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ABSTRACT 

Beside the building damage produced by direct wind force-either by overload 

caused by overstressing under peak load or fatigue damage under fluctuating loads of a 

lower level, a major cause of damage in severe windstorms is due to windbome debris. 

Penetration of the building envelope by windbome debris will lead to a change in the 

intemal pressure which double the forces on the roof leeward and sidewalls. ft also leads 

to a loss of building function by exposing the contents to subsequent weather damage. 

Wills et al. (2000) have develop a simple engineering model to describe the 

behavior of flying debris, which relates the flying behavior of debris to their size, shape, 

and density. The model classifies the debris into three categories: cube (3D), sheet (2D) 

and rod (ID). Two sets of tests following the philosophy of that engineering model were 

conducted in TTU wind tunnel. One set of experiments examined flight initiation wind 

speeds for sheet debris. Another set examined sheet debris flight behavior after take off. 

Both sets were tested for varying restraining forces. An electromagnet was used to 

control the restraining force. 

For the flight initiation tests, analysis of the results gave an average force 

coefficient Cp of 0.15. The restraining forces calculated from the engineering model 

(Wills et al., 2000^ with CF of 0.15 agree well with the actual restraining force. 

For the flight behavior tests, a much more detailed observation was made than 

previous available (Wills et al., 2000). For each flight, relative flight speed VdÂ w was 

VI 



plotted against flight time. An equation -^ = ax{]-e' ' ) of the form was used to fit 

the relative flight speed variation whh the flight time. 

For free-mounted sheets, a dimensionless figure, Vj/V,,vs. Pmt/(PaVw"), was 

plotted. The figure shows that the relative maximum flight speed of sheet decreases with 

the increase of p,Tit/(paVw'), and approaches a value of 0.5. Implying that the maximum 

speed an object can reach is approximately half of the prevailing mean wind speed. 

The result of sustained sheet flight tests shows that varying the restraining force 

does not change the maximum relative velocity for the same sheet. 
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NOTATION 

a =maximum relative speed 

/7„ =air density 

p„, =debris density 

//o =permeability of free space 

5 =air gap length 

A =plan area of a plate 

As =base area of electromagnet 

Cp =aerodynamic force coefficient 

d =diameter of rod debris 

D =damage caused by debris 

F =aerodynamic force 

Fdp =restraining force 

g =gravitational constant 

/• =electric current 

I =fixing strength integrity 

L =length of debris 

m =mass of the windbome debris 

N =number of turns in coining of electromagnet 

t =sheet debris thickness 

to =time taken for sheet to leave the launch table 
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ti =flying time 

T =half time of sheet reach maximum speed. 

U =wind speed 

F, =maximum debris flight speed 

Vd =sheet debris flight speed 

V„ =mean wind tunnel wind speed at the height of the launch table 

W =width of debris 
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CHAPTER I 

INTRODUCTION 

1.1 Background 

Besides the building damage produced by direct wind force-either overloads 

caused by overstressing under peak load or fatigue damage under fluctuating loads of a 

lower level, another major cause of damage in severe windstorms is due to windbome 

debris. Some windbome debris in Fort Worth tomado event is shown in Fig. 1.1 -1.2. 

Penetration of the building envelope by windbome debris will lead to a change in the 

internal pressure that may double forces on the roof, leeward and sidewalls. It also leads 

to a loss of building function by exposing the contents to subsequent weather damage. 

Fig. 1.1 Debris from Johns Manville warehouse. Fort Worth Tomado, 2000 
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Fig. 1.2 Sweet Shop sheet roof debris, Fort Worth Tomado, 2000 

Extensive research has been undertaken on actual damage caused by windbome 

debris generated in hurricanes and tornadoes. Fig. 1.3 and 1.4 show a typical building 

envelope broken by windbome debris. The work of Minor (1994) and McDonald (1999), 

among others, has allowed realistic estimates of speeds at which different kinds of objects 

are likely to be propelled by wind and become windbome debris in severe wind storms. 

The damage level can also be realistically estimated when the windbome debris strike 

doors, windows and walls. From those studies. Codes have been derived for hurricane-

resistant structural design in vulnerable regions, together with testing methods involving 



the firing of missiles at appropriate speeds at various components of houses and other 

structure (SBCCl, 1994). 

Fig. 1.3 Glazing failure of Cash America Building, Fort Worth Tornado, 2000 

However, to our knowledge, only Tachikawa (1983, 1990) has undertaken 

research on the trajectories of simple shaped bodies in uniform flows, while Wills et al. 

(2000) attempted to relate the properties of debris to their capacity for flight in a 

consistent way. Wills et al. developed a simple engineering model to describe the 

behavior of flying debris, which depends on the debris size, shape, and density. Such an 

engineering model would assist in predicting whether or not objects could be sustained in 



the air at a given wind speed, and hence what kind of windbome missile buildings need 

to be designed to withstand. 

Tarred roof 
membrane 
from Sweet 
Shop 

20'x2'roof 
sheet from 
Sweet Shop 

Fig. 1.4 Debris on Trinity Terrace, Fort Worth Tornado, 2000 

The model classifies the debris into three categories: 3-dimensional (cube), 2-

dimensional (sheet) and 1-dimensional (rod). It relates the wind speed initiating certain 

windbome debris with the debris properties of material densities and dimensions. With 

known debris characteristics, the debris flight initiation speed can be predicted. 



1.2 Objectives 

Research work following the philosophy of Wills et al. that engineering model 

was conducted in the Texas Tech University wind tunnel. The main objective of this 

research work was to investigate the flight initiation speed for sheet debris under different 

restraining forces and subsequent sheet debris flight behavior after take off The 

restraining forces can be classified into two categories: free cases which refer to the 

restraining force less than the debris weight, and fixed ones which refer to the restraining 

forces greater than the debris weight. For this purpose, two sets of tests were conducted. 

One set of experiments examined flight initiation wind speeds for sheet debris under 

different restraining forces. Another set examined sheet debris flight behavior after take 

off. Both sets were tested for both free and fixed restraint, an electromagnet was 

introduced to control the restraining forces. By understanding the mechanism of flying 

debris, some ways might be found to reduce the damage in wind storms, through changes 

in building design, local planning or building and operational practices. 



CHAPTER II 

BACKGROUND 

Except for seismic loading, wind loading is the dominant lateral environmental 

loading for structures. Wind loading has produced roughly the same amount of damage 

compared with seismic loading over a long time period. Damage to buildings and other 

structures by windstorms has been a fact of life for human beings since people 

constructed their own dwellings (Holmes, 2000). Among the reasons of wind related 

building damages, the windbome debris could not be neglected. 

2.1 Effects of Windbome Debris 

Besides the building damage produced by direct wind force, either through 

overloads caused by overstressing under peak load or by fatigue damage under 

fluctuating loads of a lower level, a major cause of damage in severe windstorms is that 

caused by windbome debris. Documented windstorm damage experiences demonstrate 

the importance of protecting the building envelope from windbome debris, which occur 

during the extreme wind events (Minor, 1994). 

It is necessary for the building envelope to maintain integrity during a windstorm. 

Penetration of the building envelope by windbome debris leads to several harmful 

situations: a change in the intemal pressure may arise causing cladding failure flirther and 

leading to exposure of occupants and building contents to wind and rain; broken glazing 



exposes occupants to injury, damage to building contents, economic loss due to the 

business interruption, and additional debris (Minor, 1994, McDonald, 1999). 

