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ABSTRACT 
 

A large-scale tornado simulator (largest in the U.S.A.) named VorTECH, was 

designed and constructed to gain insight into tornado-like vortices.  Approximately two 

stories tall and 56 feet in diameter, the Ward-type simulator uses 64 airfoil columns to 

direct the airflow and eight suction fans on the top of the simulator to create the necessary 

updraft. It has the capability of producing vortices with inner core diameters of around 

three feet.  A CNC hot wire foam cutter was used to fabricate the airfoil shapes and wood 

glue coatings were added to provide structural strength.  The simulator was designed with 

the ability to have the aspect ratio adjusted by means of a movable ceiling.  Features such 

as a viewing window, minimally intrusive velocity measurement system, pressure taps 

and a flow visualization channel were designed and built into the simulator.  

Initial measurements were preformed to better understand the capacities of this 

newly built simulator.  Velocity measurements were made to calculate swirl ratio values 

at a simulator aspect ratio of 1.   The swirl ratio is a measurement of the amount of 

rotation in the airflow and can be defined as the tangential velocity component divided by 

two times the radial velocity component. The aspect ratio is the ratio of the inflow height 

to the updraft region radius.  Maximum swirl ratio values exceeded 4.9.  Pressure taps 

were placed across the diameter of the updraft region and pressure distributions were 

measured for different airfoil configurations.  The distributions suggest that at a 

minimum, single-cell and two-cell vortices are possible at this VorTECH aspect ratio. 

The pressure distributions and power spectrum plots revealed that the pressure data is 

concentrated at low a frequency (< 25 Hz) and does not vary with time-scans exceeding 

five seconds. Preliminary flow visualization studies were undertaken using fog 

generation, helium-filled bubbles and small particles, however, significant future work 

remains to be done in this area. 

VorTECH was successfully completed and is available for use in future studies at 

Texas Tech University.  Due to the uniqueness of its size and design, it holds great 

potential to enable engineers to better understand the wind-loading effects of tornados on 

low-rise structures.  
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CHAPTER 1 

 
INTRODUCTION 

 
 
 

1.1 Background 
 

Tornados inspire both fear and awe in the hearts of those who view them in real 

life.  Amazing, yet violently destructive natural phenomena, tornados have been recorded 

on all continents of the world except Antarctica.  Most of the tornados that occur, 

however, are located in the United States where an average of 800-1000 tornados are 

reported every year.  This concentration of tornado occurrences is seen visually in Figure 

1.1, which gives the expected locations of tornado events worldwide over a four year 

period. 

 

Figure 1.1:  Expected tornados around the world over a four year period [1]. 

 

 The result in the United States, on average, is 80 deaths and over 1500 injuries per year 

as well as millions of dollars in property damage [2]. 
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The term tornado comes from the Latin tornare meaning ‘to turn’ [1]. In essence, 

a tornado is a forcefully rotating column of air extended from a thunderstorm to the 

ground [2]. There is still much that remains unknown about tornados–especially how they 

are formed.  Knowledge to this date suggests that they are the result of the combination 

of strong vorticity generation either in the thunderstorm or surrounding it and strong, 

accelerating updrafts in an unstable troposphere. A wide variety of ideas and theories 

including spinning downdrafts, have been proposed to explain the formation of tornados 

[1]. Most likely it is a complex combination of several of these theories, but to this date 

the answer to this question is not known.   Supercell thunderstorms can often give rise to 

tornados.  Figure 1.2 demonstrates the typical airflow movement within a supercell 

storm. It is not hard to imagine how under certain circumstances the spiral updraft 

column can be transformed into a tornado.     

   

Figure 1.2:  Schematic of a supercell thunderstorm.  [1] 
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While there is enormous variance from tornado to tornado, generally speaking, 

the tornado life cycle can be described as having five stages: dust whirl, organizing, 

mature, shrinking and decaying or rope as depicted in figure 1.3 [1]. 

 

Figure 1.3:  The five stages of tornado formation: (a) dust whirl (b) organizing (c) mature 

(d) shrinking (e) decaying [3]. 
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1. In the first stage, dust whirl, a swirling column of dust forms on the ground and a 

small hanging vortex of cloud i.e. a pendant funnel, is located up in the clouds 

above it, but not connected to it.  If both the dust whirl and the pendant funnel are  

visible, then a true tornado has formed despite the fact that they appear to not be 

connected.  On the contrary, if only the pendant funnel is visible, it is not 

considered a tornado but rather termed a funnel cloud aloft.  

2. In the organizing stage the tornado tends to increase in size and intensity.  The 

cooler, more humid air in the clouds above is drawn into the funnel and gives the 

appearance of the visible part of the tornado descending downward. This humid 

and cool air that descends downward reaches low-pressures and expands causing 

the air to cool below its dew point temperature.  As a result, some of the moist air 

condenses into cloud droplets, and contributes to the appearance of the visible 

funnel.  

3. During the mature stage the tornado is at its largest size and typically positioned 

vertically or at only a slight angle with respect to the ground.   

4. The shrinking stage of the tornado takes place when the diameter of the tornado 

begins to decrease in size and the lower end of the funnel starts lagging behind the 

top, tilting the tornado.  The decrease in the tornado diameter reduces the 

destruction path, however, due to the smaller diameter, the funnel may rotate 

faster to compensate.  

5. In the final decaying stage the tornado stretches into a thin rope-like funnel, 

sometimes extending even a mile long.  Most of the power and destructive 

qualities of the tornado have dissipated, however, significant damage can still 

occur at this unpredictable stage. 

 

In general, people tend to assume that a tornado’s funnel maintains the stereotypical 

single vortex form. In reality, tornados undergo various forms of airflow often leading 

from a single cell vortex to a multi-cell vortex.  This process is best explained with an 
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illustration shown in Figure 1.4.   In part A of the figure, the flow of a single cell vortex 

with laminar flow is demonstrated and characterized by upward flow in the inner core 

region and a single funnel.  It is worth noting here that when the term ‘laminar’ is applied 

to vortices, it does not usually refer to the true physical state of the flow (most laminar 

vortices have turbulent intensities greater than 1%) but rather to the observable 

smoothness of the flow. The transition from laminar to turbulent flow in a vortex occurs 

with a ‘bulge’ created by a region of downward flow in the inner core descending from 

the top and encountering the laminar upward flow.  Part B demonstrates this flow 

transition known as the ‘vortex breakdown’.  Once the downward flow reaches the 

bottom of the vortex, the transition is complete and fully turbulent. The vortex then 

develops into a two-cell vortex as seen in Part C.   As the tangential component is 

increased the vortex can continue to split into more cells as seen in Part D [3].   

 

Figure 1.4: Stages of multi-cell vortex development [3] 
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 Many have made it their life’s work to study and research tornados.  A 

worthwhile question is, why study tornados?  What do these studies hope to discover?  

The probability that a tornado will strike a given home in tornado-ridden parts of the 

country is very small.  However, when tornados do strike, and about 800-1000 do per 

year in the US, the result can be fatal for both people and structures in its path.  Hence 

there is a motivation to both warn people earlier of a possible approaching tornado, and 

also to build structures in such a way that they protect the people within them and the 

property damage is minimized when tornados strike.  The latter motivation is sometimes 

misunderstood.  The question is not whether the engineering technology exists that is 

necessary to build buildings that can withstand tornados, but rather whether these 

methods are affordable for the average building i.e. residential housing, as well as high-

engineered structures such as nuclear power plants and commercial buildings.  As it 

stands now they are not, and so better engineering techniques need to be developed.  Few 

people or businesses can afford military-style bunkers, the material costs are too high and 

it is just not economically feasible or practical.  Improved engineering techniques could, 

on the other hand, make better use of the materials used in buildings by increasing the 

resistivity of the buildings to damage.   

 Obtaining data (pressure distributions and velocity profiles) from real life 

tornados is both dangerous, costly, and largely impractical.  Most tornados last under an 

hour and thus a researcher could spend years trying to be at the right place at the right 

time and never have the opportunity to set equipment up for tornado analysis or even 

view a tornado.  For this reason it is neither convenient, nor feasible to perform detail 

studies of real life tornados as well as their impact on structural test buildings.  For 

example, the Vortex2 project that is currently ongoing research sponsored by the 

National Science Foundation and the National Oceanic and Atmospheric Administration, 

May 10 – June 13, 2009, and involves 18 universities and industrial partners has yet to 

locate a tornado, demonstrating how difficult fieldwork is. 
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With numerical simulations or physical simulations, the simulated tornado is an 

approximation of some type.  However, both have the advantage of being controlled and 

repeatable. The VorTECH Simulator has been designed and built to obtain fundamental 

knowledge of fluid-structure interaction (tornado-like wind loading) in vortical flows in 

systematic, repeatable simulations.  

 
1.2 Literature Review 

 
1.2.1 Simulators 

 
 

Generally speaking, tornado simulators have for the most part become a thing of 

the past.  Back in the 1960s-1980s, tornado simulators were of great interest to the 

scientific community involved in atmospheric research and it was the primary method of 

researching vortex formations.  Limitations to such methods eventually became apparent 

and by then the computational power of the computer was quickly becoming a more 

viable tool.  Researchers realized that in order to retrieve any more information from 

physical simulators, they would have to be built on a much larger scale.   Therefore, it 

became far less costly and easier to use computational models than to run physical 

simulations.  By the 1990’s the use of the vortex simulator was, for the most part, no 

longer the method of preference when it came to tornado research.  The majority of the 

programs that utilized them had shut down, but a few continue to run the simulators for 

demonstration only [4]. 

 The first tornado simulators used water as the medium of study instead of air.  In 

these tall cylindrical water tanks, the tangential (rotational) flow was implemented either 

by directed water jets or most commonly by rotating the cylinder.  Long  in 1961 used a 

rotating cylinder filled with water to study vortices.  Another study, performed by Turner 

and Lilly in 1963, involved a carbonated water vortex with a carbon dioxide gas inner 

core, and Turner in 1966 later on experimented with injecting air bubbles into the rotating 

liquid vortex.  Water studies of tornados quickly encountered major obstacles that led to 

the abandonment of its form of tornado research.  Size and laminar flow were major 
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limitations.   It was not feasible to build a large enough hydrodynamic simulator 

necessary to model the turbulent flow of tornados [5].   

Ying and Chang in 1969 [5] were the first to perform and document serious 

tornado simulator studies using air as the vortex medium, and they, in effect, gave start to 

the large amount of research that would go on in this area.  In their research they 

demonstrated the necessity of having both circulation and updraft to create a standing 

tornado-like vortex near the ground. The simulator that they created was a large 

cylindrical shaped apparatus, which utilized a suction fan on its top to create the updraft, 

or mass sink, and a rotating cylindrical screen to impose a tangential velocity to the air, 

which was drawn through the simulator sides.   In this manner they were able to 

independently control the radial and tangential components of the vortices by altering the 

speeds of the suction fan and the rotating cylinder, respectively.  Figure 1.5 provides a 

depiction of this simulator setup.  The tornado-like vortices created were visualized by 

introducing kerosene smoke into the simulator.  

   

Figure 1.5: Ying and Chang’s Tornado Simulator [5]. 
 
