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ABSTRACT 

A laboratory tornado simulator was developed to obtain physical insight into 

the fluid-structure interaction of a tornado-like vortex and scaled-models of 

external structures. Based on the Ward-type tornado simulator, the TTU 

simulator uses sixteen slotted jets to impart angular momentum to the incoming 

flow. Use of the slotted jets allowed access to the confluence and convergence 

zones so that scaled models could be moved through the vortex. 

Generic scaled models a cube and a cylinder, both with flat roofs, were used 

to investigate the fluid-structure interaction in simulator. Both stationary and 

moving pressure distributions were tested as a function of position to the vortex 

core. Results showed the cube and the cylinder had very different roof responses 

when interacting with the vortex. The roof of the cylinder encountered more 

suction than the roof of the cube. For instance, the pressure coefficient Cp on the 

leading edge of roof for the cube was from -2.5 to 0.5; however, the pressure 

coefficient Cp on the leading edge of roof for the cylinder was from -4 to -1 when 

the aspect ratio equaled 1 and the swirl ratio equaled 0.5. After comparing the 

stationary and the moving pressure distributions of each model, the averaged 

pressure results did not show much difference between them; however, the 

pressure fluctuated by as much as 150% in comparison to the reported averages 

for the moving test. 



Helium bubbles and a "smoke" were used to visualize the flow. A single-celled 

vortex and a two-celled vortex were identified in the center of the simulator. As 

the swirl ratio increased, the size of the vortex became larger. It is not readily 

apparent as to whether vortex-breakdown occurred in the convergence region. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The tornado is the most common severe weather condition on earth. 

Tornadoes cause billions of dollars of structural damage and loss of life every 

year in the United States alone. Tornadoes alone cause more than one third of 

the total insured property loss caused by natural hazards in the United States, as 

reported by Property Claims Service. To reduce the loss of life and property 

damage, accurate assessment of tornadic fluid-structure interaction is very 

important. Based on structural damage, Fujita divided tornadoes into six scales 

(see Table 1-1). 

Table 1-1: Tornado intensity scale based on Fujita scale 

F-scale 

FO (weak) 

Fl (weak) 

F2 (strong) 

F3 (strong) 

F4 (violent) 

F5 (violent) 

Wind Speed 
(Km/h) 

64-115 

116-179 

180-251 

252-330 

331-416 

417-509 

Character of Damage 

Light Damage 

Moderate Damage 

Considerate Damage 

Severe Damage 

Devastating Damage 

Incredible Damage 

Relative 
Frequency 

29% 

40% 

24% 

6% 

2% 

1% 

http://movies.warnerbros.com/twister/cmp/intensitv.html 

http://movies.warnerbros.com/twister/cmp/intensitv.html


Tornados are known to have very different wind characteristics than 

boundary layer flows; therefore, simply using results of fluid-structure interaction 

from a conventional wind tunnel will lead to either over or under designed 

structures. Preplanned field studies are hindered by the sporadic occurrence and 

violent nature of the event. Analytical work is limited by the inherent nonlinearity 

of the governing equations. Numerical modeling is difficult due to the lack of 

detailed knowledge of the real-world boundary conditions. Therefore, the 

laboratory simulation of the tornado is attractive as it presents opportunities to 

obtain physical insight into a very complex natural phenomenon by consideration 

of a much simplified, more controllable modeled fiow. Provided that proper 

similarity criteria are observed, measurements of fiow quantities made in a 

laboratory model can in part compensate for the lack of data from the natural 

event and provide guidance for the development of numerical models. Several 

studies using tornado simulators have been performed, such as those by S. J. 

Ying and C. C. Chang in 1970 [1], Neil B. Ward in 1972 [2], Robert P. Davies-

Jones in 1973 [3], M. C. Jischke and M. Parang in 1974 [4], and C. R. Church 

and J. T. Snow in 1977 and 1979 [5,6]. Each improved our knowledge and 

understanding of tornadoes. However, the current research will focus on 

quantifying a new type of tornado simulator in order to assess the fluid-structure 

interaction that can be used to improve the safety of engineered and non-

engineered structures, especially residenfial housing. The TTU simulator is the 



first simulator designed specifically to provide a moving tornado relative to the 

scaled model structures. 

1.2 Literature Review 

During the 1960s and 1970s, there was a lot of research going on to 

physically simulate tornadoes and study their dynamic characteristics. According 

to the critical review of laboratory scaled tornado simulators by Davies-Jones [7] 

in 1976, realistic-looking vortices can be produced easily in the laboratory with 

very simple equipment as long as it satisfies two major requirements: 

1. A means of producing vorticity; 

2. A way of concentrating vorticity by convergence. 

However, of the many simulators reviewed, Davies-Jones concluded that Ward's 

[2] simulator was probably the most realistic as it is the only one capable of 

reproducing the multiple-vortex phenomenon in a single updraft configuration. 

1.2.1 Ward's tornado simulator 

A Ward-type tornado simulator consists of a circular cylindrical chamber that 

is bounded on top by a honeycomb and a fan that pulls air through an updraft 

hole at the bottom of the chamber. The chamber sits above a floor at a given 

height through which air converges. A schematic of the Ward-type simulator is 

illustrated in Figure 1-1. 
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Figure 1-1: Ward-type tornado simulator 

Ward [2] divided the vortex flow into three zones: (1) The outer (confluence) 

zone of the tornado cyclone, characterized by radial convergence restricted to a 

subcloud inflow layer. Axial flow is generally suppressed and the radial flow is 

only weakly coupled to the circulation fleld. (2) The central (convergence) zone, 

characterized by the development of signiflcant axial and tangential velocities. 

Under some conditions a vortical core may be present within this zone, driven by 

low-level radial convergence of angular momentum brought in through a thin 

surface boundary layer. (3) The convection zone, at the top of which the swirling 



flow is in some way coupled to an overlying straight-line cross flow wherein the 

constant pressure surfaces must be nearly horizontal. This nearly uniform 

horizontal pressure field provides the vortex with an upper boundary condition 

that is effectively a distributed sink. A typical vortex flow pattern in a Ward-type 

tornado simulator is illustrated in Figure 1-2. 

Honeycomb 

Figure 1-2: Vortex flow in a Ward-type tornado simulator 

In most of the Ward-type simulators [2,5,6], angular momentum is imparted to 

the inflow layer (confluence zone) by means of a rotating screen. As the flow 

moves toward the center of the convergence zone, its angular velocity increases 



because the flow is simultaneously being pulled inward and upward through the 

updraft hole located at the bottom chamber in the convection zone. For certain 

conditions, a vortex is formed in the convergence zone. 

1.2.2 Dynamic and geometric similarity 

Lewellen [8] has shown that for a swirling sink flow, four characteristic 

quantities must be introduced: a radial dimension r̂ , an axial dimension H, a 

circulation F, and a volume flow rate per unit axial height q. Further, Lewellen 

found that the equations governing the flow can be characterized by three 

nondimensional parameters, namely, the rafio of angular to radial momentum, 

r/q; a radial Reynolds number, Rê  = q/2Trv; and an internal aspect ratio, a = 

H/r̂ . In the nondimensional Navier-Stokes equations the ratio of angular to radial 

momentum appears in combination with the aspect ratio in the form of a swirl 

ratio, s = (ror)/(2qH). Physically, according to Davies-Jones [3], the swirl ratio is 

the ratio of tangential velocity at the edge of the updraft hole to the mean vertical 

velocity through the hole, and it is a critical parameter in vortex breakdown 

theory by Benjamin [9]. 

A set of additional external aspect ratios arising from boundary conditions has 

been identified by Davies-Jones (1973) [3]: rj r̂ , the ratio of the radius of the 

convection zone to that of the convergence zone; l/h, the ratio of the depth of the 



convection zone to that of the convergence and confluence zones. These ratios 

will all influence the geometry of the flow through the simulator. 

According to the study by Church and Snow [6], the swirl ratio and the radial 

Reynolds number control the dynamics of the flow, and the aspect ratio controls 

the geometry of the flow. However, Ward [2] and Church [6] found that no 

apparent correlation between the vortex core r^and the total speed at the updraft 

hole. This indicates that the core radius is insensitive to the Reynolds number, as 

long as the flow is turbulent. Therefore, the principal dynamic similarity variable 

is the swirl ratio. The vortex core, deflned as the inner portion of a Rankine 

combined vortex where the angular momentum (tangential velocity) increases 

rapidly with radius, is a zone of great dynamic stability [2]. The fluid in the updraft 

zone surrounding the core has a higher upward speed and exerts an upward 

drag force on the slower moving core fluid. 

Results observed by Ward [2] and Church [6] using their simulators are very 

similar. From small swirl ratio to large swirl ratio, those simulators generate 

various vortex configurations: (1) a single laminar vortex; (2) a single vortex with 

a breakdown "bubble" separating the upper turbulent region from the lower 

laminar region; (3) a fully developed turbulent core, where the breakdown 

"bubble" penetrates to the fioor of the experimental chamber; (4) vortex transition 

to two intertwined helical vortices; and (5) examples of higher order multiple-

vortex configurations that form in the core region. 



According to Ward [2], more than one vortex can only be produced when the 

aspect ratio is less than unity. When the aspect ratio is 0.25, a vortex pair 

develops when the inflow angle 9 reaches 30° (tan 9 = F/q). The pair is located 

near the radius of the maximum tangential speed and rotates around the central 

axis at about half that speed. Once the pair is formed, the fiow becomes 

somewhat more stable and the individual cores are well defined. As the infiow 

angle is further increased, a third vortex will form. A maximum of six vortices 

have been formed in a Ward-type tornado simulator. The critical infiow angle, at 

which multiple vortices form, is very sensitive to the aspect ratio and boundary 

conditions. A vortex pair forms at an inflow angle of about 30° when the aspect 

ratio is 0.25; when the aspect ratio approaches unity, the angle required for pair 

formation increases to about 75°. When the depth of the confluence layer (H) 

exceeds the diameter of the convection section (r j , no multiple vortices have 

been observed. This is in agreement with the natural tornado phenomenon 

mentioned by Ward [2]. The converging layer that supplies the thunderstorm 

updraft may consist of a surface-based moist layer no more than 1-2km in depth, 

which corresponds to the height of the confluence zone (H). The diameter of the 

thunderstorm updraft is typically of order 8km or more, which corresponds to the 

diameter of the updraft hole (2ro). In atmospheric motion on the tornado scale, it 

is found that the area covered by the region of high rotational speed is generally 

very small compared to the area where strong convergence and vertical motion 



are taking place, and in tornado-producing thunderstorms, the convective area 

above the convergent flow field may be an order of magnitude greater in 

diameter than the width of the tornadic windpath. 