Documented windstorms dating from 1970, including tornados, hurricanes, 

thunderstorms, and frontal passages have established the importance of windbome debris 

to building performance. (Minor and Mehta, 1979). The windward wall region is the 

most vulnerable area to impact by missile for a building, although impacts on the roof 

and the sidewalls may also occur. As the wind approaches the windward wall, its 

horizontal velocity reduces rapidly. Heavier objects in the flow with higher inertia will 

probably continue with their velocity little changed until they impact on the wall. Lighter 

and smaller objects may lose velocity in this region or even be swept around the building 

with the flow if they are not directed at the stagnation point. The failure of windward wall 

cladding (windows and wall coverings) or doors accounts for the main reason for the 

failure of the stmcture. In many cases, the failure of windward wall cladding (windows 

and wall coverings) or doors lead to an increase in the intemal pressure inside the 

building, and produced the failure of the principal stmcture frame (Minor, 1994). As 

shown in the Fig. 2.1, internal pressure can effectively double the lift force on the roof 

and push the leeward and sidewalls outward. 

The most significant vulnerability of tall buildings in urban areas subject to 

tropical cyclone activity is the danger of the loss of integrity of the fa9ade that leads to 

damage to the interior and contents. Two main reasons for urban tall buildings 

vulnerability to windbome debris are (Wills et al., 1998): 
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Fig. 2.1 The failure of windward wall cladding produce intemal pressures which push 
roof upward and side and leeward walls outward (Minor, 1994) 

1. A large number of new buildings are all-glass curtain wall constmction. 

2. Many of these buildings are built in areas where large amounts of loose or 

poorly restrained materials on other buildings could easily become windbome 

debris under high wind conditions. 

Most extreme windstorms that affect built-up areas are accompanied by turbulent 

winds that generate windbome debris. In order to preserve the integrity of the building 

envelope, cladding systems must be able to sustain impacts from the debris and remain 

intact, following the impact and for the duration of the storm. However, the common 

observation of failures during windstorms was that windows were traditionally designed 

for wind pressures, but breakage from impacts occurred by windbome debris (Minor, 

1994). 

Here an extreme windstorm event is selected to illustrate the effects of windbome 

debris on the building envelope. The Fort Worth tomado struck the downtown region of 

Fort Worth, Texas on March 28, 2000 (Letchford et al., 2000). The most heavy damaged 

building was Cash America International, which appeared to bear the brunt of debris 
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generated by the collapse of the Sweet Shop factory and the Johns Manville Warehouse 

approximately one-third mile upwind. Two failure mechanisms were clearly evident in 

the cladding of the Cash American Building. The first was due to debris impact on a 

windward face during the passage of the tornado. The second cause of failure was most 

likely due to intemal pressurization leading to outward failure at side comers and, in 

some cases, rear faces where strong suctions combined to have large net pressure 

difference across the cladding. Another potential cause of the outward window failure 

was from internal debris impact. Both types of failures were clearly evident in Cash 

America Intemational building (Fig. 2.2). One picture of 933 W Weatherford shows the 

roof failure caused by intemal pressure due to the penetration of cladding by windbome 

debris (Fig. 2.3). Another picture of 933 W Weatherford shows the damage to building 

contents (Fig. 2.4). 



Fig. 2.2 NW face of Cash America Building, Fort Worth Tornado, 2000 

Fig. 2.3 SW face of 933 W Weatherford showing failure of roof corner. Fort Worth 
Tomado, 2000 

10 



Fig. 2.4 Inside Office in 933 W Weatherford, Fort Worth Tomado, 2000 

2.2 Traditional Debris Classification and Impact Tests 

The defined debris types of small and large debris have been used. Small debris, 

principal roof gravel, can be carried into all elevations of building fa9ades at velocities 

high enough to break glass. Large debris, including framing timbers and roof materials, 

can impact the building envelope near ground level with sufficient force to penetrate wall 

covering and break windows (Minor, 1994). 

For the purposes of determining cladding resistance to windbome debris, tests are 

conducted using missiles fired at sample wall materials. Two types of missile are defined 

by SBCCl: large and small. The large missile, which was represented by an 8'-6'XJL3") 

section of American Lumber Standard Committee accredited agency grade marked 2x4 
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lumber with no knob within 12 inches of the impact end having a spherical surface with a 

48 inches radius on the impact end. The Combined weight of the missile and sabot is to 

be 9 lbs {±_VA lb.). Whereas the small missile is represented by a spherical steel ball 

weighing 2 grams (±5%). Small missile shall be successively fired from a single 

propelling device (SBCCl, 1994). 

The work of Minor (1994) and McDonald (1999) has made realistic estimates of 

speeds at which different kinds of objects are likely to be propelled in such wind storms, 

and the level of damage likely to resuft when these objects strike windows, doors and 

walls. From these studies, rational debris resistance criteria have been presented for 

shelters and post disaster function building in the cyclone area (Holmes and Mullins, 

2000). 

2.3 Trajectories of Windbome Debris 

Tachikawa (1983) conducted a fimdamental study of the trajectories of flying 

sheet debris, or flat plates. The lift and drag forces on auto-rotating plates were measured 

in a wind tunnel. On the basis of the experimentally obtained aerodynamic coefficients of 

the rotating plates, the equations of motion were numerically integrated. Free-flight tests 

of model plates with different aspects ratios were undertaken in a wind tunnel, and 

compared with the prediction from the numerical model. A distinct change in the mode of 

motion and the trajectory in response to the initial angle of attack of the plate, was 

observed. The numerical method predicted upper and lower limits of trajectories. 

Tachikawa extended the model to small prismatic models (Tachikawa, 1990), and based 

12 



on wind tunnel tests of the distribution of trajectories of flat plates and prisms, a method 

was given to estimate the position of a missile impact on a downstream building. The 

critical non-dimensional parameter for determination of trajectories used by Tachikawa 

was K= p„U'^A 12mg , where: 

yO,, is the air density 

U is the wind speed 

A is the plan area of a plate 

m is the mass of the windbome debris 

g is the gravitational constant. 

This parameter can also be expressed as the product of three other non-

dimensional parameters, which is similar to the Wills et al. (2000) engineering model: 

^ = 1 ^ ^ ^ , (2.1) 
2 P„, gl t 

where /?„, is the debris density 

t is the plate thickness 

I is AM , i.e., a characteristic plan dimension 

\U^ I gl) is a Froude Number. 

2.4 Engineering Model 

2.4.1 Classification of Windbome Debris 

Clearly, an important aspect of the research work should be concentrated in the 

production and behavior of windbome debris. The literature review of these topics 
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revealed that very limited effort has been done to relate the properties of pieces of debris 

(such as dimensions, weight or shape) to their capacity of flight in any consistent way. 

Finding even simple scaling laws for debris of different kinds would assist in predicting 

whether or not objects could be sustained in the air at a given wind speed, and hence 

decided whether buildings need to be designed to withstand such objects (Wills et al., 

2000). 

In order to solve this problem, Wills et al. (2000) developed a simple theory to 

describe the behavior of flying debris, according to the debris to their size, shape, and 

density. 

Wills et al. (2000) carried out an analysis of debris flight condition in severe wind. 

Their first objective was making a connection between flying debris dimensions and wind 

speeds, at which flight occurs. To fulfill that objective, simple but plausible equations 

expressing the relationship between the wind speed and the properties of debris that may 

fly at that wind speed were needed. It is believed that this is the only work that has been 

done to relate debris flight with debris properties. In order to start with necessarily 

simplistic assumptions and equations, three idealized debris categories were defined (Fig. 

2.5): 

1. Particle debris (3-dimensional debris), whose three spatial dimensions are 

roughly equal, typical examples are gravel on the roof of buildings and/or bits 

of wood. This has been normally represented by spherical steel balls in impact 

tests. 
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Compact 

Sheet 

Rod 

Fig. 2.5 Three types of flying debris (Holmes, 2000) 

2. Sheet debris (two-dimensional debris), which can be defined as two-

dimensional debris, whose length and width are much greater than the 

thickness. Typical examples are sheets of plywood, chipboard or corrugated 

iron, either as loose building materials or torn loose by the failure of the 

buildings. Currently there are no impact tests that employ sheet form debris. 

3. Rod debris, rod-like debris, which can be defined as one-dimensional debris, 

the common example of rod debris is bamboo scaffold poles, very common to 

the Pacific rim or "4x2" timbers, a common size in wooden house 

constmction and other temporary structures. 

