updraft (Ro).

In addition to these, another important parameter is the Radial Reynolds Number.
Re, = — 2—4

Q is the volumetric flow rate per axial length for flow inside the chamber (see Fig. 2-2)

and ¥ is the kinematic viscosity of air.

2.4 Tornado Flow-structure for different Swirl-ratios
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Figure 2-3. Comparison of Tornadic flow-structure

Using the modified numerical model discussed above, several tornadoes are simulated by
altering the swirl ratio values (see Fig. 2-3).

For low swirl ratio, swirling flow approaches toward the center of tornado and then
moves upward. The swirling is not strong enough to create vertical pressure gradient
which causes downward flow. As the swirl ratio value increases (S = 0.25) a downward

flow breaks the vortex at the center and this downward flow moves further toward the
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ground as swirl increases. At around swirl ratio value 0.5 the downward flow touches the
ground and divides the one-celled vortex into two. This phenomenon is called vortex
touch down. For the present arrangement (aspect ratio = 1.025), vortex touch down
happens at swirl ratio 0.5, however, this phenomenon may change by changing the aspect

ratio value.
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