After nine years of experience with TVC I (tornado vortex chamber I), 

researchers at Purdue University built another tornado vortex chamber called 

TVC II [10], which was 8m tall and 5m wide. The intent to build TVC II was to 

construct an apparatus suitable for measurement of velocity components with a 

LDV (laser Doppler velocimeter). Other speciflc "improvements" include the use 

of a vane assembly to impart swirl to the inflowing air. The vane assembly 

provides for a system that is mechanically quiet and vibration-free. The trade-off 

in using vanes as opposed to a rotating screen is that the input swirl can no 

longer be smoothly and continuously changed independent of the volume flow 

rate. Also, there is difficulty in achieving the high swirl afforded by the rotating 

screen mechanism, and stall conditions exist for certain inflow velocities. 

1.2.3 Pressure Measurement 

Over the past thirty years, there have been at least four studies where 

investigators have produced a vortex within a tornado simulator for the purpose 

of obtaining pressure data on model buildings. Chang [11] in 1971 presented 

pressure coefficient contours on a cubical structure as a funcfion of radial 

location with respect to a vortex core. Unlike the Ward-type tornado simulator. 



the rotating screen of Chang's simulator spanned the entire vertical height. The 

building model was cubical with a length of 5.08 cm corresponding to a ratio 

between 0.6 and 0.7 to the vortex core radius. Chang reported peak pressure 

coefficient values between -4 and -6 (reference and dynamic pressure were not 

given). In Chang's studies, four types of loadings of tornado interaction with the 

building were identified [11]: 

1. Sudden pressure deficit or suction on outer building surfaces during the 

passing of the tornado. It can cause uplifting of roofs, and the falling outward 

of walls or both. He reports that this is the primary cause of damages in many 

cases and it covers a wide area of vortex flow. 

2. Dynamic loading from the mean velocity of the tornado translation. It will 

create positive pressure on the windward wall and negative pressure or 

suction on the leeward wall and sidewalls. 

3. Additional loading due to peak pressure and flow unsteadiness. With large 

turbulence, the flow probably separates from many of the building surfaces 

and produces unsteady separation bubbles, wakes and vortex shedding. 

These fluctuations in velocity and pressure may induce resonance and feed 

kinetic energy to those resonant parts weak in aeroelasticity causing 

galloping and failure. 

4. Impact of the flying missiles and debris that are generated by the tornado 

wind. Near the vortex core the high rotating velocity can generate much flying 

10 



debris, some of which acts like airborne missiles that spiral around in the air 

with the tornado vortex. When the debris hits buildings, the dynamic impact 

can cause catastrophic damage. 

Jischke and Light [12,13] used a Ward-type simulator to investigate the fluid-

structure interaction of a simulated tornado-like vortex on a cylindrical (with a 

hemispherical roof) and rectangular structure, respectively. Both structures that 

were tested were placed at specified radial positions with respect to the vortex 

core: (1) in the confluence zone; and (2) at the boundary of the convergence and 

confluence zone. They identified peak suction pressure coefficients of 

approximately -6 on the leeward face of the rectangular model and 

approximately -0.68 on the surface of the cylindrical structure. The reference 

pressure was measured on the ground at the center of the model, in the absence 

of the model; the dynamic pressure was based on the vertically averaged 

velocity at the center of the model, in the absence of the model. 

Lastly, Bienkiewicz, and Dudhia [14] placed a building of square plan in the 

center of a Ward-type tornado simulator such that the building's vertical axis 

coincided with the axis of the tornado simulator. During the experiment, the 

aspect ratio was held constant and equal to 0.5. They concluded: 

1. Roughness of the ground surface has a major effect on the vortex flow 

characteristics. Introduction of moderate roughness delays the transifion to 
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and development of multiple vortices at moderate swirl ratio. It also increases 

the magnitude of the central pressure deficit. 

2. For a moderately rough ground surface and a high magnitude of the swirl 

ratio, the effects of radial Reynolds number are of secondary importance. 

3. The mean pressure coefficient on a building roof appears to be highly 

influenced by the swirl ratio. Roof corners near the vortex exhibit the highest 

magnitude of suction with the largest mean suction exceeding -12. The 

reference pressure was measured in the confluence zone at a distance of 40 

cm from the vortex central axis; the dynamic pressure was not given. 

1.2.4 Conclusions of literature review 

From the literature review, it is known that Ward-type tornado simulators have 

been used to study natural tornadoes because of their ability to produce single 

and multiple vortices. The swirl ratio is the principal parameter to control the type 

and size of the vortex or vortices produced. The core diameter increases with the 

swirl ratio. Increasing the swirl ratio from zero produces a single laminar vortex 

ultimately leading to multiple vortices. The critical value of swirl ratio at which 

multiple vortices occur depends on the internal aspect ratio (H/ro) and the 

external aspect ratio (rolr^) of the system. The Reynolds number has little 

influence on the vortex core, as long as the flow is turbulent. Pressure 

measurements indicate that the maximum suction is located at the corner of the 
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roof which is near the vortex core, and its magnitude will increase with the swirl 

ratio. Roughness of the ground surface appears to not only delay the transition 

to multiple vortices at moderate swirl ratios, but also increase the magnitude of 

the suction pressure. 

1.3 Objectives 

The objective of this research is to develop a laboratory scale prototype 

tornado simulator that will be utilized to improve our physical understanding of 

tornado-like vortex-structure interaction. Speciflcally this work will seek to 

quantify the tornado-like vortex, or vortices, that are formed as a function of 

boundary conditions. Then for selected conditions, obtain pressure distributions 

for square and circular plan roof scaled models at various locations relative to 

the vortex core. The scaled models will be statically positioned and dynamically 

moved through the core. 

13 



CHAPTER 2 

EXPERIMENTAL SETUP 

2.1 Design Consideration 

A Ward-type tomado simulator was used for this research. Since one of the 

purposes for this research was to compare the pressure distribution of scaled 

models placed at speciflc locations within the flow field to scaled models that are 

moved through the flow field, the rotating screen needed to be replaced by 

something that allowed for linear translation across the confluence and 

convergence zones. Consequently, instead of using a rotating screen to 

generate the angular momentum, a series of sixteen slotted jets placed uniformly 

around the perimeter of the simulator as illustrated in Figure 2-1 was used. 

Elimination of the rotating screen provides easy access to the confluence and 

convergence zones through which a model will pass; also, it reduces the 

vibration caused by rotating equipment, which should increase the accuracy of 

velocity and pressure measurements. However, unlike the rotafing screen, the 

jets do not produce a uniform tangential velocity around the periphery of the 

simulator as the jet velocity decays and diffuses as a function of distance from its 

source. Additionally, according to previous studies, independent control of the 

swirl ratio is very important; therefore two separate independently controlled 

blowers were used to generate the vertical and tangential flow. 
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Slotted 
Jets 

^ ^ 

Figure 2-1: Plan view of the inflow region (mm) 

2.2 TTU Tornado Simulator 

The TTU tornado simulator is illustrated in Figure 2-2. All the dimensions are 

based on the likely atmosphere range as menfioned by Church [6]. For example, 

the aspect ratio of a natural tornado is between 0.2 and 1 and the swirl ratio 

varies from 0.05 to 2. To change the aspect ratio of the tornado simulator, the 
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inflow region height H is changed while keeping the updraft hole radius ro 

constant. Various swirl ratios were achieved by changing the circulation F (the 

tangential flow from the slotted jets) or flow rate qH (the vertical flow up and 

through the simulator). 

Figure 2-2: TTU tornado simulator (mm) 

16 



2.3 Test techniques and apparatus 

To investigate the tornado-like fluid-structure interaction, both qualitative and 

quantitative approaches have been taken. The qualitative investigation was 

based on flow visualization and two methods were used for visualization of the 

wind flow in the simulator. One was light oil fog and the other was helium bubbles. 

The quantitative investigation was based on the Scanivalve pressure tests. 

2.3.1 Flow visualization 

To evaluate the vortex in a qualitative manner, it is necessary to make the air 

flow visible. For this purpose a light oil fog was firstiy selected as the visualizing 

substance and it was introduced to the convergence zone by a series of fog holes 

(Figure 2-1). 

To reduce any jet-like velocity into the flow field caused by the introduction of 

the fog, the fog holes were drilled with a slant 45 degrees away from the vertical. 

The fog is introduced in the confiuence region, picked up by the air and 

convected into the convergence and convection regions, thereby visualizing the 

entire vortex core region. However, the result of this sideways fog flow was not 

signiflcantly different from the flow with fog holes with no angle; therefore the 

slanted fog holes were abandoned in favor of vertical fog holes. Each fog hole 

was 10mm in diameter and the radial posifion of the holes was 165mm from the 

center. To reduce the jet-like velocity of the fog, many fog holes were drilled. The 
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length of pipe between fog generator and fog box was kept as short as possible 

to reduce condensation of the fog along the pipe. 

Although many methods have been tried to get the best visualization result 

from the light oil fog, the result turned out to be unsatisfactory. Finally, a helium 

bubble system was used to trace the flow with much better results. 

2.3.2 Velocity Measurement 

A TSI IFA 300 constant temperature anemometer system was used to obtain 

velocity measurements. The TSI ThermalPro software controlled the IFA 300 

and processed velocity readings. 

The IFA 300 sampled velocities using a single hot-film probe with an 

operating resistance of 8.54 ohms. A 30m cable connected the IFA 300 to the 

probe, which operated at 50°C. A two-axis traversing mechanism controlled the 

position of the probe. 