Some wind tunnel tests were conduct in the Department of Civil Engineering, 

Colorado State University by Wills et al. (2000). The tests had two objectives: 
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1. To verify the basic assumptions of the simple theory with regard to flight 

speeds of particle and sheet materials. 

2. To track accelerating particles and sheets released into an air stream at various 

values of fixing strength integrity I, in order to find the flying behaviors of the 

debris after releasing. 

Simple cubes and rectangular sheets of different densities were chosen as test 

debris. One reason is that results will be independent of the Reynolds number of the test 

(sharp-edged objects exhibit force coefficients largely independent of Reynolds number), 

the other reason is results of different tests could easily be compared. 

Two sets of tests were undertaken. One on free debris, the other with debris 

initially fixed. 

2.4.2 Particle Debris 

The aerodynamic force on a particle in the direction of wind vectors can be 

written as 

F = ̂ pyfC, , (2.2) 

where p^ is the air density, u is the relative velocity between the wind and particles, / is a 

typical dimension of the particle, and CN is a force coefficient that we assume to be 

constant for the particular orientation of the particle to the wind. In fact, most real 

particles have a irregular shape, when they moved by the wind, CN is likely to change 

with time because of the continuous rotation of the particle debris. As shown by 
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Tachikawa, to precisely imitate the flying behavior of the various particle debris, a 

sophisticated numerical model must to be used instead of the simple model. In these 

simple equations. Wills et al. (2000) simply used an average value of CN corresponding in 

principle to the average for all orientations 

The relative speed between the wind and a stationary particle and moving 

particles is different. For stationary particles, the relative speed between particle and wind 

equal to the wind speed. For the moving ones, the relative speed is less than the wind 

speed. However, in the simple theory of Wills et al., because the research object is flight 

initiation speed, this subtle difference was intentionally neglected. 

Where the distinction emphasized by them is the difference between particles 

lying on the ground (some obvious categories are dust, stone, litter, litter bins and 

building materials) and attached particles (for instance, advertisement hoardings, trees or 

their branches, awnings, and roof tiles). For loose objects, when the wind force acting on 

them exceeds the product of its weight and the friction coefficient (a wider definition than 

the usual account for the possibility of that object fall into hole or trapped against fixed 

object), they will become windbome debris. But the broad difference between "loose" 

objects with an effective friction coefficient of one or less, and "fixed" objects where the 

wind force required to break them loose is greater than their weight is emphasized by 

Wills et al. (2000). They introduce the fixing strength integrity, 1, which is the ratio of 

restraining force to the debris weight. For most situations, the fixing sfrength integrity 1 is 

much greater than 1. That distinction becomes important when we investigate the 
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condition for flight to occur. It will happen when the lift on an object exceeds its weight, 

i.e., when 

-Pairl'Omg (2.3) 

Because of the accuracy of this simple model, there is little difference between CL, 

CN, and drag coefficient Co, so a generalized coefficient Cp was introduced. With the 

above simplification, the following scenario can be set: in a steadily increasing wind, 

very pooriy restrained objects (loose objects) with Kl (fixing strength less than their 

weight) will come loose from their fixings when -p^u^Cj-^pJgl, but the aerodynamic 

force will be insufficient for them to fly, and they will fall to the ground and remain there 

with I equal to one until -p„u^Cf}pJg, when they will start to move downwind and 

become a potential hazard. 

Better restrained objects (I>1) will remained attached until 

^pyopjgi. (2.4) 

They will then also come loose, for the wind speed in such a situation is higher than the 

minimum required for flight, they will travel further, accelerating towards the wind speed 

and loosing relative speed, and consequently losing aerodynamic force. 

In a steadily increasing wind speed, another simplifying assumption that each 

object flies as soon as above equation was satisfied can be made, the condition for flight 

can be expressed as 

18 



/r = 2(A„/A,)(^/(,V)lg. (2.5) 

We can conclude from the above equation that smaller (small I), lighter (small p„,) 

particles become missiles first. Some evidence suggests that the damage caused by 

windbome debris can be evaluated through the momentum of the debris. It is interesting 

to note that at the same wind speed, the lighter windbome debris may cause greater 

damage for the lighter material become windbome debris first and will have greater 

momentum. The phenomenon that lighter debris cause more damage than heavier ones 

can be observed in many photographs of the extreme wind events. 

2.4.3 Sheet Debris 

For the idealize sheet debris, the rectangular sheets of length 1, breath b, and 

thickness t were used for the study. The same kind of simple dimensional analysis as 

particles can be applied to sheets. The aerodynamic force on a sheet is written as 

F = \pyibC,. (2-6) 

Same as the particle debris, a loose sheet will begin to move in the wind when the 

force F greater than the weight of the sheet, i.e., 

\paiflbC,)pJbtg. (2-7) 

Following the same procedure as for a particle, we can generalize to the case of a 

sheet with fixing integrity 1 and steadily increasing wind: 

u'-2{pJpXilC,)tg. ^-^) 

19 



The implication of this equation is that flight speed does not depend on the size of 

the sheet, only hs thickness, t. Another important parameter is the product of pj, that is, 

the area density. From the equation, we can draw a conclusion that whether a sheet will 

fly at a given wind speed depends only on the mass per unit area of the sheet material. 

Video footage of flying sheet show that they typically rotate when they fly, so that the 

propelling force will vary cyclically, Wills et al. estimated an average value of Cp=0.3. 

It is interesting to note that the sheet in the Wills et al. tests seemed to rotate at a 

relatively constant speed after the flight had commenced, although the actual rate of 

rotation varied considerably. This behavior has much to do with the method of support 

and release used in the tests, and similar behavior will not always occur in the real 

situations. On the other hand, the real sheet materials often lift from the upstream edge as 

simulated in those tests, so the tests are representative of many real events. 

2.4.4 Rod Debris 

We can write the aerodynamic force on the rod as 

F=^-pyidC,. (2-9) 

In the case of a circular rod, d would be the conventional diameter, but for non-

circular rods, we will take d to be the diameter of a circular rod having the same cross-

sectional area as the actual rod. Cp is average force coefficient around the circumference, 

since in general we expect the rod to rotate around its axis as it moves through the air. 

As before, flight will happen when 
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u- = nl2{pjpj{llc,)dg. (2.10) 

For the case of rod debris, the important parameter is yO„, d, the product of density 

and effective diameter. From above equation, we can see the product decide the flight 

speed, and the flight speed is independent of the length of the rod. 

The simple theory for flying debris has been proposed, based on aerodynamic 

force coefficients on idealized debris shapes: particles, rods and sheets. Wills et al. use 

fixing strength integrity I to represent the idealized maximum restraining force required 

to hold the debris in place. The fixing strength integrity is defined as the ratio of force 

need to break the debris free to the weight of the debris. 

Through simple dimensional analysis, Wills et al. were able to show that a 

relationship between wind speed and the size and density of debris objects for them to fly. 

Particles (three-dimensions roughly equal) have a flight speed that u ^ -^^Pm^ ' ^° ^"^^^ 

the larger and heavier particle corresponds to a higher flight speed. 

However, it seems that size is more important than density where damage 

potential is concemed, so lighter particles are more likely to cause damage than denser 

ones at a given wind speed. For the behavior of particle after release, the theoretical result 

was consistent with experimental results, considering the difficulty of tracking the 

movement of flying debris. 

When considering sheet debris, u °^ -fpn^ was found, where t is the thickness 

of the sheet. Thus the important parameter is pJ, the mass per unit area, and the actual 

size of the sheet plays a less important role. The behavior of the sheet after flight is much 
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more complicated compared than a cube and needs further investigation. Rod debris is 

similar to sheet debris, with the distinction being the parameter used for a rod is /?,„ d. 