 

In effect, their research demonstrated the usefulness and possibility of simulating 

tornado-like vortices. They demonstrated that the circulation can be controlled and 
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implemented in such a way that no significant secondary flows are introduced and that an 

updraft fan could be implemented without imposing a complex buoyancy effect on the 

system.  It was found that pressure in the turbulent ground boundary layer is effectively 

constant with respect to height, with the exception of the area immediately around the 

vortex core.  In this region, the lack of a rotational component of the velocity eliminates 

the centrifugal force that was balancing the positive pressure gradient, and hence the 

result is radial inflow and radial shear stress.   In the locality near the foot of the vortex 

core, it was not possible to obtain data at the time due to the complexity of the flow in 

this region and its sensitivity to flow obstruction caused by velocity probes.  

 In 1972, Ward [6] constructed a tornado simulator that would become the 

standard type of simulator used for almost all future simulations.   Future simulators that 

bear general similarities to his simulator are hence termed ‘Ward’ type simulators.  The 

simulator had two important differences in comparison to the simulator of Ying and 

Chang.  The first important difference was the addition of a honeycomb section in the 

updraft region to decouple the vorticity of the updraft fan.  The second difference was 

that the inflow region was restricted to the lowers levels as opposed to over its entire 

height.  A direction vane was added to measure the inflow angles for different rotational 

speeds of the rotating screen.  The Ward simulator is depicted in Figure 1.6.  

 



Texas Tech University, Luke J. Mayer, August 2009 

10 

 

Figure 1.6:  A vertical section of Ward’s Simulator. [6] 

 

 In his research, three distinguishing characteristics of tornados were noted and 

summarized as  

i) Tornados have a characteristic surface pressure profile. 

ii) A bulging deformation can be noted on the vortex core. 

iii) Multiple vortices can occur in a single convergence system. 

 

Ward concluded that it is only possible to simulate features (i) and (iii) when the diameter 

of the updraft column is greater than the depth of the inflow layer.  

By taking pressure measurements on the ground surface of the simulator as well 

as solving the conservation of momentum equation for the system, Ward demonstrated 

what the surface pressure profile of a simulated tornado should look like.  The pressure 

profile shows a sharp drop in pressure right around the vortex core.  The significance is 

that it makes it possible to confirm the existence of a vortex or vortices without having 

had to visualize them.  In the transition within a vortex from laminar to turbulent flow, a 

notable bulge, or “vortex breakdown” was observed.  In the laminar region of the vortex, 

the vortex core flow is upward, whereas in the turbulent region of the vortex it is just the 
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opposite.  The “vortex breakdown” is where these two opposing flows meet and a bulge 

is created by the two colliding flows.  This breakdown is representative of the transition 

from laminar to turbulent flow in a vortex. 

Observed in real tornados on multiple occasions, Ward was the first, however, to 

simulate a multiple cell tornado.  See section 1.1 for a description of what defines a 

multiple cell tornado or vortex.  Using the Ward simulator at a configuration ratio 

(defined as the ratio of the height of the convergent region to the radius of the updraft 

hole) of 4, at small air inflow angles of 2-3° (measured from the radial direction) a single 

cell vortex was formed in the simulator.  The diameter of the cell increased 

proportionately as the angle was further increased until the angle reached 30°, at which a 

vortex pair developed.  The flow was shown to become more stable upon the formation 

of the vortex pair.  By increasing the inflow angle further, more vortex cells were 

developed in the vortex structure.   

Davies-Jones [7] reinterpreted Ward’s results in 1973 to come to a few different 

conclusions.  He found that the turbulent core radius of a vortex depends solely on the 

swirl ratio and hence is not a function of the depth of the inflow.   Most importantly, it 

was concluded that it is the volume flow rate, not the radial momentum flux as Ward 

suggested, which is the primary factor in creating atmospheric vortices.  He supported 

this conclusion by demonstrating with experimental data that changes in radial 

momentum flux caused by changes in the inflow depth did not change the core radius of 

the vortex.   Experimental results show the vortex core radius to increase in size with 

increased swirl ratio.  Jischke and Parang [8] developed an analytical model that closely 

matches this core size trend.  They also sought to model analytically the cause of the 

development of instability that occurs in a single cell vortex when the swirl ratio reaches 

a critical value and the vortex transitions into a two-cell vortex.  Their conclusion was 

that this development of instability is nonlinear and induced by the flow boundary. 
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A vortex simulator was designed and constructed using the principles of Ward’s 

simulator at Purdue University by Church, Snow, and Agee [9] in 1977.   Essentially the 

design was the same, with the exception of some small improvements such as 

antiturbulence panels and differing dimensions.  A vertical cross-section of the Purdue 

vortex simulator is shown in Figure 1.7.  In the schematic, rs and h represent the radius 

and height of the lower rotating chamber and ro represents the radius of the circular 

opening at the top of this chamber. 

 

Figure 1.7: A vertical cross-sectional view of the Purdue vortex simulator [9]. 

 

Their initial work focused on determining the range of vortex types that could be 

created with the simulator, evaluating flow visualization capabilities, and measuring 
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some initial quantitative velocity flows within the chamber.  They were able to nicely 

visualize vortex breakdown and multiple vortex configurations.  Church et al. proposed 

that laboratory experiments have the potential to produce a universal stability diagram 

that describes the conditions necessary for vortex breakdown as well as transition to 

multiple cell vortices all as a function of increasing swirl ratio values.   

Vortex research with the Purdue simulator continued with Snow, Church and 

Barnhart [10] performing an extensive analysis on the floor pressure distribution of 

various vortex types.  They presented a non-dimensional comparison between the 

pressure distributions as a function of swirl ratios at three different flow rates.  The 

results clearly depicted the transition from no vortex to a single-cell to a two-cell vortex, 

and provided a visual means of understanding how the pressure is distributed at the 

surface of various flows.  In the case of the purely single-cell vortex one long icicle-like 

drop in the pressure at the origin is seen.  On the other hand, in the well-formed two-cell 

case, a decrease in the pressure drop at the origin is noted and two pressure drops can be 

seen to each side of this raised region.  The raised region in the center of the pressure 

distribution is quantitative evidence of the up flow that occurs in turbulent multi-cell 

vortices.  It was also noted that the largest pressure deficits and pressure gradients occur 

in the cases of the single-cell vortices.  

 The swirl ratio is a critical value in tornado or vortex research.  Church, Baker 

and Agee [11] performed a detailed analysis of the characteristics of tornado-like vortices 

as a function of swirl ratio in 1979.  They examined the various stages of vortex 

transition, namely: 

i) The laminar single-cell vortex 

ii) The single cell vortex with a breakdown bubble separating the laminar lower 

region from the turbulent upper region.  

iii) The fully developed core in which the breakdown bubble has reached the 

simulator surface. 

iv) The vortex transition to two intertwined helical vortices 

v) Higher order multiple-cell vortex configurations. 
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They address the fact that as the angular momentum of the vortex flow is increased 

(synonymous to increasing the swirl ratio) the transition from each of the stages listed 

above occurs, starting with the single cell and progressing eventually to a multiple-cell 

configuration.  Several observations involving the flow down stream of the breakdown 

bubble were noted. One of the observations made was that the flow on the outer edge of 

the core locally accelerates while the inner core locally decelerates downstream of the 

breakdown. It was concluded that the vortex configuration is only weakly dependant on 

the aspect ratio, and primarily a function of the swirl ratio.  

 Following the two previous simulators, the TVC and the TVC I, the next phase of 

vortex simulation at Purdue involved the design and construction of the next simulator 

TVC II by Snow and Lund [12].  The primary motivation for building the TVC II was to 

have a simulator where Laser Doppler Velocimetry could be used to non-intrusively 

measure the velocity field in vortex core regions.  By using this method, measurement 

could be taken where intrusive methods have never worked well, especially the region 

where the flow takes a corner-like turn and takes off vertically, as well as where there are 

the highest tangential flows.  The simulator design is still considered a Ward’s type 

simulator, however several changes and improvements were made with respect to 

previous models.  Since the primary objective was to use LDV, one of the requirements 

of the new design was that the rotating screen be replaced by adjustable vanes (airfoils) in 

order to eliminate the noise and vibrations caused by the rotating screen system.  Other 

changes included implementing a larger and movable two stage flow straightening 

system as opposed to the typical one stage straightener.  The design allowed for the lower 

straightener to be moved up and down to ease comparison of results to other numerical 

model results. A large pyramid-shaped plenum was placed at the top of the simulator in 

the effort to impose a more equally spread pressure distribution.  The last significant 

improvement was the placement of removable instrument disks in the simulator floor.  

These disks enabled quick removal and placement of instrumentation in the simulator as 

well as making it easy to check data symmetry by rotating the disks.  A cross-sectional 

view of the TVC II is shown in Figure 1.8.  
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Figure 1.8:  A cross-sectional view of the TVC II, demonstrating its turning vanes and 

pyramid-shaped plenum [12]. 

 

The new TVC II design was not without its drawbacks.  The primary drawback was 

that with the removal of the rotating screen system and the placement of the airfoils, there 

was no longer entirely independent control over the volume flow rate and the circulation 

of the flow field. As a result, it was difficult to achieve the high swirl ratios that were 

obtained in previous models. Additionally, vortex wander caused significant challenges 

in interpreting the velocity data. 

 One of the few non-Ward-type simulators was just recently built at Iowa State 

University in 2007 by Haan, Sarkar, and Gallus [13].  Designed with the intent to study 

the induced aerodynamic loads on civil engineering structures, it was built with the 

ability to create vortices that can translate across the simulator surface.  As a result of not 

following the traditional Ward design, there are several features that differ greatly from 

that of previous simulators and are worth mentioning.  The most striking difference was 
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the “top down” approach used in the design of the structure.  In general, there were four 

design requirements for the simulator: 

a) The vortex must be stable. 

b) The formation of the vortices must be likened to real world processes. 

c) The simulator must allow for control of the usual vortex parameters such as the 

aspect ratio, Reynolds number, swirl ratio and diameter of the vortex core.  

d) The simulator must create a translating vortex.  

Since it was desired that the simulator be able to move and hence create a translating 

vortex, the whole simulator was built so that it is suspended from an overhead crane.  The 

crane itself has the ability to move the simulator a distance of 34 ft back and forth over 

the floor surface.  Another key feature of the design is that it utilizes “rotating forced 

downdraft” or RFD.  The fan in the center of the simulator creates the typical updraft, 

however the air from the fan is guided back down toward the surface by use of a annular 

duct system.  Turning vanes in the vent system enable circulation to be imposed on the 

forced downdraft air. A cross-sectional view of this simulator is shown in Figure 1.9. 

 

Figure 1.9:  A cross-sectional schematic of the ISU suspended simulator. [13] 
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Initial studies were preformed that quantified the surface pressure distribution and 

examined the velocity profiles under various conditions.  The simulator has the capacity 

to create vortices with radii from 0.23 m to 0.56 m and both single and two-celled 

vortices.  Surface pressure distributions and velocity profiles were performed to quantify 

the vortex structures the simulator can produce.  Future studies will include studying the 

effects of aerodynamic wind loading on model structures.   

 After an initial proof-of-concept tornado simulator called TTU-VSI, and second-

generation Ward-type simulator, TTU-VSII, was designed and built to further pursue the 

research at Texas Tech University.  The general design is similar to past Ward-type 

simulators, however there was a significant difference in how the rotation flow was 

induced.  Sixteen slotted air jets made of PVC pipe were placed in a circular fashion 

around the simulator center.  By adjusting the direction of the jets the swirl ratio could be 

changed.  Theses jets were used so that it would be possible to have access to the inside 

of the simulator from the outside and perform moving model studies by pushing models 

through the simulator.  A schematic of the simulator layout is shown in Figure 1.10.  