Velocity measurements are very important for quantifying the tornado 

simulator; at this time only a single hot-film was used to get the velocity profile of 

a slotted jet; the infiow velocity profile in the confluence region; the maximum 

rotating speed inside the vortex core; the updraft speed at the updraft hole; and 

the horizontal velocity at the model's eaves height. Data was sampled at 200 Hz 

for 20 seconds. By using a single hot-film, only the magnitude of the velocity is 
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obtained. In all of the measurements, the flow direction was determined so that 

the interaction of the probe support could be minimized. 

2.3.3 Pressure measurement 

A Scanivalve DSM 3000 system and ZOC 33/64Px electronic pressure 

scanning module recorded the pressures over the model. The DSM 3000 and a 

DSM CPM (a pressure distribution control module) used pneumatic switching to 

activate the ZOC 33 modules that housed 64 piezoresistive pressure sensors. 

The range of the scanning module is -2.5 kPa to 2.5 kPa. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3.1 Quantification of TTU Tornado Simulator 

To gain meaningful results from the tornado simulator, the vortex generated 

in the simulator must have geometric and dynamic similarity with a natural 

tornado. Therefore, it is very important to quantify the tornado simulator before 

using it to study the interaction of tornado-like vortices and low-rise structures. 

3.1.1 Similitude 

Accurate simulation of tornadic wind loadings requires that the important non-

dimensional parameters characterizing the laboratory simulation be the same as 

those characterizing naturally occurring tornadoes. Previous studies have shown 

that the equations governing tornadic flow can be characterized by three non-

dimensional parameters, namely, the swirl ratio s, the internal aspect ratio a, and 

the radial Reynolds number, Re .̂ To gain the dynamic and geometry similarity, 

the swirl ratio and aspect ratio of the simulated flow must be comparable to the 

natural one, respectively. 

According to the studies by Church et al [6], the non-dimensional parameters 

of a typical thunderstorm-tornado cyclone system are shown in Table 3-1 
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Table 3-1: Likely range of non-dimensional parameters in natural tornadoes 

Non-dimensional parameters 

Aspect ratio, a 

Swirl ratio, s 

Radial Reynolds number, Rer 

Likely atmospheric range 

0.2 - 1 

0.05 ~ 2 

10'-10^' 

The design of the TTU tornado simulator meant that the aspect ratios 

between 0 and 1 could be simply achieved by adjusting the height of the floor. 

However, in this study two typical aspect ratio were selected, a = 0.5 and 1, to 

evaluate their influence on the vortex type and pressure distribution. To quantify 

the range of swirl ratios of the tornado simulator, the flow rate generated by the 

suction blower and the circulation generated by the vortex blower must be 

known. Since the velocity out of the slotted jets is not uniform as for a rotating 

screen, the jet velocity proflle was obtained in order to calculate the circulation 

needed in the swirl ratio. It is impossible to simulate the Reynolds number of a 

natural tornado in the simulator; however, according to the study of Ward [2], this 

Reynolds number is not important to the type of vortex core as long as the flow is 

turbulent. 

3.1.2 Volume Flow Rate and Reynolds Number 

To change the volume flow rate of air pulled through the simulator by the 

blower, three holes were cut in the pipe system that connects the top of the 
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simulator to the entrance, or the suction side, of the blower (see Fig. 2.2). By 

opening any of the three holes, the flow through the simulator is altered. The 

maximum flow rate through the simulator occurs when all three holes are closed, 

and the minimum flow rate through the simulator occurs when all three holes are 

open. To acquire the accurate volume flow rate qH through the simulator, 

velocity distributions were measured in the updraft hole at four different 

situations: holes fully covered, one hole opened, two holes opened and three 

holes opened. Volume flow rates are obtained by integrating the velocity 

measurements at the updraft hole. The velocity distributions in the updraft hole 

are shown in Tables 3-2 through 3-5, and the calculated volume flow rates and 

Reynolds numbers are shown in Table 3-6. 

Table 3-2: Velocity distributions in the updraft hole (fully covered) 

Radius, r (mm) 

Mean Velocity, V (m/s) 

Turbulent Intensity, Tl (%) 
r=0 is in the center of the updral 

0 25.4 

23.6 14.4 

14.5 12.3 
ft hole 

50.8 

13.7 

10.3 

76.2 

14.7 

7.7 

101 127 152 177 

15.8 16.7 17.9 18.3 

6.6 6.5 5.7 5.9 

Table 3-3: Velocity distributions in the updraft hole (1 hole opened) 

Radius, r (mm) 

Mean Velocity, V (m/s) 

Turbulent Intensity, Tl (%) 

0 25.4 

18.8 10.3 

16 15.6 

50.8 

9.8 

11.6 

76.2 

10.7 

9.2 

101 127 152 177 

11.5 12.4 13.5 13.6 

6.7 6 5.5 6.5 
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Table 3-4: Velocity distributions in the updraft hole (2 holes opened) 

Radius, r (mm) 

Mean Velocity, V (m/s) 

Turbulent Intensity, Tl (%) 

0 25.4 50.8 76.2 101 127 152 177 

14.2 7.4 7.2 8 8.9 9.5 10.3 10.5 

19 18 12.5 9.5 6.8 6 6.2 6.5 

Table 3-5: Velocity distributions in the updraft hole (3 holes opened) 

Radius, r (mm) 

Mean Velocity, V (m/s) 

Turbulent Intensity, Tl (%) 

0 25.4 50.8 76.2 101 

10.6 5.8 5.5 6.2 6.8 

22 20 13 9.5 7 

127 

7.2 

6.5 

152 177 

7.9 8.3 

6.4 6.8 

Table 3-6: Volume flow rate qH and Rê  

Fully 1 hole 2 holes 3 holes 
covered opened opened opened 

Volume flow rate, qH (m^/s) 
Reynolds number, Rê  (a=1) 

Reynolds number, Rer(a=0.5) 

1.9 1.35 1.03 
106000 75372 57537 

212000 150744 115074 

0.78 
43524 

87048 

Re, = q/2TTv (v = 1.5x10W/s); H = 191 mm (a=1); H=95 mm (a=0.5) 

3.1.3 Jet Velocity Proflles and Circulation 

Unlike the rotating screen, which has uniform velocity and the circulation 

calculation is just based on the speed of the rotating screen; the calculation of 
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Table 3-7: Jet exit velocities comparison (x=25.4mm) 

V (m/s) 

H=25.4mm 

H=76.2mm 
H=127mm 

Je t l 

20.9 
21.5 
22 

Jet 2 

19.5 
20.4 

21.5 

Jet 3 

19.3 
20.9 
21.5 

Jet 4 

20 
20.9 
21.5 

X is the distance between jet and the measurement point 

circulation for the TTU tornado simulator was more complex. First of all, tests 

were undertaken to confirm that the velocity profile for each jet in the apparatus 

was similar (e.g., that the jet velocity distributions as a function of height are 

nearly the same). A single hot-film horizontal oriented was placed at 25.4mm 

away from the exit of four jets and the velocities at three different heights have 

been measured. The results of velocity distribution for the four tested jets are 

shown in Table 3-7. According to these data, it can be inferred that the velocity 

profiles of all 16 jets are similar. 

Since the velocity profile of jets change with height and distance, a single hot-

film was placed vertically to obtain the velocity as function of the distance from 

each jet exit and its height. To get non-dimensional velocities v', the maximum jet 

velocity V^^, from each jet was used as the reference velocity measured 25.4mm 

away from the jet exit at four measured heights. To get the non-dimensional 

distance from the jet exit x , it was non-dimensionalized by the distance between 

jets Xd (see Figure 3-5). To get the non-dimensional height h*, the height of the 
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inflow region was used as the reference height H (see Figure 2-2). The 

equations for these three non-dimensional parameters are given below: 

Non-dimensional velocity: v* = v/V^gx 

Non-dimensional distance: x* = x/X^ 

Non-dimensional height: h* = h/H. 

Figure 3-1 (a=1) and Figure 3-2 (a=0.5) provide a representative velocity decay 

profile and a curve fit to the data. 

> 
* i > 

"o 
_o 

> 
75 
c 
0 
"« 
c 
E 

'•B c o z 

Nondimensional distance x* 

Figure 3-1: Velocity profile (v'-x*) of the jet at various heights (a = 1) 
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Figure 3-2: Velocity profile (v*-x*) of the jet at various heights (a = 0.5) 

The curve fits for the non-dimensional velocity magnitude as a function of 

non-dimensional distance at various non-dimensional heights for the aspect ratio 

equal to one are: 

h* = 0.13: 

h* = 0.40: 

h* = 0.67: 

h* = 0.93: 

*-1.2453 V* = 0.4603X 

v*=1.1034x*-°^°2^ 

v*= 1.0418x*-°^''^ 

v*= 1.0246x*-°"'. 
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and for the aspect ratio equal to 0.5 are: 

h* = 0.26: V" = 0.9992x*"°^°^^ 

h* = 0.53: V" = 0.9997x*"°^^^^ 

h* = 0.80: V* = 0.9977x*-°^^^^ 

Based on these velocity profiles at different height and aspect ratio, twelve 

points for the aspect ratio equal to one and nine points for the aspect ratio equal 

to 0.5 were selected to calculate the mean velocity between jets. See Figure 3-3 

for the position of the points. After measuring the velocities at these selected 

points, the mean velocity between two jets was calculated by taking the average 

of these velocities for aspect ratio. 

The circulation of the TTU simulator was calculated using the mean velocity 

of the air between the jets. The equation of circulation is: 

r = 2TTr3V. (3.1) 
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Figure 3-3: Velocity calculation point based on the jet velocity profiles 

The mean velocities and circulations at different vortex blower speeds were 

calculated and shown in Table 3-8 for aspect ratio equal to one and Table 3-9 for 

aspect ratio equal to 0.5. 