2.5 A Damage Function 

A damage function based on the kinetic energy of the object has been developed 

by Wills et al. (1998). When windbome debris impacts a building, damage to the building 

envelope may or may not occur. The amount of damage sustained is assumed to be 

proportional to the missile kinetic energy. A constant of proportionality of unity will be 

used, however, the actual damage sustained is likely to be a proportion of the missiles 

total kinetic energy. 

The effect of a three-dimensional debris is thus expressed by kinetic energy 

D = \pjX"-\p,fJ'Vj (2.11) 

in which the debris velocity is expressed as a proportion J of the wind speed, i.e., 

V^i = JV^. For three-dimensional particle debris, this can be combined with the 

engineering model for flight condition, the typical debris dimension / can be eliminated 

by using equation 2.5, 

D=^pAc,p.:ipjg)YJ'v: (2.12) 
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For flying sheet debris, 

D=^-p,„LWtV/ =\p„,LWtJX' -\pXc,J'lgl\LW)v: (2.13) 
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L is the length of sheet debris, W is the width of sheet debris. The predicted 

damage fiinctions appropriate to compact objects and sheets indicate important 

differences, coming from the difference of the debris geometries. 

Correspondingly, the damage caused by rods in terms of their kinetic energy is 

given by 

D=^-pXc,J'lgl\Ld)vJ (2.14) 

where the L is the length of rod debris. 

In the case of 3-dimensional objects, the very strong dependence on Vw arises 

because of given missile density /:»„, each wind speed is associated with a particular 

missile size /, and as Vw increases the damage inflicted by the corresponding missile size 

also increases rapidly. Much weaker sensitivity to wind speed occurs for one-dimensional 

debris and two-dimensional debris stem from damage fimction dependent of Vw "*, 

whereas the three-dimensional debris damage fimction dependent of Vw . 
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CHAPTER III 

EXPERIMENTAL PROCEDURE 

3.1 Wind Tunnel Details 

Wind tunnel tests for flying debris were carried out in the closed-circuit wind 

tunnel at Texas Tech University (Fig. 3.1). Two sets of experiments were conducted. The 

purpose of the first set of tests was to investigate the flight initiation speed for sheet 

debris. The second set of tests observed the flying behavior of sheet debris after release 

into the air stream. 

Fig. 3.1 Closed-circuit wind tunnel at Texas Tech University 
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The Test section of the closed circuit wind tunnel possessed dimensions of 1.83m 

wide (72 inches) by 1.20m high (47 inches). Without fence and rough surface 

configuration in the wind tunnel, the intensity of turbulence is relatively low, ranging 

from approximately 3% to 0.5% at heights of 35cm to 65cm above the floor of the wind 

tunnel. The mean velocity profile is shown in Fig. 3.2, and Fig. 3.3 shows turbulence 

intensity profile. 

In the test section of the wind tunnel, two windows were cut in the wall to allow 

videoing of the tests. One is 1.98m wide by 1.04m high; another one is 2.24m wide by 

0.87m high. Four pairs of lights were mounted in the ceiling of the wind tunnel test 

section, supplying sufficient light for the tests. Lexan was used to cover the windows to 

maintain the integrity of the wind tunnel, as shown in Fig. 3.4. 
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Fig. 3.2 Mean Velocity Profile 

Fig. 3.3 Turbulence Intensity Profile 
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3.2 Model Details 

Rectangular sheets of different densities and thickness were chosen for these tests. 

The rectangular sheet debris was used because the results will be independent of 

Reynolds number (sharp-edged objects exhibit force coefficients that are largely 

independent of Reynolds number) and they represent common building materials. 

Size and densities of sheet debris model were chosen to lie within the capacity of 

the wind tunnel, with the consideration of the wind speed that can be reached by the wind 

tunnel and particular attention was paid to prevent damage to the wind tunnel from 

impact of the flying debris. With the above considerations small pieces of balsa wood 

were used. In order to compare the effect of different density, basswood was also 

introduced for this experiment. The dimensions of the sheet debris tested were lOOmm 

square and 100nim*200mm rectangle, and thickness of 1.6mm, 3.2mm, and 6.4mm, 

respectively. 

In order to control the fixing strength integrity of the sheet debris, a circular 

electromagnet was employed. A thin metallic washer was embedded at the centroid of 

each wooden sheet. Each wooden sheet debris model with washer was weighed, and the 

density of the sheet debris model was calculated. 

The sheets were placed on a launch table, 600mm wide by 500mm long, initially 

at 650nim height. This was later lowered to a height of 350mm. The leading edge of 

launch table was chambered (Fig. 3.5). Thin tape was used to cover the hole over the 

electromagnet to keep the table surface flat. 

27 



Fig. 3.4 Observation windows in wind tunnel 

chamfered 

Fig. 3.5 Launch table and sheet debris sample 
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3.3 Velocity Measurement 

The TSl IFA 300 constant temperature anemometer system was used to measure 

velocity in the wind tunnel (Fig. 3.6). A PC operating TSl ThermalPro software under 

Microsoft Windows 98 controlled the IFA 300. The ThermalPro software also processed 

velocity readings. 

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

resistance of 8.54 ohms. A 30m cable connected the IFA 300 to the probe, which 

operated at 25°C. 

;;j:;L^::^:.aJ^-^.^i 

Fig. 3.6 TSl IFA 300 constant temperature anemometer system 
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The probe was set 100mm upstream of the leading edge of the launch table and at 

the same height. The probe was perpendicular to the wind direction. 

For every sheet sample, each test was repeated three times. For the flight initiation 

speed test, the velocity was the average of three results. For the flying behavior test, the 

results used the most typical one that occurred in the plane perpendicular to the launch 

table, thus the deviation due to the 2-dimensional videoing is lessened. 

3.4 Sheet Debris Flight Video 

The Olympus® Encore high-speed camera was used to video the debris flight 

tests. The camera worked with two lens, 6 mm Fl 1.2 V2 cm and 4 mm F 11.2 V2 cm. A PC 

operating the Olympus® Encore MAC PCI ® (version 2.18) software under Microsoft 

Windows 98 controlled the high-speed camera (Fig. 3.7). The flight was tracked by the 

camera at the speed of 125 frames per second. The flight was videoed from flight 

initiation, until the sheet sample moved out the field of view or the sheet sample fell to 

the floor of the wind tunnel. 

The flight videos were saved as *.avi files. With the Olympus® Encore MAC PCI 

® (version 2.18) software, the flight videos can be played at different speeds as desided. 

The flight video was analyzed frame by frame. The sheet centroid was positioned in each 

frame. After a 2-dimensional coordinate system was set up, the position of the sheet 

centroid was expressed in this coordinate system. Finally the flight video results were 

exported to an EXCEL spreadsheet. 

30 



Fig. 3.7 Olympus® Encore high-speed camera 

3.5 Electromagnet Details 

In the wind tunnel tests, a DC circular electromagnet was used to control the 

fixing strength integrity, that is, the holding force on the wooden sheets. The 

electromagnet was embedded in the launching table. The power was supplied by a DC 

power, whose voltage could change from 0 V to 30 V. An amp meter monitored the 

electric current going through the electromagnet. 

For an electromagnet. 
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-: O 
P 

where 

FflTp is holding force 

A'̂  is the number of turns 

/ is the electric current 

//o is permeability of free space 

Sis air gap length 

Asis the base area of electromagnet. 

(3.1) 

Fig. 3.8 Electromagnet 
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For the same electromagnet, N, //„ and Sare the constants, so the holding force is 

proportional to the electric current. That is. 

Thus the holding force was controlled quantatively, allowing variation in the 

fixing strength integrity. 

3.6 Sheet Debris Flight Initiation Speed Test 

In the first stage of the experiment, the main interest was the flight initiation 

speeds for free mounted sheet debris. In this case the fixing strength integrity 1, was less 

than 1. Each sample piece of sheet debris was placed on the launch table, and the air 

speed slowly increased until the aerodynamic force was sufficient to cause the sheet to 

take flight. The wind speed at sheet take off was measured as described in section 3.3. 