Texas Tech University, Luke J. Mayer, August 2009 

18 

  

 

Figure 1.10:  Schematic of Texas Tech University vortex simulator II (TTU-VSII) 

[14]. 

 

In 2005 Mishra et al.[14] and [15] compared data collected via the Texas Tech 

University simulator, TTU-VSII, with data available from two real tornados, the 

Manchester and Spencer, South Dakota tornados of May 30, 1998 and June 24, 2003, 

respectively.  The vortex simulation’s pressure surface profiles and tangential velocity 

decay were analyzed in light of the data collected during the actual tornados.   The 

comparison of the simulated and real data revealed a close similarity in the curves of both 

the pressure values and tangential velocity decay giving validity to the TTU-VSII 

simulator and leading to wind loading studies.   

Pressure distributions were measured on a small 30 mm cubic model having a scale 

around 1:3500 that was placed inside the vortex region.  The model was placed at 

different radial positions in the simulator and studied as a ‘permeable’ structure i.e. a 

structure whose internal pressure is equivalent to the local static pressure.  When the 
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model was placed at the edge of the simulator mesocyclone region – in other words, 

where r/ro =1, the pressure distribution resembled that of atmospheric boundary layer 

flow and only one face of the cubic had positive pressure on it.  As the location of the 

cube moved closer the center, two of the cubic faces had positive pressures.  When 

positioned quite close to the center, positive pressure was observed on all the faces of the 

cube as a result of the highly negative local static pressures.  The point being, that in a 

wind tunnel the flow is primarily unidirectional and therefore positive pressure will 

usually be observed only on the side facing the oncoming airflow.  Essentially the results 

demonstrated the questionability of using standard wind tunnels to perform tornado wind 

loading studies.  The geometric scaling of this wind loading analysis is an order of 

magnitude larger than what is typically acceptable in the wind engineering community 

(~1:300) and so it was concluded that a larger simulator would need to be built.  It was 

with this motivation that Texas Tech University’s next simulator, VorTECH, was 

designed and built to have an updraft radius 10 times larger than TTU-VSII.  With 

VorTECH it will be possible to perform more detailed wind loading studies on various 

structural models.   

  

 

1.2.2 Measurements 

When it comes to studying simulated tornados, there are two kinds of data that are 

of particular interest: velocity and pressure.  By measuring the velocity field of a tornado-

like vortex, it is possible to develop a better understanding of the flow interactions in the 

field. Velocity measurements at certain specific locations and directions allow valuable 

parameters to be calculated, such as the swirl ratio, which will be discussed in more detail 

in Chapter 3.  There are numerous methods through which velocity have been collected 

and can be split up into two categories, those that require something to be positioned 

inside the flow (intrusive) and those that measure the flow field without entering it 

(extrusive).  Intrusive methods disrupt the flow and hence can present less accurate 

information than a method that does not interfere with the flow. This is especially true in 
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the study of vortices where the air flow is highly multi-directional, where the probe might 

be measuring flow that has already been altered by its presence and having made a full 

circle.  Whereas in a wind tunnel, the flow has primarily no rotational component and so 

the disruption that the probe causes passes behind and is not again measured.  Herein lies 

the challenge of measuring tornado-like structures with intrusive probes.   The intrusive 

methods were the first techniques developed because of their ease of use and 

marketability, however as more accuracy has become a desire, more expensive but size 

limited extrusive methods have become available. The most commonly used methods are 

here described: 

 

Intrusive: 

i) Thermal Anemometers:  Thermal anemometry measures the velocity of 

a flow field by measuring changes in heat transfer across very small wires 

located at the end the probe.  The heat source is a small electrical heating 

element usually located in the probe.  

ii) Pressure Probes:  Probes such as the Cobra probe used in this work, 

utilize a small probe with multiple holes at its end to take pressure 

measurements and then convert this information into the velocity’s three 

axial components (see for example www.turbulentflow.com or 

www.aeroprobe.com).  

 

Extrusive: 

i) Laser Doppler Velocimeters (LDV): A point-wise measurement method, 

lasers and sensors are used in LDV to measure the velocity of a flow field 

by measuring the light reflected off particles that pass through the laser.  

ii) Particle Image Velocimetry (PIV):  When PIV is used; small (less than 

10 micrometer) particles must be added to the flow field.  Optical methods 

are then used to observe the movement of the particles over an area and 

convert this visual data into a velocity field.  
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Hot-film probes (constant temperature anemometry) were used by Cleland at 

Miami University to measure axial vertical velocities of simulated super-critical tornado-

like vortices.  The results from the research demonstrated a strong relationship between 

supercritical inner core region diameter and the vortex swirl ratio.  It also showed an 

apparent breakdown of supercritical structure below the vortex breakdown bubble.  At 

higher swirl ratios the inner core radius decreases to a diameter on the order of a diameter 

of a piece of hair, which was far smaller than the size of the probes.  It was suggested for 

future studies that a Laser Doppler Velocimeter system would enhance the resolution of 

the data [16].  Snow et al. (1977) also used single film hot-film anemometry to initially 

quantify the velocity flow field in the Purdue vortex simulator [9]. 

In the case of the VorTECH simulator, both thermal anemometry and Cobra 

Probe velocity measuring methods were available, however due to convenience, a Cobra 

Probe was used to measure the velocities.  It was preferred to use either LDV or similar 

technologies, however, due to their very large cost and the small area over which these 

technologies can measure (the desired area of measurement in the VorTECH simulator 

being large), this was not an option.  

 Pressure measurements are also of great value to studies of tornado-like vortices.  

While there are many possible variations of measuring pressure in such studies, the ones 

of most interest involve the measurement of the vertical change in pressure in the inner 

core, measurement along the simulator floor, and measuring the pressure distributions on 

various models.   

Measuring the pressure along the vertical axis of the vortex inner core is 

challenging, but it is an importance part of understanding the vortex structure.   Church 

and Snow [17] went about measuring the pressure change along this vertical centerline in 

order to determine how the central pressure drop in the vortex core varies with height and 

what relationships can be drawn between these pressure measurements and the geometric 

and dynamic parameters of the given flow field. A Pitot static probe was used to measure 

the pressure at various heights in the center of the vortex. Focusing only on one and two-
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cell vortices, the results from this study revealed a complicated relationship between the 

centerline pressure with height for both laminar and turbulent vortices.  Significantly, for 

low swirl (laminar) vortices, it was seen that the pressure deficit on the ground surface is 

always lower than that of the upper regions.  The largest pressure drops at the surface 

level were seen when the turbulent breakdown bubble approached the surface.  A cubic 

relationship was found between the central pressure drop and the circulation of the flow 

field. Further analysis in this area was conducted by Pauley [18], in his study of axial 

pressures in two-celled tornado-like vortices.  His objective was to improve insight into 

the relationship between laboratory vortices and real life tornados by better defining the 

vertical momentum balance in the core regions of two-cell vortices.  By using time-

averaged, stream-static pressure measurements, Pauley found that the axial pressure 

increased with height above the vortex breakdown and approached zero only well above 

in the convection zone. He found no indication that there is a return back to single-celled 

flow downstream of the vortex breakdown. He also concluded that turbulent stresses play 

an important part in opposing the infilling of the vortex core with higher-pressure fluid 

from aloft.  

If the pressure is measured across the diameter of the simulator floor, a particular 

pressure distribution is seen when a vortex is formed.  Ward [6] demonstrated this 

analytically as seen in Figure 1.11.   
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Figure 1.11: Surface pressure profiles for different flow types [6]. 

 

He demonstrated what a surface pressure profile would look like in a purely radial 

flow, a purely circulating flow, and when there is a combination of the two –which is the 

scenario that concerns tornado simulators. Snow, Church and Barnhart [10] performed an 

extensive experimental investigation into the surface pressure distributions of single-cell 

and two-cell vortices at varying swirl ratios. They utilized a movable probe connected to 

a variable reluctance differential pressure transducer. 
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One of the methods of determining whether a multi-cell vortex is present is to 

take this floor pressure and count how many signature pressure drops there are in the 

distribution—this number reveals how many cells are present.  This is specifically 

important in the case of the VorTECH simulator as it is hard to visualize the vortex due 

to the large flow rate involved.  However, because the vortex cells have a circular motion 

around the simulator center, the data may not reveal the presence of multiple vortices if 

the sampling rate is not high enough.  A Scanivalve pressure measurement system was 

used for all pressure measurements made with VorTECH.  The Scanivalve system had a 

pressure range of ± 10 inches of water (± 0.2 %).   

 

1.2.3 Conclusions and Objectives 

 A number of tornado simulators were developed since the 60s, of which 

essentially all are similar to Ward type simulators.  Regardless, the structural designs and 

the research objectives have varied from simulator to simulator, but most were 

atmospheric science focuses.  Past studies have shown that there are two important 

parameters that govern turbulent vortex flow, the aspect ratio and the swirl ratio which 

are further defined in section 3.1.  The VorTECH simulator has been built to allow an 

aspect ratio between ½ and 1.   The swirl ratio dictates what kind of tornado-like vortex is 

formed and simply put, it is a measurement of the amount of rotation in a given flow.  At 

low swirl ratios, the vortex takes a laminar single-cell form.  As the swirl ratio increases, 

the vortex becomes fully turbulent and starts forming multiple cells.   

Tornado simulators—which were a major focus of Tornado research from the 

1960s to the early 90s—have now become less prevalent in tornado research.  Most 

tornado research is now done numerically, however, significant challenges exist 

involving the validation of these models without comparable experimental data.  From an 

engineering viewpoint, there is still much to be learned from tornado simulators if they 

can be built at sufficiently larger sizes for suitable geometric scaling.  The aim of 

building VorTECH has been just that.  The VorTECH simulator is a continuation of the 

work done through two previously built, smaller simulators TTU VTS I, and TTU VTS 
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II.  VorTECH is the largest tornado simulator that has been built in the U.S. to this date 

and it is hoped that because of this characteristic, different experimental setups and more 

accurate results will be able to be achieved than was possible for previous smaller Ward 

type simulators.   Future objectives are to: 

i) Fundamentally understand how vortical flows load structures and 

compare these loadings with traditional atmospheric boundary layer 

(ABL) studies.  

ii) Fundamentally understand the effects of surface roughness of the 

tornado-like vortices and the subsequent affect on wind loading. 

iii) Utilize flow field data to numerically model debris transport.  

iv) Reduce structural damage of low-rise structures and loss of life in 

tornado events. 

The objectives of this research have been to complete the design and construction 

of VorTECH as well as to conduct initial studies that provide an idea of the simulator 

capabilities and lay a foundation for future studies with the simulator.  
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CHAPTER 2 

 
EXPERIMENTAL SETUP 

 
2.1 Design Criterion 

 
 The VorTECH Simulator is a large-scale experimental tornado simulator 

developed over the course of around ten years. A profile schematic of VorTECH can be 

seen in Figure 2.1 and an isometric view in Figure 2.2. Note the top portion of VorTECH 

is of fixed height but the bottom ceiling section slides within the top fixed portion to 

provide varying aspect ratios. 