Table 3-8: Mean velocities and circulations with vortex blower scales (a=1) 

Blower Scale 

Mean Velocity, v (m/s) 

Circulation, F* (m^/s) 

3 4 

1.3 1.85 

3.1 4.4 

5 

2.4 

5.75 

6 7 

2.95 3.52 

7.04 8.4 

8 9 10 

4.09 4.2 4.21 

9.78 10 10 
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Table 3-9: Mean velocities and circulations with vortex blower scales (a=0.5) 

Blower Scale 4 8 10 

Mean Velocity, v (m/s) 

Circulation, F (m^/s) 

1.55 2.3 2.97 3.68 4.38 5.04 5.27 5.27 

3.7 5.47 7.09 8.78 10.45 12 12.6 12.6 

3.1.4 Swirl Ratio Range 

After obtaining the volume fiow rates and the circulations at different suction 

and vortex blower values, the swirl ratio s was calculated by using the equation: 

s = (r/)/(2qH) (3.2) 

The swirl ratios are shown in Table 3-10 for the aspect ratio equal to one and 

Table 3-11 for the aspect ratio equal to 0.5. 

Table 3-10: Swirl ratio s (a=1) 

Vortex 
scale 

blower 

Fully covered 

1 hole opened 

2 holes opened 

3 holes opened 

4 8 10 

0.156 0.22 0.29 0.35 0.42 0.49 0.5 0.5 

0.22 0.31 0.4 0.5 0.59 0.69 0.7 0.7 

0.29 0.4 0.53 0.69 0.78 0.91 0.92 0.92 

0.38 0.53 0.7 0.91 1.03 1.2 1.21 1.21 
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Table 3-11: swirl ratio s (a=0.5) 

Vortex blower 
scale 

Fully covered 

1 hole opened 

2 holes opened 

3 holes opened 

3 

0.186 

0.26 

0.34 

0.45 

4 

0.27 

0.38 
0.5 

0.66 

5 

0.36 

0.5 

0.66 

0.88 

6 

0.44 

0.56 
0.81 

1.07 

7 

0.52 

0.73 
0.96 

1.27 

8 

0.6 

0.84 
1.1 

1.46 

9 

0.63 

0.88 
1.16 
1.54 

10 

0.63 

0.88 
1.16 
1.54 

After the measurements and calculafions, the swirl ratios for the current 

apparatus were in the range of natural tornados. The highest volume flow rate is 

of most interest because it yields the highest pressure differentials necessary for 

the pressure system. For the highest volume flow rate condition, the swirl ratios 

varied from 0.186 to 0.63 and from 0.156 to 0.5 for the aspect ratio equal to 0.5 

and 1, respectively. 

To control the swirl ratio, either the speed of the vortex blower or the suction 

flow rate was changed. Initially eight jets were used in this study before this was 

doubled to sixteen jets. The reason to change to sixteen jets are increasing the 

swirl ratio and getting more uniform velocity distribution around the perimeter. 

After some calculation, the ranges of swirl ratio for different number of jets when 

aspect ratio equals one were obtained and plotted in Figure 3-4. 
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Figure 3-4: Swirl ratio change with number of jets (a=1) 

3.2 Velocity Profile in the Confluence Region 

The fiow in the convergence region (see Figure 1-1) is very complex and 

behaves as helical flow, especially in the vortex core. However, in the confluence 

region, the flow is mainly horizontal which includes radial and tangential 

components. To better understand the flow pattern in the confluence region, 

velocity magnitudes changing with height have been measured at various radial 

locations by using a single hot-flim oriented vertically. By putting the hot-film 

vertically, a horizontal speed can be obtained and it has two components - radial 

and tangential. The suction blower generates the radial component in the 

confiuence region and the vortex blower generates the tangential component. 
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The tested radial locations are illustrated in Figure 3-5. The velocity profiles are 

shown in Figures 3-6 through 3-9. Since the maximum suction condifion was 

more interesting to pressure tests, it was the only tested suction. Figures 3-6 and 

3-7 are the velocity profiles when the aspect ratio equals 0.5 and Figures 3-8 

and 3-9 are the velocity profiles when aspect rafio equals 1. 

Figure 3-5: Positions of measurement points in confluence region 
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Figure 3-6: Inflow horizontal velocity profile with height (a=0.5, s = 0.186) 
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Figure 3-7: Inflow horizontal velocity proflle with height (a=0.5, s = 0.63) 
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Figure 3-9: Inflow horizontal velocity proflle with height (a=1, s = 0.5) 
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According to the profiles, the wind speed increases with height and also 

increases faster when the flow approaches the upper end of the confluence 

region; also at the same height, the points closest to the updraft hole (r=5) have 

the fastest speed. In some cases when aspect ratio a=0.5, the velocities closest 

to the jets (r=0) have larger speed compared to the region in the middle of the 

confluence zone because of the influence of the jets. For constant aspect ratio, 

the speeds did not change signiflcantly with the swirl ratio. This means that the 

flow is more radial rather than tangenfial. The speeds for the aspect ratio a=0.5 

are larger in magnitude than the speeds for a=1, because there was more air 

flow per unit height through the simulator. 

Since the inflow (confluence) section was very small, there was not enough 

length to fully develop the speed profiles. Therefore, some of the speed profile 

curves are elaborate. 

3.3 Visualization 

To determine how the diameter of the vortex core changes with aspect ratio 

and swirl ratio, and also to compare the vortex with earlier research, digital 

photos and video images were taken. In order to improve the visualization, a 

helium bubble system was used to trace the flow in the simulator. With two 

heads, the helium bubble system can produce as high as 400 bubbles per 
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second. By putting the two heads on the ground in the confluent region, the 

bubbles trace the flow in the three regions. The results were as follows: 

• It is easier to observe the vortex flow when the aspect ratio a=1 than a=0.5, 

because the height of the inflow layer is doubled when a=1, and it provides 

more observation room. 

• When the swirl ratio is below 0.3, it is difficult to see the vortex core in the 

convergent region; however, it can be observed in the convection region 

where it is difficult to take pictures with the current setup. 

• As the swirl ratio increases, the vortex becomes bigger and the vortex core 

starts to move down. As illustrated in Figure 3-10, a clear vortex core can be 

observed in the convergent region when s=0.5 and the size of the core is 

about 15mm in diameter. However, the vortex core fiuctuates around a mean 

position and does not touch town to the ground. At this stage, it was called 

"Single Celled Vortex." 

• As the swirl ratio increases further, the vortex spins faster and becomes 

bigger; also, the vortex core finally touches the ground. As can be seen from 

Figure 3-11, the vortex core becomes very stable after it touches the ground. 

The approximate size of the vortex core at this time is over 30mm. At this 

stage, it is called "Two Celled Vortex"; also, large vortex breakdown can be 

observed in the convection region because of the adverse pressure gradient 

caused by the honeycomb and it looks like a funnel. 
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• Inside the vortex core, the dominant component of the flow is tangential flow; 

however, the dominant component of the flow is updraft flow outside the 

vortex core. 

• Multiple vortices have not been identified in the current setup. 

Figure 3-10: Vortex core in the convergent region (s=0.5) 
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Figure 3-11: Vortex core touches down the ground (s=0.9) 

• The interaction of the cube and the vortex core is illustrated in Figure 3-12; 

the interaction of the cylinder and vortex core is illustrated in Figure 3-13. 

According to the graphs, many more bubbles exist on top of the cylinder than 

the cube. It indicates that there is more suction on the roof of the cylinder 

than on the roof of the cube. This observed phenomenon was confirmed by 

the pressure tests. 
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Figure 3-12: Vortex core and the cube interaction (s=0.9) 

Figure 3-13: Vortex core and the cylinder interaction (s=0.9) 
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3.4 Uncertainty 

An uncertainty analysis was performed for the stationary pressure coefficient, 

the swirl ratio and the moving speed. The analysis included the uncertainty of the 

IFA 300 hot-film probe and the uncertainty of the ZOC 33/64Px electronic 

pressure scanning module. Since the fiow-induced uncertainty are not included, 

the uncertainty analysis is only limited to the instrumental and man-made 

uncertainty. 

The mechanism for determining uncertainty was the application of the 

general error propagation, and it is presented in Equation 3.1. 

I 
\ -

u (3.3) 

3.4.1 Stationary Pressure Coefficient 

According to the equation (4.1) for pressure coefficient Cp, the equation to 

calculate the uncertainty of Cp will be: 

^dP^, ' - - dV 
(3.4) 

The uncertainties of the pressure scanning module and the hot-film probe at 

95% confidence can be estimated from the following equations: 

Up = 

n / n measured,corr _ ptrue\2 

(=1 

xl.96, (3.5) 
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Uy = 

n /• J/measured ,corr rrtrue\ 

Y^iK zl^ 
i=] n 

xl-96. (3.6) 

where n=15 is the number of calibration points. 

Based on the results of calibrations, the two instrumental uncertainties are: 

- ^ =0.2% for the pressure scanning module 

^ = 0.5% for the hot-film probe. 

By putting these two uncertainties into equation (3.2), the instrumental 

uncertainty of the stationary pressure coefficient was about 1%. 

3.4.2 The Swirl Ratio 

According to the equation of the swirl ratio: s=(ror)/(2qH), the equation to 

calculate the uncertainty of the swirl ratio will be: 

u^= \(^u,f+(—uy- (3.7) 

Since ^ = ̂  = ^ = 0 . 5 % , r e F 

the instrumental uncertainty of the swirl ratio was about 0.7%. 
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3.4.3 The Moving Speed 

The moving speed for the moving pressure tests of the vortex-structure 

interaction is 0.5m/s. According to the time for ten runs, using Equation (3.8), 

u = 
ms 

^ (ms; measured ,corr ,..„'rue ms'D 
i=\ n 

xl.96 (3.8) 

the uncertainty for the moving speed was about 18%. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

Over the past thirty years, several studies have been performed to measure 

static pressure distributions around a structure that was placed at specific 

locations within the flow field of a tornado-like vortex [10,11,12,13]. However, 

none of these studies accounted for the relative motion between the model and 

the vortex. Therefore, the dynamic effects on the pressure distribution, such as 

vortex stretching, vortex shedding and wake formation have not been included. 