Initially, the launch table was set up at the mid height of wind tunnel (650mm, 

about 2 feet). The intensity of turbulence at that height was 0.5%. The sample sheet was 

placed at 3 different positions, at 100mm and 200mm from the front edge to the front 

edge of sheet sample, and at the back edge of the launch table. The sheet was placed on 

the right side and left side (100mm from center line), respectively (Fig. 3.9). 

Subsequently, the launch table was lowered to a height of 350mm. At that height, 

the turbulence intensity was 3%. The sample sheet debris was placed at 100mm from the 

front edge of launch table to the front edge of sheet sample. The same experimental 
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procedure as before the launch table being lowered was employed. The reason for 

lowering the launch table was to prevent debris hitting the wind tunnel ceiling. 

Finally, the sheet sample was tested in an overhang scenario. To acquire the 

lowest fixing strength integrity /as possible, the sheet debris was balanced on top of a 

screw. The screw was fixed on the board at 150mm from front edge and 100mm right of 

the centerline. The top of the screw is 3mm above the surface of the launch platform. 

Then the test procedure for the sheet debris was repeated. 

150mtn—n 

wind direction 

sheet 

-100mm 

sheet 

500mm 

Q. 600mm 

Fig. 3.9 Sheet position on launch table 
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Following the free mounted sheet debris tests, the research interest required 

increasing the fixing strength integrity I, that is, the restraining force was greater than the 

body weight. 

To simulate this fixing force and control the value, the electromagnet was set up 

as mentioned before. The sample sheet debris was placed 150mm from the front edge of 

the launch table to the centroid of sheet sample, the thin circular metal embedded in the 

sheet debris was held by the electromagnet. Thus, a controlled restrained force was 

achieved. For each sample piece, a fixing strength equal to 2, 4 and 8 were tested. The 

electromagnet was calibrated for the holding force equaling to the weight of sheet sample. 

By varying the electric current accordingly, the desire holding force was achieved. As for 

the free sheet tests, the size, density and releasing speed of the sheet debris model was 

recorded. However, for some pieces, because of the high flying velocity, the sample 

broke when they hit wind tunnel ceiling. 

3.7 Sheet Debris Flight Behavior Test 

The second sets of experiments were conducted to investigate the flight behavior 

of sheet debris after release. The flying debris after release was tracked by a high-speed 

camera at speed of 125 frames per second. In these tests, only five sample sheets were 

used. All of the samples used 100mm*200mm with varying thickness of 1.6mm, 3.2mm 

and 6.4nim. Both balsa and basswood was employed. 

Initially, the flight behavior offree mounted debris was tested. The sample sheets 

were placed at 150mm from the front edge to the centroid of sample sheets. After the 
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sheet took off from the launch table, the flight was videoed, until the sample hit the floor 

or moved out of the field of view. At the same time, the wind tunnel air speed was 

measured by the TSl hotwire anemometer. The centroid of each sheet was clearly marked 

to aid flight analysis. The sheet debris centroid was tracked in each available frame, to 

determine the flight characteristics. The sheet sample centroid was pointed frame by 

frame, and the software recognized their coordinates. Distance calibration was made by 

comparing a reference distance in the photo, in this case is the side of the launch table. 

The coordinates were automatically converted to the actual distance by the software. As a 

result, the flight paths of sheet debris were acquired. The time between each frame was 

shown by the software, velocities of the sheet debris could be calculated. 

Tests for the flight offixed debris were conducted in the final stage. Two pieces 

of balsa sheet debris were chosen, considering the high wind speed needed for fixing 

strength integrity / greater than 1. Both samples were 100mm by 200mm rectangle, with 

the thickness of 3.2mm and 6.4mm respectively. The sample sheets were placed at 

150mm from the front edge to the centroid of sample sheets. For the 3.2mm thick sample, 

values of/of 2 and 3 were set. For the 6.4mm sheet, values of 1 of 2 and 4 were set. The 

tests for flight offixed sheet debris follow the same procedure offree mounted sheet 

debris, except for the restrained force added by the electromagnet. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

4.1 Sheet Debris Flight Initiation Speed 

4.1.1 Free Sheet Debris Flight Initiation Speed 

The results of Wills et al. (2000)'s study for freely mounted sheets can be 

summarized in the Fig. 4.1. 
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Fig. 4.1 Test resuft of Wills et al. (2000)'s study for freely mounted sheets 

Both axes in the figures have the dimensions of speed, so the slope of the graph 

1 /') 

represents the dimensionless product (l/Cp) . A least-squares fit through the origin 

produces a slope of 1.15, giving an average value of (1/Cp) of 1.32. Initially, the sheets 

were resting horizontally on the launch table, and therefore present a low aerodynamic 
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profile to the wind. Wills et al. (2000) estimated Cpto be 0.3 giving a fixing strength 

integrity 1 for the free mounted sheet of 0.4. 

At the beginning of the flight initiation speed offree mounted sheet tests, the 

same sample balsa sheet (100mm wide by 100mm long and 1.6mm thick) was laid at 

various distances, X, from the leading edge of the launch table to the centroid of sample 

sheets. When the sample sheet was placed on the launch table, these being X= 100mm, 

X=150mm, X=200mm and X=450mm, as shown in section 3.6. In this stage, the table 

height is 650mm. 

The average flight initiation speeds were very consistent, being 6.86 m/s, 7.03m/s, 

7.22ni/s, and 6.92m/s (for each X position, the velocity being the average of 3 repeated 

tests for each X). The results of that experiment demonstrated that the position of the 

sheet had little effect on the flight initiation speed in this flow. For the subsequent tests, 

X=150mm was chosen. 

Subsequently, both the 100mm by 100mm square and the 100mm by 200mm 

rectangle sheets were laid at X=150mm for the initiation flight speed tests. To compare 

with the result of Wills et al. (2000), the test results were analyzed in the same way as 

shown in Fig. 4.1. 

The test results for the free mounted sheet test are shown in Table 4.1. The actual 

weight of each sheet was affected by the washer embedded at the centroid, and only 

density is tabulated. 

38 



Table 4.1 Free-mounted sheet flight initiation test results 

Average Flight 
Initiation Speed 

(m/s) 
0 

7.07 
11.4 
9.12 
5.46 
9.60 
11,8 
9.59 
9.34 

Thickness (t) (mm) 
0 

1.6 
3.2 
6.4 
1.6 
3.2 
3.2 
6.4 
6.4 

Density (pm) 
(kg/m') 

0 
273 
274 
115 
213 
278 
518 
91.8 
83.2 

(2tg(pjp3))"'m/s 
0 

2.67 
3.78 
3.47 
2.36 
3.47 
5.21 
3.10 
2.95 

In the above table, the same analysis method of Wills et al. (2000) was employed. 

Where the thickness of the sample sheet is t, g is the gravity acceleration, here 9.81 m/s . 

p,„ is the density of sample sheet, pa is the air density, here 1.1 kg/m^ for Lubbock local 

air density was used. The results are plotted in Fig. 4.2 together with the resuhs of Wills 

et al. (2000). for comparison. 