 

Figure 2.1: VorTECH Simulator profile view. 
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Figure 2.2: A view from above VorTECH. 

 
 

2.2 Simulator 
 
 Prior to the commencement of this stage of the VorTECH project the central 

structural features and components of the simulator had already been designed and built. 

These central features include the structural framework of the simulator, updraft fans and 

electrical wiring, and the purchase of large foam blocks for the creation of the airfoils that 

are used to mechanically impart circulation.  Several important key features such as the 

airfoils, the flow visualization system and the velocity measurement system needed yet to 

be designed and integrated into the structure.   These were all addressed and 

accomplished in this research, and make up a large part of the pre-testing stage of this 

Master’s thesis project.  
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2.2.1 Design Stages 
 
 The design and construction process for this project consisted of numerous parts 

which occurred in some cases simultaneously and in other cases, sequentially.  This work 

was added to the uncompleted, initial stage in order to bring the simulator to a point 

where actual experimental work could be performed on tornado-like vortices. Each of 

these is discussed in further detail.  They include:  

(i) The honeycomb ceiling 

(ii) The airfoil  

i. Foil design 

ii. Foil construction 

iii. Foil surface treatment 

iv. Foil metal sub-assembly 

(iii) Simulator Floor 

i. Helium Channel 

ii. Traverse support 

iii. Observation window 

(iv) Traverse attachment 

 
2.2.2 Honeycomb 
 
 Eight high-speed fans located at the top of the simulator create the updraft 

through the central updraft region.  The fans were chosen with the specifications that they 

can provide 20,000 cfm at a pressure differential of ½ inch water.  Fan propellers induce 

turbulence and vorticity into the airflow and this is undesirable in the development and 

analysis of a vortex. Two inch thick, 3/8 diameter honeycomb was placed in a ceiling 

grid to decouple the vorticity caused by the fan propellers from the circulation input by 

the turning vanes.  Criticism has been made concerning the way previous simulators 

implemented flow straightening honeycomb in the same way that VorTECH has.  The 

argument is made that in real-life atmospheric conditions, the angular momentum (the 
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swirl) of the tornado vortex is gradually dissipated into the upper atmosphere.  Therefore, 

implementing this honeycomb in this manner forces the angular energy to suddenly 

dissipate very quickly at the top of the vortex and that is not representative of the actual 

dissipation mechanism.  Plans have been made to implement a self-rotating section of 

honeycomb in the ceiling to address this issue and introduce a more natural dissipation of 

angular momentum.  The vortex would cause the circular section of honeycomb to rotate, 

and thus the angular momentum at the top of the vortex would dissipate in this manner.  

The self-rotating dissipation mechanism was designed but was not implemented as it was 

first needed to quantify the simulator with the fixed honeycomb system.     

 
2.2.3 Air Foil Shape 

   One of crucial components of the VorTECH project was the process of designing 

and constructing the airfoils (wind vanes).  In order to create a vortex or vortices, it is 

obviously necessary to introduce an angular component into the wind flow velocity.  

There are several possible methods of achieving this outcome.  Several previous tornado 

simulators used wind jets located in a circular manner around the simulator to create the 

swirling motion of the air.  Other simulators utilized screens that rotated as the flowing 

air passed through it.  Wind vanes, otherwise called airfoils, were used in this design to 

physically direct the inflowing air into the circular path desired.  Often, when airfoils are 

used to direct airflow (in any situation), it is desirable for the airfoil to have a certain 

amount of camber (curvature) to redirect the airflow into another direction.  The camber 

reduces the formation of turbulence under the trailing edge of the airfoils and is 

particularly useful if the angle of attack remains relatively constant. 

 In the consideration of the airfoil design, being able to change the angle of the 

airfoils was of utmost importance. It would not suffice to have an airfoil design that only 

directed the airflow well between 35-50 degrees for example, but rather it was desirable 

to have one that spans a much larger range, 0-85 degrees (measured from the radial). A 

cambered airfoil would work excellently within a narrow range of angles but would 

create an increasingly larger turbulent flow on the convex side of the airflow as it got 

farther from that range.  For this reason, it was decided that a symmetric airfoil would 
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best suit the objectives of the research. A symmetric airfoil would not direct the airflow 

as well as the cambered airfoil in its small optimal range, however, it would be assured 

that the symmetric foil would function decently throughout a wider range (0-85 degrees).  

A cross-sectional view of the symmetric airfoil design is shown in Figure 2.3. The 

camber was accounted for in the overall design with the design of leading edge slats as 

seen in Figure 2.4.  However, since the velocity on the outside of VorTECH is very low, 

the need for camber is significantly reduced as compared to what would be needed in a 

wind tunnel. 

 

Figure 2.3: Airfoil profile with dimensions. 

 

 

Figure 2.4: Camber can be added to airfoil using leading slat. 
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2.2.4 Air Foil Construction 

 The material used to make the foil shapes were large 4.20 ft by 4.20 ft by 8.17, 1 

lb density polystyrene foam blocks (as seen in Figure 2.5) that had been purchased before 

the commencement of this project. The basic foil forms were cut out of these foam blocks 

using a computer-controlled hot wire foam cutter.   

 

Figure 2.5:  Large polystyrene foam block from which airfoils were cut. 

 

The foil design was constructed using software called Solidworks, and the cutting process 

was implemented with a foam-cutting software, Foamworks.  As a result of the precision 

required of the airfoils, each foil was cut individually.  The VorTECH Simulator was 

designed to have sixty-four airfoil pillars.   This required that 128 airfoils be made, two 

for each pole.  Because of the fragility of the foils, extra airfoils were constructed for 

possible replacements and the resulting airfoil count was around 144.  Due to the large 

number of airfoils that were needed to be made, an efficient and repeatable procedure 
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was needed to cut the foils to size and shape. A cutting process was developed that 

produced the foils to a sufficient tolerance.  The cutting process was as follows: 

i) The general foil form was cut using the profile in Foamworks and the foam 

cutter. Stacks of airfoils at this stage are shown in Figure 2.6. 

ii) One side of each of the foils were squared and trimmed.  

iii) The precision of the foam cutter had limitations, and there were slight 

variations from one foil to another.  Hence at this stage the foils were paired 

up according to how well they fit together, i.e. formed a uniform combination 

foil.   The pairs were numbered so that they could be paired later. 

iv) The other ends of the foils were then trimmed so that the foils were of correct 

length and had even surfaces.  For the bottom foils this meant they were 

trimmed to 39 inches long and the top foils to 37.5 inches. See Figures 2.7 and 

2.8 for the top and bottom airfoil dimensions. 

v) The next step differed between the top and the bottom pieces. Both corners 

were trimmed for the top airfoil pieces.   This allows for the top foils to be 

used by themselves when the simulator height is reduced by approximately 

one half, or around 37.5 inches tall, to the aspect ratio ½ case.  In this mode, it 

can be seen why two corners are necessary.  In the case of the bottom foils, 

only the bottom corner was cut away.  All of the corner-cutting was 

implemented by manually entering in the cutting distances into Foamworks 

and using the foam cutter.   This process is demonstrated in Figure 2.9. 

vi) The final cutting involved trimming of the airfoil tip—a crucial part of the 

design.  It was a design requirement to have the foil tips as thin as possible to 

allow for the smoothest flow right after the tip in order to minimize the 

trailing edge vortex that is shed into the flow field.  A straightedge and a razor 

were used to carefully trim the almost paper-thin tip as seen in Figure 2.10. 
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Figure 2.6: Stacks of airfoils awaiting further trimming. 

 

 

Figure 2.7: Schematic of bottom airfoil. 
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Figure 2.8:  Schematic of top airfoil. 

 

 

Figure 2.9: performing a corner cut with the CNC hot wire foam cutter. 
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Figure 2.10: Careful trimming of airfoils. 

 

 

While perhaps seemingly a simple cutting procedure, the process of determining the most 

precise ways of implementing these procedures took time to develop and even more time 

to implement for over 144 foils.  The result was that over 792 foam cuts were made. The 

complete cutting process required for a bottom foil is demonstrated in Figure 2.11.     

 



Texas Tech University, Luke J. Mayer, August 2009 

36 

 

Figure 2.11: Airfoil cutting process for bottom airfoil. 

 

The simulator was built with 4 inch extruding braces where each airfoil could be 

attached to the ceiling and floor of VorTECH.  As a result the bottom corner of the 

bottom airfoils and both corners of the top airfoil had to be removed to give room for 

these fixtures.   Figure 2.12 demonstrates the airfoil pole fixtures and also contrast the 

pre-coated airfoil stage and the finished complete airfoil column.  
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Figure 2.12:  Airfoil-pole assembly in pre-coated stage (left) and completed stage (right). 

 

2.2.5 Dual Height Design 

 The design of the VorTECH simulator structure includes the capacity to adjust the 

aspect ratio between ½ and 1 by lowering the inflow chamber ceiling (which is attached 

to the inner surface of the updraft cylinder). Note that aspect ratios of ½ and 1 were 

fabricated in the simulator design and other aspect ratios would need to be fabricated 

(stops would have to be made). The outer structure of the upper part of the simulator 

holding the fans does not move as it is permanently secured to a superstructure consisting 

of I-beam framework.  This dual height feature gives the option to decrease the space 

between the ceiling in the inflow chamber and the floor, giving the simulator a second set 

of air inflow parameters, essentially providing a second set up with twice the air velocity 

ranges.  This gives the simulator two preset aspect ratios  a = 1, ½ (a =ro/h) to which it 

can be adjusted. 
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 This feature was incorporated into the design of the airfoils so that the transition 

from the simulator setup of full height (aspect ratio of 1) to the half height setup (aspect 

ratio of ½) would not require an entire new set of airfoils. In order to reduce the aspect 

ratio of the simulator to ½ , the foils would need to be removed from the simulator.  The 

foil pairs would then be disassembled and reassembled using the top foil mounted on a 

shorter metal framework.  The main structure of the simulator would then be lowered by 

loosening the fastening bolts and letting it down by means of the attached chain based 

block and tackle system.  

 

 

2.2.6 Foil Surface Treatment 

 The foam used to create the airfoils was polystyrene—much like the foam found 

in packaging although slightly more dense and tough.  It was essential that the foils not 

bend excessively, break under the force of the airflow or be easily damaged as they are 

moved around and rotated on their poles.  The preservation of the foil tip was especially 

important.  Liquidrock, an epoxy-based coating for covering theatrical foam pieces, was 

deemed the best option for coating the foils and leaving a hard shell on their surfaces.  

However, the cost per gallon was on the order of  $78, and it was estimated that it would 

certainly cost the project at least $1500 by this method.  Upon the suggestion of Jeff 

Livingston, Elmers Probond wood glue was tested on the airfoils and found to give a thin, 

yet satisfactory coating.  Approximately a fourth of the cost of Liquidrock, it was deemed 

the most cost efficient method of strengthening the foils.  A positive quality of the 

Elmer’s glue was a degree of flexibility that the brittle Liquidrock did not have.  Several 

methods of applying the glue to the foil surfaces were used, including paintbrushes, using 

a paint-sprayer in combination with brushes, and utilizing paint rollers.  Adding 

approximately two cups of water per half gallon of wood glue and applying it with a 

roller brush proved to be the most successful method of applying the glue.  The glue-

coating procedure went as follows: 
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i) The airfoils were coated one side at a time and placed under a fan to aide in 

the drying and prevent glue droplets from forming. This procedure was 

repeated until the foils each had three coats of Elmer’s Probond wood glue on 

each side.  Figure 2.13 demonstrates the use of a paint-sprayer to apply the 

wood glue. 