One of the unique features of the TTU tornado simulator is that it provides easy 

access to the confiuent and convergent regions so that tests that account for the 

relative motion between a model and a vortex can be performed. This can give 

more meaningful data because it more closely resembles the natural tornado 

phenomenon. 

For this work, both moving and stationary tests have been performed at 

various aspect ratios and swirl ratios. Although a given swirl ratio can be 

achieved by adjusting the suction blower and/or the vortex blower setting, for the 

pressure test, the largest suction fiow rate was always used. Therefore, the 

range of swirl ratios could be varied from 0.156 to 0.63. 
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4.1 Models 

In this work, two generic models were made to study their interaction with a 

vortex. One is a cube (square plan with a fiat roof) and the other is a cylinder 

(circular plan with a fiat roof). Refer to Figures 4-1 and 4-2 for schematics of the 

models. 

The size of tornados is quite variable but the core diameter for a typical F2 

tornado is estimated to range from 10-150m. According to the flow visualization 

of helium bubble inside the TTU simulator, the vortex core diameter was 

estimated to range from 5mm to 20mm in the tested range of swirl ratios. The 

range of scale factor is shown in Table 4-1. 

At 1:500 scale, the cube and cylinder correspond to typical low-rise structures 

15m by 15m. Since the vortical flow is different from straight-line flow (as found 

in wind tunnels), the windward and leeward walls of the models in the tests 

would change during a moving test. For this work, the windward wall is defined 

by a positive dot product of the outward normal of the model wall with the model 

velocity; similarly the leeward wall is defined by a negative value of the outward 

normal and model velocity. 

Table 4-1: Range of dimension scale factor of TTU tornado simulator 

Core Diameter, m 

(F2 Tornado) 

10-150 

Core Diameter, m 

(TTU simulator) 

0.005 -0.02 

Scale Factor 

1:500-1:30000 

46 



O O o o^ 
o o o 

o o o 
o O o 

Wind 

Figure 4-1: Dimension and tapping arrangement of the cube 

A vertical centerline pressure tap arrangement was used that consisted of six 

equally spaced pressure taps located on the windward and leeward walls and 

seven equally spaced taps along the roof. An additional six equally spaced taps 

in a horizontal profile recorded pressures along one sidewall at mid height. A 

dense grid of 13 taps (not equally spaced) provided a more detailed record of 

pressures on one roof corner of the model. Refer to Figure 4-1 for the schematic 

of the pressure taps. The pressure taps on the model used 1.02mm internal 

diameter plastic tubing that were glued to holes drilled into the surface of the 

model. Special attention was paid to ensure that the tubing was flush with its 

47 



respective surface. Two hundred millimeters of tubing connected each tap to the 

Scanivalve pressure transducer. The bottom of the cube remained open, but the 

bottom edges of the cube were glued to an aluminum piece that resulted in a 

tight seal. 

For the cylinder, vertical pressure tap arrangements consisted of four equally 

spaced pressure taps located along the perimeter every 45 degrees and seven 

pressure taps on the roof, as illustrated in Figure 4-2. Again, two hundred 

millimeters of 1.02mm internal diameter plastic tubing was glued to holes that 

were drilled into the cylinder surface and were connected to the pressure 

transducer. The bottom of the cylinder remained open, but the bottom edge of 

the cylinder was glued to an aluminum piece that resulted in a tight seal. 

Wind 
c> 

3 0 n n 

Figure 4-2: Dimension and tapping arrangement of the cylinder 
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4.2 Stationary Pressure Fields within the Tornado-Like Vortex 

Conversion of the mean static pressures at each radial location to pressure 

coefficients provided a non-dimensional representation of the static pressure 

field. Different researchers have chosen different reference pressures and 

reference dynamic pressures as mentioned in chapter 1. For instance, Jischke 

and Light [12] chose the ground pressure at the center of the model as the 

reference pressure and the reference dynamic pressure was based on the 

vertically averaged velocity at the center of the model, in the absence of the 

model. 

However, in this study, the reference pressure is taken on the ground at 

each radial location and it is a function of radial position. This reflects the effect 

of the local atmosphere pressure change when a tornado is approaching a 

building. Buildings should be considered as open and the atmosphere pressure 

inside buildings is a function of location. According to ASCE 7-98 [15], the 

dynamic pressure at the eaves height of the models is used as the reference 

dynamic pressure. In this study, the dynamic pressure was taken at eaves height 

of the models and it also was a function of radial position. The pressure 

coefficient used in this study is: 

P - P 
(^ _ '^ STATIC ^ REF , . A ^ 

^ P - ^ r,V ^ 
1 H ' REF 

49 



4.2.1 Reference Pressure 

The reference pressures of the four tested cases (two aspect ratios and two 

swirl ratios) for each model were measured on the ground without any model at 

various radial positions. Radial position r was non-dimensionalized by the radius 

of the updraft hole r„. The results of reference pressure distribution as a function 

of radial position is illustrated in Figures 4-3 to 4-6. 

Figure 4-3 shows the reference pressure on the ground across the simulator 

when the aspect ratio was 0.5 and the swirl ratio was 0.186. It shows the 

pressure dropping rapidly as the vortex core at the center of the simulator is 

approached. The greatest suction pressure occurs at the center of the vortex 

core. Since the pressure curve is very sharp, it also indicates that the vortex core 

is very small in diameter. This is in agreement with the atmospheric motion on 

the tornado scale. It was found that the area covered by the region of high 

rotational speed is generally very small compared to the area where strong 

convergence and vertical motion are taking place [2]. It was also mentioned by 

Ward [2] that the vortex core radius is a convergence boundary where the 

centrifugal force per unit mass balances the pressure gradient, so it is a zone of 

great dynamic stability. This great pressure drop was caused by the rapid 

increase of the rotational speed when the flow approached the vortex core in the 

center of the simulator, and the motion of the helium bubbles confirmed this. 

According to Figures 3-10 and Figure 3-11, helium bubbles were crowded in the 
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center of the simulator where the lowest pressure was located. The other three 

cases showed the similar phenomenon in the following figures; however, the 

magnitude of the pressure on the ground for each case was different. The 

smallest reference suction pressure happened when the aspect ratio equaled 1 

and the swirl ratio was 0.156; and the greatest reference suction pressure 

happened when the aspect ratio was 0.5 and the swirl ratio was 0.63. 
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Figure 4-3: Reference pressure for a=0.5 and s=0.186 
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Figure 4-4: Reference pressure for a=0.5 and s=0.63 
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Figure 4-5: Reference pressure for a=1 and s=0.156 
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Figure 4-6: Reference pressure for a=1 and s=0.5 

As it was mentioned in Chapter 1, the vortex core is defined as the inner 

portion of a Rankine combined vortex where the angular momentum increases 

rapidly with the radius. However, the reference pressure profiles did not agree 

with this. The reason for this is that the measurement points were not close 

enough around the center of the simulator; this means that some peak suction 

points may have been missed. With the assistance of the helium bubble 

visualization system, it did show that the size of the vortex core was very small 

for these four tested cases. Therefore, these reference pressure tests could 

easily have missed the peak suction points. 
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4.2.2 Dynamic Pressure 

During testing, the reference dynamic pressure was obtained from a pitot-

static tube mounted at the center of the updraft hole P̂ „̂ „̂ „̂̂ ,. To obtain a 

reference dynamic pressure at eaves height, a calibration was performed 

between the center of the updraft hole and model eaves height. A single hot film 

probe was oriented horizontally to measure the updraft velocity F„p̂ „̂ , at the 

center of the updraft hole, while the velocity at the eaves height of the model 

Kaves W3S measured using a single hot film probe oriented vertically. Since the 

probe support will affect the fiow field when taking the velocity measurement, 

only one side from the center of the simulator was measured for velocity. The 

velocities on the other side were assumed symmetrical. It should be noted that 

all of the velocities were measured without the model. Also all velocity 

measurements within the vortex are subject to a large uncertainty that cannot be 

evaluated, because of interference of the probe in a flow region in which the flow 

direction is unknown. 

Assuming steady, incompressible flow and applying Bernoulli equation at the 

updraft hole and the model eaves height respectively, two equations can be 

obtained: 
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P = P X (_L££}H_'\2 
dyn,eaves dyn,updraft \-rr ' (4.4) 

Pdyn,eaves ~ r.. P '^ eaves (4 3J 

Taking the ratio of dynamic pressure yields the dynamic pressure at model 

eaves height in terms of easily measured parameters: 

updraft 

The reference dynamic pressures at the eaves height of the model for the 

four cases are illustrated in Figures 4-7 to 4-10. 

Like the reference pressures of the four cases, the reference dynamic 

pressure for each case also looks very similar except that the magnitude is 

different. The reference dynamic pressure increased rapidly in the vicinity of the 

vortex core. The smallest reference dynamic pressure occurred when suction of 

the reference pressure was smallest; and the largest reference dynamic 

pressure happened when suction of the reference pressure was largest. 

As mentioned before, the size of the vortex core was so small that the 

measurement of the velocity at the eaves height could also miss some peak 

velocity near the vortex core. 
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Figure 4-7: Reference dynamic pressure for a=0.5, s=0.186 

350 

300 

250 

S. 200 

I 150 

100 

50 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 

r/ro 

Figure 4-8: Reference dynamic pressure for a=0.5 and s=0.63 
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Figure 4-9: Reference dynamic pressure for a=1 and s=0.156 
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Figure 4-10: Reference dynamic pressure for a=1 and s=0.5 
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4.2.3 Stationary Pressure Coefficient 

Two models were tested in the TTU tornado simulator using two aspect ratios 

and two swirl ratios. Time-averaged pressure measurements for each model as 

a function of radial position through the simulator were obtained. Since the 

pressure dropped very rapidly in the vicinity of the vortex core, more pressure 

measurements were acquired in and around the core region to avoid missing 

some peak suction points. For each radial posifion, the pressure measurements 

were sampled at a rate of 400 frames per second for a total of six seconds. 