From the equation, 

u' = 2{pJpXIIC,.)tg. (4.1) 

The slope of this figure is the dimensionless product (I/Cp)"l A least-squares fit 

through the origin gives a slope of 2.65 for the TTU data, which is much larger than the 

resuft of Wills et al. (2000) tests, of 1.15. Thus the average value of (I/CF) for the TTU 

tests was 7.02. A possible reason for this result is a higher restraining force, that is, a 

higher fixing strength integrity 1. 
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Fig. 4.2 Flight initiation speeds for free-mounted sheets on launch table 

To prove this hypothesis, another set of tests was undertaken with the free sheets 

mounted on top of a screw (Fig. 4.3). A screw was fixed on the top of launch table, and 

the sheet sample was balanced on top of the screw. The restraining force acting on the 

sheet sample placed on top of the screw is much smaller than the sheet placed directly on 

the launch table. As a result, for the case of the sheet balanced on top of screw, the fixing 

strength integrity is much smaller than the case of sheet mounted on the top of launch 

table. The tests generated a very similar data to the tests of Wills et al. (2000). The test 

results were analyzed with the same procedure as before, and are summarized in the 

Table 4.2. 
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Fig. 4.3 Tests for sheet mounted on the top of screw 

Table 4.2 Free-mounted sheet flight initiation test results (on the screw) 

Average Flight 
Initiation Speed 

(m/s) 
1.81 
1.92 
3.05 
3.19 
5.08 
5.27 
5.32 

Thickness (t) (mm) 
1.6 
1.6 
3.2 
3.2 
6.4 
6.4 
3.2 

Density (p„,) (kg/m^) 
133 
133 
133 
133 
116 
116 
583 

(2tg(pjpa))'" 
m/s 
1.87 
1.87 
2.64 
2.64 
3.48 
3.48 
5.52 

The results are shown in Fig. 4.4 along with the resuhs of Wills et al. (2000). The 

slope (1/Cp) "̂  of the TTU wind tunnel test in Fig. 4.4 is 1.17 that is very close to the 

resuh of Wills et al. (2000). Assuming Cp is a constant value, for the variation of (I/Cp) 

the fixing strength integrity / plays an important role. In this free mounted case, the fixing 

1/2 
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strength is the friction force. The sheet laid on the surface of launch table has more 

contact area and hence more friction than for the case mounted on top of a screw. With 

the decreasing of fixing strength integrity /, the (1/Cp) "̂  also decrease. This explains the 

difference between the initial TTU tests and those of Wills et al. (2000). 
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Fig. 4.4 Flight initiation speeds for free-mounted sheets on screw 

4.1.2 Fixed Sheet Debris Flight Initiation Speed 

The same test procedure for free-mounted sheet debris was followed in the 

bsequent fixed sheet debris tests. In the fixed debris tests, the electromagnet was used 

to control the fixing strength integrity /. First, the sample sheet was placed at X=150mm 

sul 
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on the launch table surface. By varying the electric current, the electromagnet holding 

force to sheet debris was controlled. The sheet debris often hit the ceiling of wind tunnel, 

and subsequently disintegrated. To avoid this problem, the launch table was lowered from 

650mm high to 350mm high. The turbulence intensity changed from 0.5% to 3%, as 

shown Fig. 3.2. The test results are analyzed as the free-mounted sheet test, and shown in 

Fig. 4.5. 
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Fig. 4.5 Flight initiation speeds for fixed sheets 

1/2, The parameter for horizontal axis is (2tgl(pm/pa)) ' and since I is dimensionless, 

(2tgl(pm/pa))''^ has the units of speed (m/s). The vertical axis is the flight initiation speed, 

the slope of this figure is dimensionless and equals to (Cp)'"'̂ . The test results before and 

after lowering the launch table are combined in the same figure, and the two data sets 

agree well. The turbulence intensity change from 0.5%) to 3% in this case, so we can say 
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that turbulence intensity plays little effect on the sheet flight initiation speed in the low 

turbulence intensity range. From the Fig. 4.5, a least-squares fit through the origin give a 

slope of 2.60. As a result, the Cp is equal to 0.15. If the assumption that Cp is a constant 

is acceptable, then substituting a value of 0.15 into (I/Cp)"^ for the free-mounted sheet 

case, where (I/Cp)'''̂  is 7, gives a value of 1=0.95. For the sheet free-mounted on top of 

the screw, (I/Cp)''^ is 1.17, substitution of this value of Cp gives 1=0.18. These results 

show the fixing strength integrity for the case of sheet free-mounted on the top of screw 

is much smaller than the one of sheet free mounted on the top of the launch table as 

expected. 

4.2 Sheet Debris Flying Behavior 

Fig. 4.6, 4.8 and 4.10 are the Wills et al. (2000) test results for the flight path and 

calculated horizontal and vertical speed of a 100mm*200mm by 3.2mm thick balsa sheet 

after release. Wills et al. noted that the sheet seemed to rotate at a relatively constant 

speed after the flight had commenced, although the actual rotation rate of different sheets 

varied considerably. This behavior has much to do with the method of support and 

release used in the tests, and similar behavior will not always occur in the real situations. 

On the other hand, the real sheet materials often lift from the upstream edge as simulated 

in these tests, so the tests are representative of many real events. (Wills et al., 2000) 

To investigate the sheet debris flying behavior, the tests as described in the 

experimental procedure section were conducted. Compared with the Wills et al. (2000), a 

more advanced tracking video system was employed, making detailed flight behavior 

research possible. 
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The test results of sheet flight path were exported to an excel spreadsheet. From 

the flight path coordinates, and the time interval between frames, the acceleration and 

velocity of the sheet were determined from V = and a = . The position, velocity 

AT AT 

and acceleration of a 1.6mm thick 100mm by 200mm balsa wood sheet are chosen in the 

following figures (4.7, 4.9 and 4.11). 
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Fig.4.6 Sheet debris position (Wills et al., 2000) 

Comparing Fig. 4.6 and 4.7, the flight path in the figure of Wills et al. (2000) is 

very smooth, whereas the flight path in TTU test show the tumbling of sheet during its 

flight, which is more close to the real flight path. The sheet was first lifted by the wind, 

flew toward the roof of the wind tunnel, then fell down under gravity. As with the 
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observations of Wills et al. (2000), the sheet began to rotate on its commencement of 

flight. Before the sheet left the launch table, the sheet rotates about the sheet's 

downstream edge. After the sheet left the launch table, the sheet rotated around the sheet 

centerline perpendicular to wind direction. Because of the variation of incidence angle, 

the sheet moves up and down during its flight. 

Fig. 4.7 Sheet debris position 

Fig. 4.8 shows the horizontal flight speed of Wills et al. (2000) test, which is the 

smoothed result using the a 7 order polynomial fit to the scattered raw data. Fig. 4.9 

shows horizontal flight speed of the TTU test, which results from using the spreadsheet 

calculation. Because of the use of a more advanced video tracking system, the TTU tests 

more accurately reflect the actual flight. The changing of the sheet flight horizontal 

velocities with time in the two figures is relatively consistent. In both figures, the velocity 
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increases to approximately a constant value with some periodical variation. Comparing 

the two figures, the periodical velocity variation in the early stage of flight is neglected 

by the smoothed results of Wills et al. (2000). In the TTU test, it is seen that the velocity 

fluctuated from the beginning of the flight. The reason for this phenomenon is the attack 

angle is change periodically. The sheet is rotating throughout its flight. 
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Fig. 4.8 Sheet horizontal speed (Wills et al., 2000) 

Fig. 4.10 shows the vertical flight speed of Wills et al. (2000) test, which is the 

smoothed result using a 7"'-order polynomial fit to the scattered raw data. Fig. 4.11 shows 

vertical flight speed of the TTU test, which resuhs from using an EXCEL spreadsheet 

calculation. As noted earlier, the more sophisticated video system employed leads to 

more accurate results. Comparing the two figures, the vertical flight speed shown in TTU 

test resuhs is more complex than in Wills et al. (2000) smoothed result. The rotating of 

the sheet during its flight leads to the flucttiating vertical flight velocity. 
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Fig. 4.9 Sheet horizontal speed 
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Fig. 4.10 Sheet vertical speed (Wills et al., 2000) 
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Fig. 4.11 Sheet vertical speed 

Fig. 4.12 Horizontal sheet flight acceleration 
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Fig. 4.13 Vertical sheet flight acceleration 

From Fig. 4.12 and 4.13, we can see the acceleration in the 2 directions also 

fluctuate. Both lift force and horizontal drag force will change with the rotation of the 

sheet. The lift force is expected to increase from attack angel of 0° to 30°, then fall back 

to zero at 90°, with anti-symmetric behavior to 180° (Wills et al., 1998). The drag force 

will have a minimum value at 0° and 180° and maximum value at 90°. Fig. 4.14 shows 

the fluctuating drag and lift acting on a rotating square plate (Tachikawa, 1983), both of 

them change periodically with the variation of attack angle. Fig. 4.15 shows the 

aerodynamic force acting on a rotating sheet, at various attack angles between 0° and 90°. 