 

 

Figure 2.13: Paint-spraying airfoils with wood glue. 

 

 

ii) A seven-inch section of the foil tip (trailing edge) and a two-inch border 

around the foil top and bottom were given an additional coat of wood glue to 

strengthen the corners and edges as seen in Figure 2.14.  
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Figure 2.14: Result after three coatings and a 7-inch extra layer of wood glue on tip. 

 

 

iii) The seven-inch portion of the airfoil tip was lightly sanded and a coat of 

LiquidRock was applied to both sides as shown in Figure 2.15.  

 

 

Figure 2.15:  An array of airfoils with epoxy coating on airfoil tip. 

 

iv) A heavy coat of flat black latex paint was applied to the airfoils.  It was 

decided to paint the foils black to aid in illumination of the vortices by 

providing contrast.   
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The summation of all of this process came out to be the painting of over 7968 square feet 

of wood glue and epoxy and over 2478 square feet of black paint. 

 

2.2.7 Airfoil Assembly Design 

 The foils needed structural support that would fix the airfoils relative to the floor 

and the inflow chamber ceiling.  Sections of 1 ½ inch galvanized steel pipe had already 

been purchased and cut to length for this purpose.  A tight fit of the foam on the poles 

themselves may not be sufficient to keep the foils from rotating around the poles when 

subjected to air flow.  In addition, it was desirable that the air load on the foils would be 

distributed well enough that the foam foils would not wear or break around the 

attachment locations. Three steel tabs were welded on the poles in manner such that both 

top and bottom foils were held in place by the tabs in two places.  The middle tab was 

placed where it is shared by both the top foils and the bottom foils and served also to 

keep then in line with each other. Hose clamps served to fix the top and the bottoms of 

the poles to fixtures on the simulator ceiling and floor. The airfoil pole dimensions are 

shown in Figure 2.16:  

 

 

Figure 2.16: Airfoil pole dimensions. 
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The metal tabs were designed such that one inch of them extend from the foils in order to 

allow for the attachment of a leading edge slat that could be used add camber.  A 

symmetric airfoil profile was chosen to optimize the angle range to which the air foils 

could be turned while minimizing the amount of flow separation occurring on the back of 

the foil tips. The slats are a part of the future work that will be done with VorTECH, and 

were not built in this project. 

 

2.3 Simulator Floor 

At the start of this project, a 12 foot by 10 foot section of flooring immediately under the 

simulator superstructure was completely open and unstructured.  Steel pearlings were 

temporarily laid across the floor and intended by the fabricators of the simulator 

superstructure to be used for the flooring cross-beams. The heights of the pearlings, 

however, were ½ inch too tall to match up with the rest of the flooring and so 2 by 6 inch 

wood beams were purchased.  They were used because they could be easily cut and 

trimmed to size.  Several important features needed to be included in the construction of 

the simulator floor.  These included channels for flow visualization, the necessary 

infrastructure for using the traverse, a viewing window and an entry way into the 

simulator area from the observatory pit.  On top of all this, it was necessary that the 

flooring to be structurally sound enough to walk on when in the simulator chamber.  

  

2.3.1 Helium Bubble Channel 

 Three helium bubble generators had been previously purchased to generate 

neutrally buoyant bubbles for visualization purposes and would be positioned in the 

observatory pit.  It was necessary, therefore, that there would be some means of 

connecting and distributing the flow of the bubbles into the simulator area above.  A flow 

visualization channel was designed consisting of a rectangular channel approximately a 

foot wide and 6 inches deep that encompassed the center of the simulator floor on all four 

sides.  The channel itself receives the bubbles from tubes connected to the bubble 

generators and then disperses the bubbles through a one-inch slot that runs the length of 
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the channel. Since everything is controlled from down below in the VorTECH 

observatory pit, it was desirable to be able to see if the bubbles were flowing out of the 

channels correctly from down below.  Clear acrylic sheet were used to line the channel on 

its bottom side and provide a viewing window.   

  

2.3.2 Traverse  

 One of the mandatory outcomes of a tornado simulator is to be able to produce 

velocity data representative of the velocity field in actual tornados.  For this to be done a 

velocity probe needs to be moved across a cross-section of the velocity field and velocity 

measurements need to be taken at many locations.  To move a probe manually from 

position to position is time consuming and the accuracy limited.  In a wind tunnel, a 

traverse is typically placed directly in the wind tunnel and a rod is attached to the traverse 

carriage that holds the velocity probe upwind of the traverse.   As long as the airflow 

direction through the tunnel is known and the rod holding the probe is sufficiently far 

from the traverse, it can be safely assumed that the traverse is only minimally disrupting 

the airflow near the probe and thus the measurements are acceptable.  The situation is 

different in a tornado simulator because the flow is highly three-dimensional.  If the same 

traverse is placed in the flow field there is a high chance that the flow field the velocity 

probe is attempting to measure is disturbed by the traverse’s presence; such is the 

challenge when it comes to obtaining data in tornado simulators.  

 Taunt wire systems and scissor-jack traverses were proposed to position the 

velocity probes, the fabrication and development of the dynamic control of such systems 

were considered and designed previously by a senior design group and will be 

investigated further in the future. At this time there was nether the finances nor the time 

to pursue the complicated construction of one of these. This motivated the development 

of a simpler design using the wind tunnel traverse that we already had.  By cutting a 

narrow slot in the simulator floor that extends a radius of the updraft region, the velocity 

probe could be extended through the slot by a pole connected to the traverse in the 

observatory pit under the floor. This setup is shown in Figure 2.17.  Cutting the slot 
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through the center of the floor required that four 4 inch by 4 inch beams be used to 

structurally support the floor in this area.  A traverse platform was then built between 

these pillars to hold the traverse at the heights such that the traverse could move the 

velocity probe(s) through the near surface region where models would reside. 

 

Traverse Attachment  

The traverse arm used in the TTU wind tunnel held the probe away from the traverse in 

the horizontal direction.  In the case of the VorTECH simulator setup, an attachment was 

needed that held the probe vertically above the traverse and allowed rotation of the probe 

about its axis.  The rotation is necessary because the Cobra probe only has a 45-degree 

region where it reads accurate data.  If the airflow is not sufficiently pointed in this three-

dimensional cone, the probe has to be rotated until the Cobra probe can make an accurate 

reading and the angle of rotation included in the calculation of the velocity flow field.  

The probe attachment device is shown in Figures 2.18 through 2.21. 
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Figure 2.17: Traverse support structure. 

 



Texas Tech University, Luke J. Mayer, August 2009 

46 

 

Figure 2.18:  Probe holder attachment diagram. 
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Figure 2.19: Detail A of probe holder attachment. 

 
Figure 2.20: Detail B of probe holder attachment. 
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Figure 2.21: Probe-holding attachment mounted on Traverse. 
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2.3.3 Viewing Window and Web camera 

 Two different viewing options were incorporated into the simulator design so that 

what is happening in the simulator can be viewed from underneath in the observatory pit.  

The original design of the simulator was to have the whole portion of the ceiling in the 

observatory pit covered by three 4 foot by 8 foot by 1 inch thick sheets of clear acrylic.  

Due to budget cuts the design was modified and only one sheet of ½ inch of clear acrylic 

was used in the center portion of the floor.  This allows for direct viewing in this area 

(convergence zone).  This setup is shown in Figure 2.22  A video camera was also placed 

inside the simulator that can be monitored and controlled from one of the computers in 

the pit.  As well as viewing the area, it also provides a convenient means of taking remote 

snap shots of the vortex area (confluence and convergence zones).   

 

Figure 2.22: Traverse support structure in conjunction with viewing window. 
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CHAPTER 3 
 

EXPERIMENTAL PROCEDURE 
 

3.1 Principles of Operation 
 

 Tornado-like vortices can take many shapes and sizes.  A science fair’s simulated 

tornado may look like a real tornado, but may not actually bear geometric or dynamic 

resemblance to a real one.  In the cases where tornado-like vortices are simulated for 

research purposes, it is of vital importance that the simulated vortices are appropriately 

geometrically and dynamically scaled. This is the same situation as in many other 

geophysical studies such as testing model buildings in a wind tunnel, modeling 

hurricanes and so on. Previous studies and research found three non-dimensional 

parameters that govern tornado structures in the atmosphere. Lewellen (1962) found these 

three parameters to be the aspect ratio (a), swirl ratio (S) and the radial Reynolds number, 

Rer .  The aspect ratio scales the geometry of the flow and the swirl ratio and radial 

Reynolds number influence the fluid dynamics of the flow field [11].  Davies-Jones later 

investigated the non-dimensional radius of the turbulent core and found it to be 

essentially a function of the swirl ratio alone, and hence the radial Reynolds number is 

usually considered of minimal importance and often ignored [7].  Thus the aspect ratio 

and the swirl ratio are the parameters of importance in scaling a simulated flow.  The 

aspect ratio provides a ratio of the inflow region height, h, to the updraft region radius ro 

and is given by the equation: 

or

h
a =        (1) 

 

The radial Reynolds number is given by the equation: 

πν2
Re

Q
r =       (2) 

 

Where Q is the volume flow rate per axial length and v is the kinematic viscosity of the 

air.   
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Ideally, the swirl ratio would be a parameter that could be considered universal 

and thus values could be directly compared from various simulators and data.  This is not 

always the case, and as a result can be a source of confusion.  The first Ward simulators 

(such as those created by Ying & Chang, Ward, and many others who followed) used a 

rotating screen to introduce a tangential component to the inflow velocity.  For some 

data, the speed of this rotating screen was considered to be equivalent to the tangential 

component of the air velocity at the entrance to the convergence region and used this 

value and location to calculate their respective swirl ratios.  Fouts [19] on the other hand 

utilized air jets to impose a tangential velocity component in the TTU Vortex Tornado 

Simulator II and calculated the swirl ratio using the average velocity of the air exiting the 

air jets. The VorTECH simulator uses airfoils to direct the airflow and introduce a 

tangential velocity component.  It is neither entirely feasible nor justifiable to measure the 

velocity just as the airflow leaves the foil tips.  Instead the velocity probe was placed 8 

inches off the ground at the radius of the updraft hole.  As a result of these differences of 

simulator setup and probe placement, the swirl ratios are not always comparable. 

Unfortunately this means that the swirl ratios cannot be taken at a face value but 

visualization is necessary to make sure that they do in fact correspond to the appropriate 

vortex structure. The swirl ratio is given by the following equations: 

 

Q

r
S o

2

)( Γ⋅
=       (3) 

 

oo vr ⋅⋅=Γ π2       (4) 

 
where: 
Q – volume rate of flow of an updraft through the updraft hole 
ro – radius of updraft hole 
Vo – azimuthal wind component at the outer edge of the updraft hole. 

Γ– approximate circulation at the outer edge of the updraft [4] 
 

In this study it was more practical to use a form of the swirl ratio equation that involves 

the radial velocity, tangential velocity and aspect ratio ( Vr, Vo, a)  measured at updraft 

edge at eaves height of model as  done by Mishra et al [14]. 
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 As far as swirl values go, the Purdue simulator (1977) created by Church et al. 

was reported to have a possible swirl ratio range from 0 to 30, but concluded that swirl 

ratio range of interest was in the whereabouts of 10^-1 to 1 [9]. 