4.2.3.1 Cube 

Thirty-eight pressure taps were attached to the surface of the cube to obtain 

a good description of the pressure fleld around the cube at each radial position. 

Five taps, three on the roof and two on the walls of the cube were analyzed in 

detail as following: 

Channel 14: The leading edge of the roof. 

Channel 17: The center of the roof. 

Channel 20: The trailing edge of the roof. 

Channel 24: The center of the windward wall. 

Channel 30: The center of the leeward wall. 

Channel 35: The center of the side wall. 
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These six channels represent the most interesting locations around the cube, 

and their stationary pressure coefficients are illustrated in the graphs for each 

aspect and swirl ratio case. Figures 4-11 to 4-14 present the pressure 

coefficients of the leading and trailing edge of the roof. Figures 4-15 to 4-18 

present the pressure coefficients of the center of the windward and leeward walls 

and Figures 4-19 to 4-22 present the pressure coefficients of the center of the 

roof for each aspect and swirl ratio case, respectively. 

As can be seen in Figure 4-11 when a=0.5 and s=0.186, the greatest sucfion 

of the leading and trailing edges of the roof did not occur at the same location as 

that of the reference pressure, whose greatest suction occurred at the center of 

the simulator. This difference is caused by the model, because the model 

interfered with the flow field when it approached the vortex core. As will be seen 

later, the suction on the roof of the cube and cylinder was much different; this 

indicates that the interference of the model on the fiow field is largely depend on 

the geometry of the model. The leading edge of the roof showed the greatest 

suction at a radial posifion, where it indicates the fastest rotating face of the 

vortex, before the model passed the center of the simulator; the trailing edge of 

the roof showed similar magnitude of sucfion at similar radial positions located 

on the opposite side of the vortex. This anfi-symmetrical pressure on both the 

leading and trailing edges of the roof indicated that the flow was fairly 

symmetrical with respect to the center of the simulator. Immediately after the 
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greatest suction pressure of the leading edge of the roof occurred, it was 

followed by the largest positive pressure coefficient at the center of the simulator; 

this means that the pressure increased substantially with the existence of the 

model at the center of the vortex core because the fastest velocity component 

(tangential) inside the vortex core was blocked by the model. This may indicate 

that, when the tornado is right on the top of a structure, the damage caused by 

the structure inside and outside pressure difference will be minor compared to 

the situation when a tornado is approaching the structure. As far as the trailing 

edge was concerned, it had the same positive pressure coefficient when the 

model was at the center of the simulator. 

When aspect ratio and swirl ratio increase, as shown in Figures 4-12 to 4-14, 

the pressure coefficients of the three cases had similar trends except that the 

magnitude of Cp was different. The greatest suction Cp of the leading and trailing 

edge of the roof happened when a=0.5 and s=0.63, but the positive Cp stayed 

almost the same for these four cases. 

As can be seen in Figure 4-13 when a=1 and s=0.156, the shape of the 

pressure coefficient did not agree very well with the other three cases; this may 

be explained that the vortex core did not extend to the height of the model from 

the convection region. It should be noted that the trailing edge for most of the 

tested cases showed a slightly bigger suction pressure than the leading edge. 

This may be because of the moving of the vortex core 
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Figure 4-11: Stationary Cp for leading and trailing edges of roof 
(Cube, a=0.5, s=0.186) 
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Figure 4-12: Stationary Cp for leading and trailing edges of roof 
(Cube, a=0.5, s=0.63) 
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Figure 4-13: Stationary Cp for leading and trailing edges of roof 
(Cube, a=1,s=0.156) 
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Figure 4-14: Stationary Cp for leading and trailing edges of roof 
(Cube, a=1,s=0.5) 
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According to Figures 4-15 to 4-18, the pressure coefficient at the center of 

the windward wall shows the same trends as that at the leading edge for each 

corresponding case. Similarly for the pressure coefficient at the center of leeward 

wall and at the trailing edge of roof. However, when the model was right at the 

center of the simulator, the walls had much higher pressure than the roof for 

each case as indicated by the much larger positive Cp on the walls in the graphs. 

In other words, the edges of the roof had greater suction than the walls. This 

result indicates that, when tornadoes occur, the most probable damage to the 

structure will be uplifting the roof caused by the sudden pressure deficit. 
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Figure 4-15: Stationary Cp for windward and leeward walls 
(Cube, a=0.5, s=0.186) 
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Figure 4-16: Stationary Cp for windward and leeward walls 
(Cube, a=0.5, s=0.63) 
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Figure 4-17: Stationary Cp for windward and leeward walls 
(Cube, a=1,s=0.156) 
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Figure 4-18: Stationary Cp for windward and leeward walls 
(Cube, a=1, s=0.5) 

According to Figures 4-19 to 4-22, the pressure coefficients on the center of 

the roof for the four tested cases are smaller in magnitude than the pressure 

coefficients of the leading or trailing edge of the roof, because the edges fully 

experience the effects of the separation bubble. The pressure coefficients at the 

center of the roof did show some symmetry on both sides of the simulator center. 

However, one side showed a bigger suction than the other side for each case; it 

was probably because the vortex core was moving around the center of the 

simulator. The side wall showed less peak suction than the windward and 

leeward walls; however, it had the same pressure as the windward and leeward 

walls when the cube was moved to the center of the simulator. 
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Figure 4-19: Stationary Cp for center of roof and sidewall (cube, a=0.5, s=0.186) 
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Figure 4-20: Stationary Cp for center of roof and side wall (cube, a=0.5, s=0.63) 
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Figure 4-21: Stationary Cp for center of roof and sidewall (cube, a=1, s=0.156) 
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Figure 4-22: Stationary Cp for center of roof and side wall (cube, a=1, s=0.5) 
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4.2.3.2 Cylinder 

Thirty-nine pressure taps were attached to the surface of the cylinder to 

obtain a good description of the pressure field around the cylinder at each radial 

position. Six taps, three on the roof and three on the walls of the cylinder were 

analyzed in detail: 

Channel 1: The upper end of the windward wall, 

Channel 9: The upper end of the side wall. 

Channel 17: The upper end of the leeward wall. 

Channel 33: The leading edge of the roof. 

Channel 35: The center of the roof. 

Channel 37: The trailing edge of the roof. 

These six channels represented the most interesting locations around the 

cylinder; their stationary pressure coefficients are illustrated for the four aspect 

and swirl ratio cases. Figures 4-23 to 4-26 present the pressure coefficients of 

the leading and trailing edges of the roof; Figures 4-27 to 4-30 present the 

pressure coefficients of the upper end of the windward and leeward walls and 

Figures 4-31 to 4-34 present the pressure coefficients of the center of the roof 

and the upper end of the side wall for each aspect and swirl ratio case, 

respectively. 

According to Figures 4-23 and 4-11, the obvious difference between cylinder 

and cube is that the cylinder had much bigger suction on the leading and trailing 
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edges compared to the cube. As Figure 4-23 indicates, the cylinder barely got 

positive pressure coefficient at the center of the simulator, however the pressure 

coefficient of the cube was about 1.3 at the center of the simulator. With the aid 

of the helium bubble visualization system, more helium bubbles were observed 

on the roof of the cylinder than the roof of the cube. The reason for the big 

difference in pressure was the geometry difference of the models. The cube 

caused more stagnation of the tangential velocity than the cylinder because of its 

sharp corners, and the dominant component of the velocity which generates the 

big suction at the center area of the simulator was the tangential velocity. 

Despite the greater magnitude suctions, the pressure coefficients on the cylinder 

at the leading edge and trailing edge of the roof showed the same trends as the 

cube. However, the leading edge showed bigger suction than the trailing edge 

for the cylinder. As observed for the cube, the possible reason is still that the 

vortex core may be moving around the center of the simulator. The case when 

a=1 and s=0.156 still gave odd result because the vortex core may not extend to 

the height of the model. 

The results of other three cases as showed in the following three graphs also 

gave similar pressure distribution trends except the magnitude of Cp was 

different. Figure 4-23 and Figure 4-24 had very similar Cp. this indicates that the 

vertical velocity component was the dominant component when the aspect ratio 

a=0.5. Figure 4-25 and Figure 4-26 had very different Cp this indicated that the 
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vertical velocity was not the dominant component but the tangential velocity 

component. 
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Figure 4-23: Stationary Cp for leading & trailing edge of roof 
(Cylinder, a=0.5, s=0.186) 
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Figure 4-24: Stationary Cp for leading & trailing edge of roof 
(Cylinder, a=0.5, s=0.63) 
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Figure 4-25: Stationary Cp for leading & trailing edge of roof 
(Cylinder, a=1,s=0.156) 
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Figure 4-26: Stationary Cp for leading & trailing edge of roof 
(Cylinder, a=1, s=0.5) 

As can be seen in Figures 4-27 to 4-30, the pressure coefficient of the 

windward wall showed the same trends as the leading edge of the roof for each 

corresponding case and the pressure coefficient of the leeward wall showed the 

same trends as the trailing edge of the roof for each corresponding case. 

However, the edges of the roof had much greater suction than the walls for each 

case just as the cube did, because the flow separated at the edges of the roof. 

When the cylinder was right at the center of the simulator, the walls had much 

higher pressure than the roof for each case as indicated by the much greater 

positive Cp on the walls in Figures 4-27 to 4-30. This result indicates, when 

tornadoes occur, the most possible damage of a structure caused by the sudden 
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pressure deficit will be uplifting of roofs. According to Figures 4-27 to 4-30, 

sometime the leading edge of roof showed more suction and sometime the 

trailing edge of roof showed more suction, therefore, the vortex core may be 

moving around the center of the simulator. 
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Figure 4-27: Stationary Cp for windward and leeward walls 
(Cylinder, a=0.5, s=0.186) 
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Figure 4-28: Stationary Cp for windward and leeward walls 
(Cylinder, a=0.5, s=0.63) 
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Figure 4-29: Stationary Cp for windward and leeward walls 
(Cylinder, a=1,s=0.156) 
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Windward wall 

Figure 4-30: Stationary Cp for windward and leeward walls 
(Cylinder, a=1, s=0.5) 

As can be seen in Figures 4-31 to 4-34, the pressure coefficients on the 

center of roof for the four tested cases are smaller than the pressure coefficients 

of the leading or trailing edge of the roof. This is expected as the taps near the 

roof edge are located very near the separation point whereas the tap at the roof 

center likely experiences some attached inflow. Compared to the cube, the roof 

of the cylinder had more suction, especially when the models were right at the 

center of the simulator. Compared to the side wall, the center of roof had more 

suction. The side wall did not show such big suction as the windward or leeward 

wall did for each case, because the side wall is not subjected to a separation 
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bubble as the model approaching the vortex core. However, when the model was 

at the center of the simulator, the pressure drop on the side, windward and 

leeward wall were almost the same as showed in Figures 4-31 to 4-34. 