The drag force increases from minimum to maximum, the lift force vice verse, that 

explains why accelerations change periodically. 
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Fig. 4.14 Oscillographic record showing the fluctuating drag and lift acting on a rotating 
square plate (Tachikawa, 1983) 

Holmes and Mullins (2000) formulated the inertia force acting on windbome 

debris as: 

Accelerating force= -Pa\J^,,-Vj fC,jA (4.2) 

where Vd is the velocity of debris with respect to the ground 

A is the reference area for the drag coefficient, CD. 

Applying Newton's law, the instantaneous acceleration of a compact object 

(characteristic dimension, I), is given by: 

^Paiv.-vJc.A IPSK,.-V,}C, 
Acceleration= -^ -

p,r p I 
r^ in 

(4.3) 

Taking A equal to / . 

From the expression of Holmes and Mullins (2000), windbome debris will 

continue to accelerate until its flight speed reaches the wind speed, or until its flight is 
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ic terminated by impacts the ground or with an object such as a building. For the specifi 

case of sheet debris, the TTU results show that the sheet will continuously rotate durin 

its flight, until it impact with the ground or an object. Partial aerodynamic forces 

contribute to the rotation of sheet, and with the rotation, the drag and lift force change 

periodically. From the TTU wind tunnel test result, the horizontal and vertical 

acceleration change direction during the flight. Applying Newton's law, the resultant 

aerodynamic force on the rotating sheet debris also changes direction. As a result, the 

debris flight speed can only approach a certain percentage of ambient wind speed. 

i uullii •^1 

Fig. 4.15 Drag force changing with variation of attack angel 

As experimental procedure has described, different free and fixed sample sheet 

were tested. The results for other sheets show similar flight pattern as described above. 

The results for these tests are shown in the data appendix. 
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4.3 Maximum Speed of Sheet Debris Reached 

To investigate the maximum speed that sheet debris can reach, the relative 

velocity, that is the ratio of debris flight speed to wind speed, was determined. The results 

for the maximum flight speed attained by a 1.6 mm thick balsa sheet are presented here. 

The other results are presented in the data appendix. 

Fig. 4.16 Sheet flight relative speed 

In Fig. 4.16, Vw represents the mean wind tunnel wind speed at the height of the 

launch table, Vd is the sheet debris flight speed. WJ V„ represents the relative velocity. 

The flight path in the figure can be classified into two stages; first, before the sheet left 

the launch table, and second, after the sheet left the launch table. In the first stage, the 

sheet rotates about its back edge. In the second stage, the sheet rotates about its centerline 

which perpendicular to the wind direction. Since the sheet flight after leaving launch 

table is of primary concern, a smooth curve is fitted to this portion of flight. 
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Fig. 4.17 Curve fit for free-flight behavior of a sheet 

Consequently, the equation for the curve fit was assumed: 

V... 
= ax(\-e 'i" ) . (4.4) 

where 

ti is flying time 

to is the time taken for sheet to leave the launch table 

T is the half time of sheet reach maximum speed. 

For the 1.6mm balsa sheet, the curve is 

Kt 
V... 

/-0.08 

= 0.8 x ( l - e " 0 069 ). (4.5) 
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The results for the other free and fixed sheet flight tests are complied in the 

Appendix. 

From the results offree sheet flight behavior tests, the maximum relative flight 

speed (a) for each sheet sample was determined. From these results. Fig. 4.18 was 

constructed by plotting a vs. the parameter p„,tg/(paVj). 
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Fig. 4.18 Maximum relative speed versus Pmtg/(PaVj) 

From Fig. 4.18, it is seen that an increase of the \)axameterp„tg/(paV^i) causes a 

decrease in the relative maximum flight speed of a sheet, towards a minimum value of 

0.5. That is, the sheet flight speed approaches half the wind speed as thickness or mass 

increase. Comparing with the test resuh of Wills et al. (2000), the discrepancy may be 

attributed to the different wind tunnel test conditions and much less sophisticated video 
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analysis. For TTU test, the wind is smooth flow, whereas the Wills et al. (2000) test used 

turbulent flow. From the TTU test results, the following equation was fitted. 

Pjg - ^ = 0.25 

Rearranging the equation gives 

(4.6) 

V, =0.25 
-0..15 

P,Jg (4.7) 
V P. 

where I',, is the maximum debris flight speed. 

For the same sheet, different fixing strength integrities, 1, were tested to determine 

the maximum flight speed {Vj). The maximum relative velocity (a) was approximately 

equal for the same sheet, which can be seen in figures in the data appendix. In the TTU 

wind tunnel tests, for the 3.2mm balsa sheet, fixing strength integrity 1 is set to 0.95, 2 

and 3. The test results generate a maximum relative velocity of 0.7. whereas the 6.4mm 

balsa sheet, I is set to 0.95, 2 and 4, the maximum relative velocity is 0.65. The results are 

shown in Fig. 4.19. 

The conclusion is that for the same sheet, varying the fixing strength integrity 

does not change the maximum relative velocity. 
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Fig. 4.19 Relative speed versus fixing strength integrity 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusion 

Experiments were conducted to test a simple engineering model of sheet debris 

flying behavior developed by Wills et al. (2000). The tests were concentrated on two 

purposes: to determine (1) sheet flight initiation speed; and (2) sheet flying behavior 

after taking off. 

5.1.1 Flight Initiation Speed of Sheet Debris 

The flight initiation speed tests were undertaken for the cases of free mounted 

sheet debris and fixed sheet debris. For the fixed case, an electromagnet was introduced 

to control the fixing strength integrity, /. 

In the free-mounted sheet tests, the experimental results were compared with the 

results of Wills et al. (2000). In the TTU tests, the results of sheets freely mounted on the 

launch table produced a greater value of (I/Cp)'*̂ ^ than that of Wills et al. Much better 

agreement was obtained when sheet mounting was similar to that of Wills et al. (2000). 

This leads to a (1/Cp) value of 1.17 comparing to Wills et al. (2000) value of 1.15. 

For the fixed sheet tests, various sheet samples were tested for different fixing 

strength integrities, the ratio of the restraining force to the debris weight. Values of I 

equal to 1, 2, 4, 8 were tested. After analysis the test resuft gave an average Cp of 0.15. 

Assuming Cp is a constant for various fixing strength integrities, substituting a Cp=0.15 

into the free mounted sheet test results, gave the fixing strength integrity for the free 
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mounted sheet test. For a sheet free placed on top of the launch table, where (I/Cp)''^ is 7, 

gave a value of I equal to 0.95. For a sheet free mounted on top of the screw, (I/Cp)"^ is 

1.17, making I equal to 0.18. As expected the fixing strength integrity result for the free 

sheet mounted on the top of screw is much smaller than the one for the sheet placed 

directly on the top of the launch table. 

5.1.2 Flying Behavior of Sheet Debris 

The flying behavior of sheet debris after take off was also studied. The tests were 

also classified into two groups: free-mounted sheet debris and fixed sheet debris. The 

sheet flights were videoed. The videoed flight files were analyzed by converting the flight 

path into velocities and acceleration. More detailed flight behavior and analysis than 

Wills et al. was achieved. Significant lift was observed during the initial stage of sheet 

flight; however, eventually ft was overcome by the effect of gravity. The sheet always 

rotated during flight. During the flight, the horizontal acceleration changed periodically 

following the variation of attack of angle. The horizontal sheet flight velocity shows a 

general increase trend in the initial flight stage. When it reaches certain value, that is, 

relative maximum flight velocity, the horizontal velocity will fluctuate in a small range 

about that value. 