 
3.2 Procedures 

 
 The objectives for this study consisted of several components, however the 

overarching goal was to complete the VorTECH simulator and perform initial studies as 

to what it can potentially do.  The largest phase of the project was the design and 

construction of the simulator, VorTECH. Due to the size and importance of the 

VorTECH simulator to the future studies of others, it was necessary that this portion of 

the objective was well thought through and done precisely.  The details of this design and 

construction are detailed in Chapter 2.  The second component of this project was to 

investigate means of visualizing the flow and to observe what kinds of vortices the 

simulator could produce.  It was of particular interest to discover whether multi-cell 

vortices could be created. Visualizing the flow would prove to be more difficult than 

originally thought due to the simulator’s size. The third portion of this project was to 

quantify the range of swirl ratios obtainable for the simulator by use of a Cobra velocity 

probe and relate them to the type of vortices seen visually.  Finally, the last step was to 

obtain pressure profiles for the various configurations of angles and fan speeds.  Ideally, 

velocity profiles of these configurations would also be valuable to future studies utilizing 

the simulator, however this turned out to be beyond the scope of this project.  
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3.3 Flow Visualization 

 
 Flow visualization is an essential element in the process of simulating tornado-

like vortices.  Without it, there is no easy way of verifying what kind of vortex 

structure—single cell, multi-cell, or even no vortex—is taking place in the simulator area.  

Visualization was not a primary focus of this study.  Two undergraduate students spent 

time working on this aspect, and some assistance was given.  As there was no previous 

work that had been done with the VorTECH simulator, it was not known what kind of 

vortices to expect and for which configurations they would occur.  Numerous 

visualization methods have been used by previous researchers, they include liquid 

nitrogen, fog generators, burning kerosene to create smoke, and using helium bubbles.   

Some of these were not even feasible to try with the VorTECH.  The VorTECH simulator 

is located in a warehouse, which also houses several office units; therefore smoke of any 

kind would not be permissible in such an environment.  Liquid nitrogen has the side 

effect of leaving water condensation on surfaces and because a significant part of 

VorTECH is made of plywood, condensation was to be avoided.  Four visualization 

techniques were used with the VorTECH simulator: foam particles, fog, potato flakes and 

helium bubbles. The foam particles and the potato flake gave visual shape to the vortex, 

however, the mass of the particles causes them to not accurately model the trajectory of 

the air in the vortex.  The helium bubble method utilizes a bubble generator that creates 

helium-filled soap bubbles that are neutrally buoyant and approximately a millimeter in 

diameter.  One of the generators is shown in Figure 3.1.   
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Figure 3.1: Helium-filled bubble generator. 

 

   This method of visualization proved to be the most effective for Texas Tech’s 

smaller vortex simulator, TTU Tornado Vortex Simulator II, however because of the 

increased size and volume rate this was not the case with VorTECH.  The bubbles were 

much smaller in relation to the vortex structure and three bubble generators were not 

sufficient to produce enough bubbles to visualize the flow.  However, the use of the 

helium bubble generators is still a work in progress because the bubble generators were 

not working at their best and also, much more could be done with varying the bubble 

release location.  The fog follows the airflow well; however it had the same problem that 

it dissipated far too quickly to give visual shape to the vortex.  If more fog could be 

produced, it might have potential. One of the challenges of the fog generator was that the 

quantity of fog produced was inversely proportional to the time the fog was on.   

 These visualization efforts simply provide a glimpse of the work that will need to 

be done in this area and in no way were an exhaustive study.  A significant amount of 

future work will need to be done to effectively visualize the VorTECH simulator.  

 
3.4 Measurement Techniques 

 
 For all the swirl ratio velocity measurements a Cobra velocity probe (± 2%) was 

used.   The corresponding TFA software was used to control the probe.  The probe was 
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set at the updraft radius and approximately 8 inches off the ground.  The Cobra probe has 

a 45 cone of accuracy in which the flow must be pointed.  For this reason the probe was 

positioned at an angle of 22 degrees from the tangent for all of the airfoil configurations 

except the purely radial foil position. All velocities were measured using a frequency of 1 

kHz for scan times of 5, 10, 15 and 20 seconds.  

Pressure measurements were made in the VorTECH simulator using a Scanivalve 

DSM 3000 system and ZOC 33/64Px scanning modules. Four ZOC 33/64Px modules 

were used to collect pressure measurements.  Each one is made up of 64 piezoresistive 

sensors that are activated and controlled by the DSM 3000 CPM, which is the control 

module for the pressure distribution.   Pressure measurements were taken at frequencies 

of 25, 50, 75, and 100 Hz and for scan times of 1, 5, 10, 20, and 30 seconds. All foil 

angles were measured from the simulator ‘tangential’ to the airfoil tip as shown in Figure 

3.2.  In other words, an airfoil pointed in a purely radial direction would be termed as 

have a 90 degree angle.  

 
 
 
 
 
 
 

 
Figure 3.2:  Schematic of how airfoil angle is measured. 

 
 

Φ, Airfoil Angle 

Airfoil 
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CHAPTER 4 
 

RESULTS AND DISCUSSION 
 

 The design and construction of VorTECH was the primary part of this project.  

From when this project first began to present time the simulator has been dramatically 

transformed.  The following Figures 4.1 through 4.6 visually demonstrate this change.   

 

 
Figure 4.1:  VorTECH structure at beginning of project. 

 

 
Figure 4.2:  VorTECH structure at the end of the project. 
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Figure 4.3:  Observatory pit at beginning of project. 
 

 
 

Figure 4.4:  Observatory pit at the end of the project. 
 



Texas Tech University, Luke J. Mayer, August 2009 

58 

 

 

 
 

Figure 4.5:  Transition from beginning to end of simulator inside. 
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Figure 4.6:  A Close-up profile of the completed VorTECH 
 

 Due to the extent of the design and construction portion of this study, the scope of 

the experimental portion of this tornado simulator study was limited to obtaining surface 

pressure profiles and swirl ratios as a function of vane angle and volume flow rate. The 

objective was to understand what kind of vortices the VorTECH simulator is able to 

make at an aspect ratio of one.  It was of particular interest to see if the simulator had the 
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capacity to produce multi-celled vortices at this aspect ratio. In general, the parameters 

that were varied in these studies were the foil angles and fan speeds.  In the case of the 

surface pressure distribution analysis the Scanivalve scan rate and scanning time were 

also varied in order to quantify their affect on averaged pressure distributions. Limited 

flow visualization efforts were attempted.  The results of this study reveal a great 

potential for future work with the VorTECH and set a foundation for the planning of 

future studies.   

 

4.1 Flow Visualization 
 

 Flow visualization is used to confirm experimental results.  Likewise, 

visualization can also be a qualitative means of revealing characteristics of the vortices 

that would not be able to be measured due to the limitations of data gathering equipment.  

The most successful means of visualizing the airflow in previous tornado simulators was 

done by using either kerosene smoke or helium filled neutrally buoyant soap bubbles.  

Burning kerosene produces a thick white smoke that captures the form of the airflow.  

Helium bubbles enable particle visualization and in this way it is possible to view the 

streaking paths of particles in the tornado-like vortex.  

 The VorTECH simulator is unique when it comes to visualization because of its 

airflow capacity and physical size.  Unlike many of the other simulators that have been 

built, VorTECH is neither an enclosed simulator nor has been built within facilities that 

enable the removal of smoke as a visualization tool.  For health reasons and because of 

fire alarms, smoke could not be used at this point in time.  Three helium bubble 

generators were available for use with the VorTECH simulator.  This visualization 

method was successful in Texas Tech’s previous VTS II simulator.  However, to date we 

are still trying to optimize the production and delivery of the helium system. A challenge 

for this system is the large volume flow rates and large vortex size.  In the VTS II the 

maximum inner core diameter reached around three inches and the VorTECH simulator 

reaches at least ten times that size.  In order to photograph the entire vortex in one frame 

with our current system, it is necessary to be positioned ten to twelve feet from the 
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vortex.  With this increased distance, the less than 1 mm diameter bubbles become nearly 

invisible to the eye and camera. On top of this, it was never possible to produce a 

sufficient quantity of bubbles to give form to the vortex. A combination of fluorescent 

dye bubbles and black light worked fairly well, but the dye stained the inner surfaces and 

was therefore eliminated from use.   

An F-100 Performance Fog Generator was also used and worked well under low 

volume flow rate conditions. It too, however, lacked the capacity to saturate the flow 

field at higher airflow rates and as a result only gave a vague and quickly dissipating 

form to the vortices.  In Figure 4.7 the inner core is partially seen, but the fog dissipates 

quickly after a vertical rise of around ten inches.   When the fog was fed into the vortex 

from the outer perimeter it tended to stick to the outer edge of the vortices and was thin 

and wisp-like.    

 

 
 

Figure 4.7:  Attempting to visualize the vortex with fog (inverted picture). 
 

 Other, less rigorous attempts visualization attempts were made.   Small square 

newspaper clippings were attempted with some success; however, it was difficult to 

sustain enough clippings at higher flow rates.    Although not optimal, the most success in 
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visualizing the VorTECH simulator was achieved by placing potato flakes in the flow 

area.  The flakes dispersed well in the airflow at higher fan speeds and allowed the 

general form of the vortex to be seen. It was also possible to estimate the inner core 

diameter of the vortices with the flakes.  The mass of the flakes, however, prevented the 

particles from residing in the inner core of the vortices and thus it was not possible to see 

the tornado-like shape of this inner core.  Obviously, the mass of the particles also kept 

the particles from assuming the true path of the airflow, which would not be the case if 

smoke or buoyant helium bubbles were used.  A picture of the suspended potato flake 

particles is shown in Figure 4-8 for an airfoil angle of 30 degrees (swirl ratio > 4.5).  

Another illustration of this setup in Figure 4.9 shows faintly the particle streaks by 

inverting the image.   

 

 
 

Figure 4.8:  Suspended flakes take the general form of a vortex.  
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Figure 4.9:  Particle streaks seen in an inverted image of the vortex. 
 
 
4.2 Velocity Measurements  
 
 Velocity measurements were taken using a Cobra probe stationed on the 

perimeter of the updraft region and 8 inches from the floor. This location was arbitrarily 

selected with the thought that it would capture the near surface data that future scaled 

models will reside within. The tangential and radial velocity components measured from 

this location were used to find swirl ratio values for the various configurations.  All of the 

swirl ratio results are given in Table 4.1.   

 
Table 4.1: Swirl ratio values. 

                   

 Swirl Ratios  

 Speed 20 deg 30 deg 40 deg 50 deg 60 deg 70 deg 80 deg 90 deg 

 10 -15.05 2.95 -30.46 -4.31 0.74 0.47 -0.20 -0.40 

 20 38.22 -211.15 4.43 2.59 0.94 0.50 0.39 -0.35 

 30 -67.63 -16.42 4.43 2.38 0.97 0.53 0.39 -0.23 

 40 -30.53 -13.83 4.74 2.17 1.00 0.57 0.37 -0.16 

 50 -57.37 -14.22 4.99 2.03 0.97 0.57 0.36 -0.11 

 60 -44.36 -19.75 4.53 1.98 1.13 0.57 0.33 -0.07 
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For most of the fan speeds and airfoil configurations the swirl ratio values follow 

a consistent trend as the angle changes, and are essentially the same for each respective 

fan speed for a given angle as can be seen in Figure 4.10.  Hence, the swirl ratio is 

obviously essentially dependant on the physical geometry of the simulator i.e. the angle 

of the airfoils.   From the swirl ration equation, it should also be dependant on the flow 

rate; which would indicate that some tradeoff is occurring between the circulation and the 

volume flow rate for the swirl ratio to remain constant.  