Figure 4-31: Stationary Cp for center of roof and side wall 
(Cylinder, a=0.5, s=0.186) 
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Figure 4-32: Stationary Cp for center of roof and side wall 
(Cylinder, a=0.5, s=0.63) 
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Figure 4-33: Stationary Cp for center of roof and side wall 
(Cylinder, a=1,s=0.156) 
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Figure 4-34: Stationary Cp for center of roof and side wall 
(Cylinder, a=1, s=0.5) 

Based on the results of stationary pressure tests for the cube and cylinder, 

the summary is as follows: 

• The pressure distribution on the cube and the cylinder showed the same 

trends for each test case; however the pressure coefficient showed some 

difference on the roof between the cube and cylinder; the cylinder 

experienced greater suction than the cube. 

• The roof experienced greater suction than the walls for each test case for 

both models. The edge of the roof experienced greater suction than the 

center of the roof because of fiow separation at the roof edges. Also for both 
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models, the leading and trailing edges showed a fairly anti-symmethcal 

pressure, indicating that the vortex fiow was fairly symmetrical. 

• The windward and leeward walls also showed very good anti-symmetrical 

pressure on both models. The windward and leeward walls showed more 

suction than the side wall of both models because the fiow separated at the 

windward and leeward walls. 

• For each model, the pressure dropped very fast when the model approached 

the vicinity of the vortex core at the simulator center, where the fiow 

accelerated in vertical and tangenfial directions. However, when the model 

was right at the center of the vortex core, the relatively smallest suction 

occurred. After the center of the vortex core, the pressure dropped again and 

showed symmetry on both sides of the vortex core. 

• In the four test cases, the biggest suction occurred when the aspect ratio was 

0.5 and swirl ratio was 0.63, and the smallest sucfion happened when aspect 

ratio equaled 1 and swirl ratio equaled 0.156. The suction increased with the 

increasing of swirl rafio and the decreasing of aspect ratio. 

• For the case when aspect ratio equaled 1 and swirl rafio equaled 0.156, the 

pressure distribution with respect to the radial posifion was not similar to the 

other three cases. The reason for this is probably that the vortex core did not 

extend to the height of the model. 
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4.2.3.3 Spectral Analysis 

A spectral analysis of selected pressure histories was performed in order to 

determine the frequency content of the fiuid-structure interaction. According to 

the pressure time history when a=1 and s=0.5, fast Fourier transform (FFT) was 

used to obtain the power spectra of the windward wall and the roof of the cube 

and the cylinder. According to the power spectrum shown in Figures 4-35 to 4-

38, the windward wall and the roof of both models have the same energy 

distribution, namely, the most energy is concentrated between 10 Hz and 25 Hz. 

X 10 Windward wall 

20 40 60 80 100 120 
Frequency 

140 160 180 200 

Figure 4-35: Power spectrum on windward wall of cube (a=1, s=0.5) 
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Figure 4-36: Power spectrum on roof of cube (a=1, s=0.5) 
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Figure 4-37: Power spectrum on windward wall of cylinder (a=1, s=0.5) 
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Figure 4-38: Power spectrum on roof of cylinder (a=1, s=0.5) 

4.3 Transient Pressure Fields within the Tornado-Like Vortex 

The same cube and cylinder have been pulled through the confiuent and 

convergent regions using the same aspect and swirl ratio cases to obtain the 

transient pressure distributions around the models. This attempted to simulate 

the relative motion between tornado vortex and model. Analysis included the 

pressure time histories of the same locations on the cube and the cylinder as for 

the stationary pressure processing. 
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4.3.1 Moving Speed 

The rotating speed of a typical Fujita scale F2 tornado is estimated to range 

from 50-70m/s. According to the results of velocity measurement, the rotating 

speed of vortices at eaves height range from 7m/s to 20m/s. The range of the 

velocity scale factor of rotafing speed is shown in Table 4-2. 

The translation speed of F2 scale tornado is quite variable; it is estimated to 

range from Om/s to 13m/s. Based on the velocity scale 10, a translation speed 

of 0.5m/s in the moving pressure tests corresponds to 5m/s translation speed of 

natural tornado. 

Table 4-2 Range of velocity scale factor in TTU tornado simulator 

Rotating speed 
(F2 tornado), m/s 

50-70 

Rotating Speed 
(TTU simulator), m/s 

7-20 

Scale Factor 

2.5 10 

To keep the moving speed as constant as possible, a smooth groove was cut 

on the surface and toy car wheels were used to support the scanivalve 

transducer. The results presented are the results from three independent tests. 

4.3.2 Reference and Dynamic Pressure 

The reference and dynamic pressures are the same as those used for 

stationary pressure coefficient calculafion; however, linear interpolation was used 

between tested radial positions for each aspect and swirl ratio case. 
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4.3.3 Moving Pressure Coefficient 

To obtain the moving pressure coefficients, Equation (4.1) was used to 

calculate the moving pressure coefficient. In addition, a 40-point moving average 

of the transient pressure coefficient was used to smooth data and made it 

comparable with the stationary pressure coefficient. To conduct a 40-point 

moving average of the pressure coefficient at a particular point, 20 points before 

the point and 20 points after the point are picked, and then the average of the 

values of these 41 points will be the result. 

For the four aspect and swirl ratios studied, the pressure coefficients of three 

moving pressure tests for each channel were ensembled a 40-point moving 

average smoothed pressure coefficient of one time history and the stationary 

pressure coefficient of that channel. It should be noted that the moving pressure 

tests for the cube were immediately followed by the stationary pressure tests; 

whereas for the cylinder, the tests were performed on separate days. 

4.3.3.1 Cube 

The case when the aspect ratio equal to 0.5 and the swirl ratio equal to 

0.186, the pressure coefficients for the previously specified locations on the cube 

are shown in Figures 4-39 to 4-43. According to these graphs, the pressure 

distribution of the moving pressure tests had similar trends and magnitudes as 

the stationary pressure tests after the 40-points moving average was applied to 
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smooth the data, especially for the windward and leeward wall. However, for 

some reasons, the moving pressure tests did not show as big a suction as the 

stationary pressure tests on the roof when the cube approached the vortex core. 

In addition, for each location on the cube, the first big suction of the moving tests 

occurred earlier than that of the stationary tests; and the second big suction of 

the moving tests occurred later than that of the stationary tests. The reason to 

cause smaller suction for the moving tests may be the fluctuation of the blowers 

and the short contact time. 

-Movlng_run 1 

•Moving_run 2 

Moving_run 7 

-Stationary 

"moving average (run 2) 

Figure 4-39: Pressure coefficient of leading edge (cube, a=0.5, s=0.186) 
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Figure 4-40: Pressure coefficient of trailing edge (cube, a=0.5, s=0.186) 
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Figure 4-41: Pressure coefficient of windward wall (cube, a=0.5, s=0.186) 
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Figure 4-42: Pressure coefficient of leeward wall (cube, a=0.5, s=0.186) 

Figure 4-43: Pressure coefficient of center of roof (cube, a=0.5, s-0.186) 
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When aspect ratio equaled 0.5 and the swirl ratio equaled 0.63, the pressure 

coefficients on the cube showed similar trends as the case when a=0.5 and 

s=0.186. However, according to Figures 4-44 to 4-48, the moving pressure 

coefficient was much smaller in magnitude than the stationary pressure 

coefficient for each case, not only on the roof, but also on the walls. 
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Figure 4-44: Pressure coefficient of leading edge of roof (cube, a=0.5, s=0.63) 
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Figure 4-45: Pressure coefficient of trailing edge of roof (cube, a=0.5, s=0.63) 
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Figure 4-46: Pressure coefficient of windward wall (cube, a=0.5, s=0.63) 
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Figure 4-47: Pressure coefficient of leeward wall (cube, a=0.5, s=0.63) 
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Figure 4-48: Pressure coefficient of center of roof (cube, a=0.5, s=0.63) 
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When aspect ratio equaled 1 and the swirl ratio equaled 0.156, the pressure 

coefficients on the cube are shown in Figures 4-49 to 4-53. According to these 

graphs, the pressure distribution of moving pressure tests had similar trend as 

the stationary pressure tests. However, the moving pressure coefficient is 

smaller than the stationary pressure coefficient like the previous cases. 
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Figure 4-49: Pressure coefficient of leading edge of roof (cube, a=1, s=0.156) 
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Figure 4-50: Pressure coefficient of trailing edge of roof (cube, a=1, s=0.156) 
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Figure 4-51: Pressure coefficient of windward wall (cube, a=1, s=0.156) 
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Figure 4-52: Pressure coefficient of leeward wall (cube, a=1, s=0.156) 

0.5 

-Moving_run 1 
-Moving_run 2 
Moving_run 5 

-stationary 
•Moving average (run 5) 