 

Swirl Ratio vs. Fan speed
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Figure 4.10:  Swirl ratio values as fan speed changes. 

 

All swirl ratios should be positive values, but for the highly angled inflow 

configurations of 20 and 30 degrees most of the values are negative and vary widely with 

one another for the various speeds used.  It is these angles that give high Swirl in which 

Church et al [11] would predict multiple vortices.  It would seem that something 

erroneous is occurring with these values and is most certainly related to the largely 

tangential flow at these angles.  However, in the case of the purely radial 90-degree 

configuration, the values are consistent and close to the swirl ratio magnitudes that are 
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expected if a very slight swirl is present in a largely radial flow field, but they are 

negative.  The average swirl ratio for each airfoil angle was graphed and a corresponding 

trend line applied to the curve as seen in Figure 4.11 . In this graph the values for the 20 

and 30 degree configurations were temporarily ignored and it was assumed that the 

values for the 90-degree configuration were of correct magnitude but of the wrong sign 

because the weak swirl was moving counter-clockwise. 

 
 

 
Figure 4.11:  Average swirl ratio values for the airfoil angles, ignoring 20 and 30 degrees. 

 
 

A cubic curve fit the data well when the 20 and 30 degree swirl ratio values were 

neglected.  Using this trend line equation seen in Figure 4.11, the estimated values for the 

30 degree swirl ratio would be 8.46 and for the 20 degree swirl ratio a value of 14.4.  It is 

noticed that these values are not very close to the magnitudes of the swirl ratios obtained 

for these configurations.  The swirl ratio data for the angles of 20 and 30 degrees begged 

the question –as in the case for the values for the 90-degree configuration, are the 

magnitudes correct but the sign opposite for a reason not yet understood or is there 

something else occurring?  One method of investigating if this could be true was to 
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assume that the magnitude of the 30-degree swirl ratio was correct and add this to the 

graph to find a new trend line.  If with the new trend line it is possible to closely predict 

what the swirl ratio magnitude is at 20-degrees, then it would seem reasonable to 

conclude that this could indeed be the case.  The 30-degree data point was added to the 

graph and the cubic trend line no longer matched well.  A new higher order trend line was 

applied to the data and it had a better fit.   This graph is shown in Figure 4.12.   
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Figure 4.12:  A higher order curve fit for the average swirl ratios at different airfoil 

angles. 
 

 
 Using this trend line to extrapolate the swirl ratio value for the 20 degree airfoil 

angle produces a swirl ratio value of 67.  The average swirl ratio for the 20 degree airfoil 

configuration from the measured data was close to 43.  Clearly this is subject to lots of 

uncertainty and therefore the conclusion is that the swirl ratio values for the 20 and 30 

degree configurations need to be re-measured and further investigated. It could be that a 
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significant amount of turbulence is forming off the tips of the airfoils at these highly 

angled configurations and this is throwing the measurements off. This data also 

emphasizes the importance of the flow visualization system. 

 As mentioned in Section 3.1, swirl ratio values can vary from simulator to 

simulator especially when new designs and methods are used to implement the vortices in 

a simulator.  Obviously, in theory the swirl ratios corresponding to different vortex types 

are universal values.  However, since the layout of simulators is different, sometimes it is 

hard to replicate exactly the method of measuring the swirl ratios that previous studies 

utilized.  An extensive study of surface pressure profiles was performed by Snow et al 

(1980) [20] in which part of their results involved graphing families of pressure 

distributions.  Each curve corresponded to a different angle configuration and hence a 

different swirl ratio value.  It would be valuable if a correlation could be found between 

the swirl ratios for their pressure distributions and the swirl ratios in this study by 

analyzing the pressure plots.  The family of vortices at the half fan speed setting (30 Hz) 

was not very well defined as can be seen in Figure 4.13.  
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Pressure Distribution for 30hz Fan Speed, 100hz, 10 sec
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Figure 4.13: A family of vortices formed using 30 Hz fan speed ( s = ?, ?, 4.62, 2.33, 

1.00, 0.550, 0.367, 0.221 respectively).  
 
 

 On the other hand, at the full fan speed setting (60 Hz) the family of pressure 

distributions was clear and bore a close resemblance to a set of family pressure 

distributions from Snow et al’s results. The pressure distribution family from the 

VorTECH simulator at full fan speed is shown in Figure 4.14 and the results from Snow 

et al are shown in Figure 4.15.  
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Pressure Distribution for 60hz Fan Speed, 100hz, 10 sec
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 Figure 4.14: A family of vortices formed using 60 Hz fan speed ( s = ?, ?, 4.62, 2.33, 
1.00, 0.550, 0.367, 0.221 respectively). 

 
 

Figure 4.15: A family of dimensionless pressure distributions measured on lower surface 
(s = 0 (a), 0.14 (b), 0.29 (c), 0.42 (d), 0.60 (e), 1.17 (f), 1.79 (g)) [20]. 
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   In the case of Figure 4.15 both the pressure axis and the floor radius axis had 

been non-dimensionalized.  The pressure was non-dimensionalized by Snow et al. using 

equation (6), where the variables are as defined previously, except the flow rate is per 

unit height: 
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      (6) 

In Figure 4.14 (the VorTECH data) only the radius axis was non-dimensionalized and the 

pressure axis was left in inches of water.  To utilize the same pressure non-

dimensionalizing method used by Snow et al. would require the use of the flow rate of 

the VorTECH simulator—something that was not yet known, nor practical to measure at 

this point in time.  Nevertheless, it was not actually needed since the non-dimensionlized 

parameter can be viewed as simply a scaling constant multiplying the pressure drop.  

Likewise, by stretching or shrinking the VorTECH distribution family image in the 

vertical direction to match Snow’s distribution family it is essentially being multiplied by 

a scaling constant to match it with the non-dimensionalized data.  Effectively, all of this 

is simply part of the definition of a non-dimensional variable. 

  The two graphs were placed on top of one another in an attempt to correlate the 

swirl ratios of the two different studies.  The placement was made such that the non-

dimensional radius axis of each graph aligned with the other.  The resulting graph is 

shown in Figure 4.16.  The two families of pressure distributions matched up well to each 

other and in general follow similar trends.  A notable difference in the data is that Snow 

et al’s data has a lower pressure drop than several of this study’s distributions in the core 

region area.   
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Pressure Distribution for 60hz Fan Speed, 100hz, 10 sec
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Figure 4.16: An overlapping of the pressure plots from the two studies [20]. 
 
 
With regard to the general transition of the pressure distributions with changing angle, 

both distribution families demonstrate the same pattern.   This leaves little doubt that the 

distribution families are representative of similar vortex transitions, and hence probably 

have an approximately same range of swirl ratio values.  What follows is an attempt to 

examine whether a simple scaling relationship exist between the two sets of swirl ratio 

values. 

The two pressure distributions that had the best match by observation was the 60 

degree vortex from VorTECH and the vortex labeled ‘d’ in Snow et al’s graph.  A simple 
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ratio between the two values was computed and applied to the other VorTECH swirl ratio 

values.  These scaled values were plotted with the original VorTECH values and Snow’s 

values as seen in Figures 4.17 (30 degree swirl ratio magnitude value included) and 4.18 

(30 degree swirl ratio magnitude value not included).  The scaled VorTECH values match 

fairly well from 50 to 90 degrees, however at values under 50 the curves diverge and are 

no longer comparable.  For reasons yet to be understood, VorTECH swirl ratio values are 

many magnitudes greater than that of Snow’s values for highly angled airfoil 

configurations (20 –30 degrees).  It is possible that the difference in swirl ratio trends has 

something to do with the simulators differing geometries or surface roughness.  
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Figure 4.17: Comparing swirl ratio values with 30-degree value included [20]. 
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Swirl Ratio vs. Foil Angle
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Figure 4.18: Comparing swirl ratio values with 30-degree values not included. [20] 

 
 
 

4.3 Pressure Measurements 
 

 Pressure distributions can also reveal much about the kind of vortices present [6].  

A section of the simulator floor equivalent to the diameter of the updraft region was 

pressure tapped for this analysis.  The diameter of the updraft region was approximately 

12 feet and a pressure tap was placed every ¾ of an inch yielding around 190 pressure 

taps in the centerline of the floor as seen in Figure 4.19. As mentioned previously, four 

parameters were varied in the pressure distribution analysis: airfoil angle, fan speed, 

Scanivalve scanning rate, and scan time.  It was of interest to understand what role each 

of these played in the resulting averaged pressure distributions. 
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Figure 4.19:  Pressure taps positioned across diameter of updraft region. 

 

 One of the first questions of interest was what effect the scan time of the pressure 

measurements had on the data.  Measurements were taken with scan times of 1, 5, 10, 20, 

and 30 seconds.   The results are shown in Figure 4.20. 
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Figure 4.20:  Analyzing the effect of varying the scan times (s =?). 
 

As seen in Figure 4.20, the scan times of 5 seconds and greater are all essentially 

equivalent and there is only a minimal different between them.  For the 1 second scan 

time, however, a significant upward shift in the data in the core area of the vortex can be 

seen. Two things can be gathered by this data, namely that the data needs to be gathered 

for greater than 5 seconds to accurately represent the average pressure distribution of the 

vortices, but also that the significant pressure fluctuations of the vortex are focused in the 

vortex core. 

 The next area of interest was the scanning frequency.  The number of pressure 

taps used in the measurements was large (~190) and as a result the maximum scan 

frequency that was used was 100 Hz. Four different scan frequencies of 25 Hz, 50 Hz, 75 

Hz, and 100 Hz were used when measuring the floor pressure distribution.  The motive of 

varying the scanning frequency was to find the minimum frequency the pressure 

distribution needed to scanned with, and indirectly, what energy content was associated 

with what frequencies. Once this could be found, it would only be necessary to take 
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pressure measurements at a minimum of twice that scanning frequency. Two different 

graphs, for an airfoil angles of 20 and 30 degrees are shown in Figures 4.21 and 4.22 with 

data collected using each of the four scanning frequencies.  
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Figure 4.21:  Data collected at each frequency for an airfoil angle of 20 degrees (s=?). 
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Figure 4.22:  Data collected at each frequency for an airfoil angle of 30 degrees (s=?). 

 
 

 A slight downward shift in the data is visible as the frequency progresses from the 

100 Hz to the 25 Hz scan rate in Figure 4.21, however just the opposite it true in Figure 

4.22.   Nevertheless, all four frequencies give very close results.  Since there was a slight 

shift in the data with the frequencies, the highest frequency of 100 Hz was used with all 

of the following analyses.  Several power spectrums were performed on three random 

data points for three different airfoil configurations of 20, 40, 60 degrees.  All three 

graphs shown in Figures 4.23, 4.24 and 4.25, show the same thing, that there is no higher 

frequency pressure data (it looks like the energy is concentrated in the low frequency 

range as shown by two of the three figures).   
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Figure 4.23: Fourier Analysis, power spectrum for a random pressure tap # 1 in the 20 

degree airfoil setup.  

 
 

Figure 4.24: Fourier Analysis, power spectrum for a random pressure tap # 2 in the 20 
degree airfoil setup. 
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Figure 4.25: Fourier analysis, power spectrum for a random pressure tap # 3 in the 20 

degree airfoil setup. 
 

To characterize the different kinds of vortices formed with different airfoil 

configurations, data was graphed for airfoil angles at 10 degree increments and at the 

highest fan speed of 60 Hz and scanning rate of 100 Hz.  Ten seconds was chosen as the 

scan time for all the graphs since it satisfies the conclusion just mentioned previously in 

the scan time analysis and reduces the number of data points the 20 or 30 second time 

scans would have.  Each graph is briefly discussed with regard to what kind of vortex it 

represents and its significance.   

 The first setup involved setting all of the airfoils to point toward the simulator 

center and thus give it a 90 degree configuration.  Theoretically no tangential velocity 

component or vortex should be present in this configuration and as a result there should 

only be a slight pressure drop over the whole updraft region diameter and no sharp drop 

at the center.  Figure 4.26 shows essentially this, a slight uniform pressure drop of 

approximately 0.05 inches of water over the whole updraft region. 

 



Texas Tech University, Luke J. Mayer, August 2009 

80 

 
Figure 4.26:  Pressure distribution with 90 degree airfoil configuration (s = 0.221). 

 
 

 As the angle of the airflow entering the simulator increases, first a single cell 

vortex should form with a corresponding steep, narrow and parabolic pressure drop at the 

center of the pressure distribution.  Incrementally increasing the inflow angle should 

further increase the depth of this pressure drop until at a certain point the bottom of the 

pressure drop will start to flatten and rise as it tends toward a two-cell configuration.  

Figure 4.27 shows the beginning development of the laminar (this type of vortex is 

commonly termed ‘laminar’ in literature even though in reality turbulent intensities 

measured ranged from 5 to 7 %.), single celled vortex stage. 
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Figure 4.27:  Pressure distribution with 80-degree airfoil configuration (s = 0.367). 

 
 

Figure 4.28 and Figure 4.29 show the continuing development of this laminar single 

celled vortex and the increase of the pressure drop at the vortex center. 
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Figure 4.28:  Pressure distribution with 70-degree airfoil configuration (s = 0.550). 

 

 
Figure 4.29:  Pressure distribution with 60-degree airfoil configuration (s = 1.00). 
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  Turbulent, two-celled vortices are characterized by having updraft in the inner 

core region and thus a pressure rise in the center.  In figure 4.30 the pressure distribution 

begins to show signs of this pressure rise in the center of the vortex core region.  The 

trend continues in Figures 4.31 and Figures 4.32 as the vortex base flattens and widens.   

 

 
Figure 4.30:  Pressure distribution with 50-degree airfoil configuration (s = 2.23). 
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Figure 4.31:  Pressure distribution with 40-degree airfoil configuration (s = 4.62). 
 
 

In the following 30 degree configuration of Figure 4.32, the pressure distribution 

shows a change towards having more of a wider, pointed tip.  It is not clear why this 

occurs because for the next airfoil configuration of 20 degrees shows a flattened wider 

pressure distribution at the vortex core once again, as seen in Figure 4.33.  Although not 

absolutely conclusive, it seems reasonable to assume that the configurations for the airfoil 

angles of 50 degrees through 20 degrees are all forming at least a two-cell vortex, and 

possibly but not likely, a higher order one.   Effective flow visualization is the real key to 

understanding what exactly is the vortex scenario that corresponds to the pressure 

distributions, which only give a basic idea as capturing a multi-cell vortex would require 

scan rates about 10 times faster than our current pressure system’s capabilities. 
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Figure 4.32:  Pressure distribution with 30-degree airfoil configuration (s =?). 

 

 
Figure 4.33:  Pressure distribution with 20-degree airfoil configuration (s =?). 
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The next matter of interest was to examine how the pressure distributions varied 

with different fan speeds.  All the previously graphs had just utilized the highest fan 

speeds of 60 Hz.  At the current point in time, it is not known what kind of flow rates are 

associated with the respective fan speeds as we collected data only within the nearest 20 

cm (8 in) of the surface.  Hence the fan setting was characterized by the frequency in Hz, 

where the maximum speed the fans can obtain is at 60 Hz.  All of the data was collected 

for fan frequency settings in increments of 10 Hz.  Most of the focus of future studies of 

the aspect 1 ratio of the simulator will most likely be focused at the highest fan speed (60 

Hz) because the clearest pressure distributions occur at this speed as will be seen in the 

graphs that follow (limitations of the pressure system are 10 in. water ± 0.2%) .  However 

it is interesting to visually see the vortex progression from the lower speeds to the highest 

one and how the pressure drop increases with increased speed.  Data was taken at half 

speed (30 Hz) and full speed (60 Hz) for every airfoil configuration (for others it was 

taken  the full range of every 10 Hz) and for the angles of 30, 40 and 50 degrees, data was 

taken for speeds every 10 Hz.  It is noted that 2/3 of the pressure drop occurs for the 

second half of the fan speed increase (30 Hz to 60 Hz). 
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Pressure Distribution for 20 degree Foil Angle, 100hz, 1 sec
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Figure 4.34:  Pressure distribution with 20-degree airfoil configuration (s =?). 

 

Pressure Distribution for 30 Degree Foil Angle, 100hz, 1 sec
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Figure 4.35:  Pressure distribution with 30-degree airfoil configuration (s =?). 
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Pressure Distribution for 40 degree Foil Angle, 100hz, 1 sec
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Figure 4.36:  Pressure distribution with 40-degree airfoil configuration (s =4.62).  

 

Pressure Distribution for 50 degree Foil Angle, 100hz, 1 sec
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Figure 4.37:  Pressure distribution with 50-degree airfoil configuration (s =2.23). 
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Pressure Distribution for 60 degree Foil Angle, 100hz, 1 sec
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Figure 4.38:  Pressure distribution with 60-degree airfoil configuration (s =1.00). 

 

Pressure Distribution for 70 degree Foil Angle, 100hz, 1 sec

-0.5

-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

-1.5 -1 -0.5 0 0.5 1 1.5

r/ro (non-dimensional)

P
re

s
s
u

re
 (

in
c
h

e
s
 H

2
O

)

30 hz fan speed

60 hz fan speed

 
Figure 4.39:  Pressure distribution with 70-degree airfoil configuration (s =0.55). 
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Pressure Distribution for 80 degree Foil Angle, 100hz, 1 sec
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Figure 4.40:  Pressure distribution with 80-degree airfoil configuration (s = 0.367). 
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 Figure 4.41:  Pressure distribution with 90-degree airfoil configuration (s = 0.221). 
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CHAPTER 5 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

5.1 Conclusions 
 

At the commencement of this project, the VorTECH simulator was at a state of great 

potential, but far from useable.  Essentially the core structural and electrical components 

were in place but a large variety of features such as the airfoils, traverse, flooring, 

viewing window and flow visualization channel and others, were needed to bring 

VorTECH to life.  At this present time, these features have now been designed and built.  

The 128 necessary airfoils (along with around 20 extra) have been cut and constructed 

and the simulator floor has been designed and built such that it includes a 4 by 8 foot 

viewing window, velocity probe slot, flow visualization channel, over 190 pressure taps 

and an trapdoor to the viewing area.  Windows have been built to let light into the updraft 

region regardless of the simulators aspect ratio.  The hardware necessary to implement a 

controlled rotating velocity probe has also been designed and built.  Finally, computers 

with the necessary software for gathering pressure and velocity measurements have been 

set up in the observatory pit.  Texas Tech’s VorTECH simulator is now fully operational. 

Initial studies were successfully performed with the VorTECH simulator in order to 

provide a preliminary assessment of its capabilities with an aspect ratio of 1.  Assessment 

was made in three areas: vortex visualization, lower surface pressure distributions, and 

velocity measurements for swirl ratios.  Attempts to visualize the vortices require further 

concentrated efforts and were not the focus of this work. On the positive side, the 

visualization efforts have given thought to what must be done in the future to achieve 

successful flow visualization.   

The pressure distributions from the Snow et al’s [20] simulator and the VorTECH 

simulator demonstrated significant similarities.  In the case of Snow’s data, visualization 

confirmed that the pressure distribution family represented a transition from a single cell 

up to a two-celled vortex.  Since the pressure profiles of both bear the same 

characteristics, it is thought that VorTECH most likely also achieves up to a two-cell 
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vortex at an aspect ratio of 1.  The pressure distributions showed no change if the scan 

time exceeded 5 seconds and it was found that the data was essentially evenly distributed 

over the scanning frequency range of 25 Hz to 100 Hz.  Signs of the formation of two-

celled vortices—seen by a rise in the pressure in the inner core—were noted in the airfoil 

range of 50 to 20 degrees.  The airfoil range of 60 to 80 degrees appear to produce 

laminar, single-celled vortices.   

Swirl ratio values were collected for airfoil angles from 20 degrees to 90 degrees.  

The measured values show no significant variation with changes in fan speed for angles 

40 to 90 degrees.  In the case of the angles of 20 and 30 degrees the results were 

inconclusively fluctuant and negative.  Further work needs to be done to achieve better 

results at these angles and to find out why the values are so high.  In comparing 

VorTECH’s swirl ratios with that of Snow et al’s, it was seen that VorTECH’s data 

exhibits an asymptotic trend whereas Snow’s data has a more gradual, almost linear 

incline. The highest swirl ratio, ignoring the 20 and 30 degree values was 4.63 

corresponding to the 40 degree configuration. 

The foundation has been set for many interesting future VorTECH experiments, 

analyses, and design additions.  One of the things I am proud of is that this project not 

only has benefited my studies, but will hopefully be a valuable tool and aid to many 

students and researchers in years to come. It is my personal hope that they will utilize 

VorTECH with imagination and diligence.  

 

 
5.2 Recommendations 

 
 Clearly much remains that can be done with the VorTECH simulator, and only a 

few suggestions will be made here.   In this work all experimental tests were evaluated at 

a simulator aspect ratio of 1, and nothing yet was done with the lowered simulator aspect 

ratio of ½.  Preliminary swirl ratio values were measured for different vortex 

configurations, however, more work needs to be done examining and verifying these 
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values.  It would also be useful to know how the swirl ratio changes with height.  Many 

different structure models have yet to be tested and the wind loadings analyzed.  

 Camber could be added to the added to the airfoils if the slats designed in this 

work were constructed.  As far as the traverse is concerned, there remains the need to 

create a program, possibly in Labview, to control the rotation of the probe.   

The visualization of the vortices in the VorTECH simulator presented a hefty 

challenge that was not resolved.  If anything, the results from the visualization attempts 

only show that much future work needs to be done in this area and that this work will 

pose a considerable challenge that will need a creative solution.  It may be worth 

considering the design and construction of some type of ventilation system, so that smoke 

may be used in the simulator.  More also needs to be done with fine-tuning the use of the 

helium bubble generators and trying different bubble release locations. 
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Luke with parents, Tanya and David Mayer, in the VorTECH simulator. 

 

Luke J. Mayer putting last finishing touches on VorTECH
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