O -0.5 

-1 

-1.5 

-1.5 -1 -0.5 0 

r/ro 

0.5 1 1.5 

Figure 4-53: Pressure coefficient of center of roof (cube, a=1, s=0.156) 
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When aspect ratio equaled 1 and the swirl ratio equaled 0.5, the pressure 

coefficients on the cube are shown in Figures 4-54 to 4-58. According to these 

graphs, the pressure distribution of moving pressure tests had similar trends and 

magnitudes to stationary pressure tests. This result was different from the cases 

when aspect ratio equals 0.5 because it not only showed good agreement 

between the moving and stationary pressure tests on the walls, but also showed 

good agreement on the roof. Therefore the relative motion between the model 

and vortex fiow did not appear to infiuence the pressure distribufion much for this 

case. 
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Figure 4-54: Pressure coefficient of leading edge of roof (cube, a=1, s=0.5) 
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Figure 4-55: Pressure coefficient of trailing edge of roof (cube, a=1, s=0.5) 
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Figure 4-56: Pressure coefficient of windward wall (cube, a=1, s=0.5) 
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Figure 4-57: Pressure coefficient of leeward wall (cube, a=1, s=0.5) 
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Figure 4-58: Pressure coefficient of center of roof (cube, a=1, s-0.5) 
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4.3.3.2 Cylinder 

The case when the aspect ratio equal to 0.5 and the swirl ratio equal to 0.63, 

the pressure coefficients for the previously specified locations on the cylinder are 

shown in Figures 4-59 to 4-64. As can be seen in the figures, all the six specified 

locations in the moving pressure tests showed much less suction than the 

corresponding locations in the stationary test, when the cylinder approached the 

vortex core. The possible reason for this is that the stafionary and moving tests 

were performed on different days. However, more tests are needed to confirm it. 
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Figure 4-59: Pressure coefficient of leading edge of roof (cylinder, a=0.5, s=0.63) 
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Figure 4-60: Pressure coefficient of trailing edge of roof (cylinder, a=0.5, s=0.63) 
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Figure 4-61: Pressure coefficient of windward wall (cylinder, a=0.5, s=0.63) 
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Figure 4-62: Pressure coefficient of leeward wall (cylinder, a=0.5, s=0.63) 

Figure 4-63: Pressure coefficient of center of roof (cylinder, a=0.5, s=0.63) 
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Figure 4-64: Pressure coefficient of side wall (cylinder, a=0.5, s=0.63) 

The case when the aspect ratio equal to 1 and the swirl ratio equal to 0.5, the 

pressure coefficients for the previously specified locations on the cylinder are 

shown in Figures 4-65 to 4-70. As can be seen in the figures, the leading edge 

of the roof and the windward wall in the moving pressure tests showed similar 

suction as the corresponding locations in the stationary test, when the cylinder 

approached the vortex core. However, the trailing edge of the roof, the leeward 

wall, the center of the roof and the side wall did not show the same pressure 

distribution as those in the stationary pressure test. 

100 



Q. 

o 

4 -

2 

0 

-2 

-4 

-6 

-8 

-10 

-12 

-14 

Moving_run9 

™™« ""-Stationary 

" " ^ ^ ^ M o v i n g average (run3) 

1 
'JpJ 

— 

1 « / 

• — > - . „ | . ^ . - ^ ^ — ^ 
b t ^ 

I -1.5 -1 -0.5 0 

r/ro 
0.5 1 1.5 2 

Figure 4-65: Pressure coefficient of leading edge of roof (cylinder, a=1, s=0.5) 

Figure 4-66: Pressure coefficient of trailing edge of roof (cylinder, a=1, s=0.5) 
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Figure 4-67: Pressure coefficient of windward wall (cylinder, a=1, s=0.5) 
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Figure 4-68: Pressure coefficient of leeward wall (cylinder, a=1, s=0.5) 
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Figure 4-69 Pressure coefficient of center of roof (cylinder, a=1, s=0.5) 
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Figure 4-70: Pressure coefficient of side wall (cylinder, a=1, s=0.5) 
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4.3.4 Pressure Intensity 

As can be seen in the moving tests, the pressure fluctuated greatly, 

especially on the roof of models. A pressure intensity of selected pressure 

histories was performed in order to determine the pressure fluctuation of the 

fluid-structure interaction. The equation to calculate pressure intensity Ip is 

defined in Equation (4.5). (Z',̂ , is instantaneous pressure at each radial position; 

P(r) is 40-point moving average pressure at same radial position) 

I^=E±:I^ (4.5) 

4) 

Since the pressure fluctuated more on the roof and when the swirl ratio was 

bigger, the leading edges of roof for both models were selected to obtain 

pressure intensity when s=0.5 and s=0.63. As can be seen in Figures 4-71 to 4-

74, pressure fluctuated more when the models were near the vortex core. The 

average pressure intensity was about 100%; however, some peak values were 

greater than 150%. 
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Figure 4-71: Pressure intensity of leading edge (cube, a=0.5, s=0.63) 

Figure 4-72: Pressure intensity of leading edge (cube, a=1, s=0.5) 
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Figure 4-73: Pressure intensity of leading edge (cylinder, a=0.5, s=0.63) 

Figure 4-74: Pressure intensity of leading edge (cylinder, a=1, s=0.5) 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Based on the idea of a Ward-type tornado simulator, instead of using a 

rotating screen to create tangenfial momentum, 16 slotted pipes have been used 

in the TTU tornado simulator. The two key non-dimensional parameters ~ aspect 

ratio, swirl ratio - were found to be in the range for natural tornadoes as 

described by Church and Snow [6]. Also, the velocity measurements indicated 

turbulent flow (turbulent intensities range from 6 to 22 percent). 

According to the visualization results using the helium bubble system, the 

vortex core could be observed when the swirl ratio was greater than 0.5. When 

the swirl ratio was below 0.3, it is difficult to see the vortex core in the convergent 

region and touching the ground; however it can be observed in the convection 

region. As swirl ratio was increased to about 0.5, a "single-celled vortex" could 

be observed extending to the convergent region of the simulator and the 

diameter was about 15mm. This single-celled vortex fluctuated greatly around a 

mean position and did not appear to touch down the ground. As the swirl ratio 

was increased to s=0.9, the vortex became larger and ultimately reached 30mm 

in diameter. At the same time, the inside vortex core touched down the ground 

and became very stable, it is called "two-celled vortex." Above some point inside 
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the convection region, the vortex broke down like the top of a funnel because of 

the adverse pressure gradient caused by the honeycomb. For the cases studied 

here, the breakdown point did not come down to the convergence region but 

stayed in the convection region. Multiple vortices were not observed in this 

simulator, perhaps because the swirl ratio was not large enough or of the 

difficulties in visualizing the flow. The aspect ratio did not seem to affect the size 

of the vortex core in the range 0.5 to 1. However, the case when aspect ratio 

equaled 1 was much better for visualization. 

After putting models into the center of the simulator where the vortex core 

was, the cube and cylinder had very different interacfions with the vortex flow. As 

illustrated in Figures 3-12 and 3-13, the roof of the cylinder had many more 

helium bubbles than the roof of the cube. This conflrmed the pressure test result 

that the roof of the cylinder had much more suction than the roof of the cube. If it 

is presumed that tornadic damage due solely to pressure differential was caused 

by suction on the roof, the cylinder is not a good geometric shape for natural 

tornadoes. 

To study the interaction of a tornado-like vortex with a low-rise structure, a 

series of stationary pressure tests were performed for a cube and a cylinder. In 

addition, moving pressure tests were performed for the same models to simulate 

the relative motion between tornado vortex and structures. 
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• The moving tests provided the same kind of pressure distribution as the 

stationary tests for each case, especially for the cube. The magnitude of 

pressure coefficients of the moving and stafionary tests for three of the four 

cases studied, were almost the same. The fourth had sensitivity problems. 

• According to the results of stafionary tests for both models, the roof of the 

cylinder showed more suction than the roof of the cube, because the cube 

caused more stagnation of the tangential flow than the cylinder; the dominate 

component of the velocity which created the big suction at the center area of 

the simulator was the tangential flow. The walls of both models experienced 

similar suction. 

• For each case, most of the pressure taps on both models showed a positive 

pressure coefficient in the center of the convergent region; this positive Cp 

was due to the interference of the wind by the models. When the models 

contacted the vortex core, they blocked the flow of the vortex core and 

decreased the rotating speed of the vortex core. Finally the models caused 

decreased suction in the center of the vortex. 

• The suction on the roof was much bigger than the suction on the walls and 

the roof edge experienced greater suction than the center of the roof because 

the flow separated there. This result confirmed the natural phenomenon that 

damage, due to the wind, tends to start from the roof edge. 
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• According to the pressure distributions of the four cases, when the aspect 

ratio was 0.5 and the swirl ratio was 0.63, the suction on each pressure tap 

was greatest. Therefore, the smaller the aspect ratio and the bigger the swirl 

ratio, the larger the suction on the model. 

• Since only one positive pressure coefficient area for all of the four cases was 

obtained, multiple vortices in this tornado simulator for those four cases is not 

expected. 

5.2 Recommendations 

Based on experience using the TTU tornado simulator and studying the 

interaction of tornado-like vortex fiow and model structures, the following 

recommendations are made: 

• Swirl ratio needs to be increased to see more phenomena, such as vortex 

breakdown and multiple vortices. 

• Sampling of velocity data, reference pressure data, and pressure data 

occurred separately during this study. However, simultaneous measurements 

of all these parameters will facilitate a much more accurate investigation of 

the relationships between these flow fleld characteristics. 

• The reference pressure measurement needs much better refinement near the 

vortex core. Same as the velocity at model eaves height. 
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• Snow has mentioned that a large inflow area would probably give better 

simulation of a natural tornado vortex. A bigger tornado simulator is being 

built in the wind tunnel of Texas Tech University. 

• Since current moving tests were driven by hand, this created many 

uncertainties. The computer controlled traverse may possibly be used to drive 

the movement of models. 

• After having a reliable moving technique, various moving speeds should be 

tested to observe the pressure change. 

• Current velocity measurements were obtained by a single hot-film probe. A 

cross hot-film probe is needed to get the velocity components and flow 

pattern at each aspect and swirl ratio case. 
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APPENDIX A 

PRESSURE TAB ARRANGEMENT FOR CUBE AND CYLINDER 
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Figure A.I Pressure tabs for the cube 
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APPENDIX B 

STATIONARY Cp AT THE BOTTOM OF THE WINDWARD 

AND LEEWARD WALLS ON THE CUBE 
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