For each flight, relative flight speed Vd/Vw was plotted against flight time. An 

V _'z!± 
equation of the form—^ = « x (1 - e '' ) was used to fit to the relative flight speed 

variation with the flight time. For free-mounted sheets, a dimensionless figure, Vd/V,, 
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versus p,„tg/(paVj), was plotted. The figure shows that the relative maximum flight 

speed of a sheet decreases with the increase of p,„tg/(p„Vj), and approaches a minimum 

value of 0.5. An experimental equation for the maximum debris speed was obtained: 

V, = 0.25 
X -0..15 

P,Jg V.:'. 
A, 

The result of fixed sheet flight tests shows that varying fixing strength integrity 

does not change the maximum relative velocity for the same sheet. 

5.2 Recommendations 

Based on the experiments conducted here, the following recommendations are 

made. 

5.2.1 One-dimensional (rod) Debris Tests 

One-dimensional (rod) debris is more common than two-dimension (sheet) debris. 

And one-dimensional (rod) debris is commonly used in impact tests. Thus the flight 

initiation speed test and flight behavior tests for one-dimensional debris are required. 

5.2.2 Three-dimensional Photograph and Analysis 

In the TTU tests, one high-speed camera was employed, so the video is only 2-

dimension, some spatial deviation exits out of the plane. In further tests, two cameras 

with real-time automatic tracking software could be used. Thus 3-dimensional debris 

flight behavior and more precise test result can be acquired. 
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5.2.3 Further Investigation of Sheet Debris Rotation Speed 

The sheet debris rotates continuously after releasing into the air stream, the 

rotation speed could be analyzed with 3 dimensional position of sheet debris flight. 

5.2.4 Full-scale Test 

To prove the effectiveness of result achieved for the TTU wind tunnel tests, some 

full-scale tests can be conducted for sheet debris. 
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APPENDIX A 

FLIGHT PATH OF SAMPLE SHEETS 
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x(mm) 

Fig. A. 1 Flight path of free 1.6mm balsa wood sheet 

Fig. A.2 Flight path offree 3.2mm balsa wood sheet 
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Fig. A.3 Flight path offree 6.4mm balsa wood sheet 

Fig. A.4 Flight path offree 3.2mm bass wood sheet 
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Fig. A.5 Flight path offree 6.4mm bass wood sheet 
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Fig. A.6 Flight path offixed (1=2) 3.2mm balsa wood sheet 
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Fig. A.7 Flight path offixed (1=3) 3.2mm balsa wood sheet 

Fig. A.8 Flight path offixed (1=2) 6.4mm balsa wood sheet 
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Fig. A.9 Flight path offixed (1=4) 6.4mm balsa wood sheet 
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APPENDIX B 

FLIGHT SPEED OF SAMPLE SHEETS 
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Fig. B.l Flight speed offree 1.6mm balsa wood sheet 

Fig. B.2 Horizontal flight speed offree 1.6mm balsa wood sheet 

71 



Fig. B.3 Vertical flight speed offree 1.6mm balsa wood sheet 

Fig. B.4 Flight speed offree 3.2mm balsa wood sheet 

72 



Fig. B.5 Horizontal flight speed offree 3.2mm balsa wood sheet 

Fig. B.6 Vertical flight speed offree 3.2mm balsa wood sheet 
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0.7 

Fig. B.7 Flight speed offree 6.4mm balsa wood sheet 

Fig. B.8 Horizontal flight speed offree 6.4mm balsa wood sheet 
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Fig. B.9 Vertical flight speed offree 6.4mm balsa wood sheet 
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Fig. B.IO Flight speed offree 3.2mm bass wood sheet 
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Fig. B. 11 Horizontal flight speed offree 3.2mm bass wood sheet 

Fig. B.12 Vertical flight speed offree 3.2mm bass wood sheet 
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Fig. B.l 3 Flight speed offree 6.4mm bass wood sheet 

Fig. B.14 Horizontal flight speed offree 6.4mm bass wood sheet 

77 



Fig. B.l 5 Vertical flight speed offree 6.4mm bass wood sheet 

Fig. B.16 Flight speed offixed (1=2) 3.2mm balsa wood sheet 
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Fig. B.17 Horizontal flight speed offixed (1=2) 3.2mm balsa wood sheet 

Fig. B.l 8 Vertical flight speed offixed (1=2) 3.2mm balsa wood sheet 
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Fig. B.19 Flight speed offixed (1=3) 3.2mm balsa wood sheet 

Fig. B.20 Horizontal flight speed offixed (1=3) 3.2mm balsa wood sheet 
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Fig. B.21 Vertical flight speed offixed (1=3) 3.2mm balsa wood sheet 

Fig. B.22 Flight speed offixed (1=2) 6.4mm balsa wood sheet 



Fig. B.23 Horizontal flight speed offixed (1=2) 6.4mm balsa wood sheet 

Fig. B.24 Vertical flight speed offixed (1=2) 6.4mm balsa wood sheet 
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Fig. B.25 Flight speed offixed (1=4) 6.4mm balsa wood sheet 

Fig. B.26 Horizontal flight speed offixed (1=4) 6.4mm balsa wood sheet 
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Fig. B.27 Vertical flight speed offixed (1=4) 6.4mm balsa wood sheet 
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APPENDIX C 

FLIGHT ACCELERATION OF SAMPLE SHEETS 
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Fig. C.l Horizontal flight acceleration offree 1.6mm balsa wood sheet 

Fig. C.2 Vertical flight acceleration offree 1.6mm balsa wood sheet 
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Fig. C.3 Horizontal flight acceleration offree 3.2 mm balsa wood sheet 
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Fig. C.4 Vertical flight acceleration offree 3.2 mm balsa wood sheet 
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Fig. C.5 Horizontal flight acceleration offree 6.4mm balsa wood sheet 

Fig. C.6 Vertical flight acceleration offree 6.4 mm balsa wood sheet 
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Fig. C.7 Horizontal flight acceleration offree 3.2 mm basswood sheet 

Fig. C.8 Vertical flight acceleration offree 3.2 mm basswood sheet 
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Fig. C.9 Horizontal flight acceleration offree 6.4 mm basswood sheet 

Fig. C.IO Vertical flight acceleration offree 6.4 mm basswood sheet 
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Fig. C.l 1 Horizontal flight acceleration offixed (1=2) 3.2mm balsa wood sheet 

Fig. C.12 Vertical flight acceleration offixed (1=2) 3.2mm balsa wood sheet 
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Fig. C.13 Horizontal flight acceleration offixed (1=3) 3.2mm balsa wood sheet 

Fig. C.14 Vertical flight acceleration offixed (1=3) 3.2mm balsa wood sheet 
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Fig. C.15 Horizontal flight acceleration offixed (1=2) 6.4mm balsa wood sheet 

Fig. C.16 Vertical flight acceleration offixed (1=2) 6.4mm balsa wood sheet 
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Fig. C.17 Horizontal flight acceleration offixed (1=4) 6.4mm balsa wood sheet 
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Fig. C.18 Vertical flight acceleration offixed (1=4) 6.4mm balsa wood sheet 
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APPENDIX D 

RELATIVE SPEED OF SAMPLE SHEETS 
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Fig. D.l Relative flight speed of 1.6mm balsa wood sheet 
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Fig. D.2 Equation curve for relative flight speed of 1.6mm balsa wood sheet 

(-0.08 y 
^ ^ = 0.8 X ( l - e " 0069 ) 

V... 

96 



Fig. D.3 Relative flight speed of 3.2 mm balsa wood sheet 

S^^^^*=*>»^ 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

tlme(s) 

Fig. D.4 Equation curve for relative flight speed of 3.2mm balsa wood sheet 
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Fig. D.5 Relative flight speed of 6.4 mm balsa wood sheet 
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Fig. D.6 Equation curve for relative flight speed of 6.4mm balsa wood sheet 
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Fig. D.7 Relative flight speed of 3.2 mm bass wood sheet 

Fig. D.8 Equation curve for relative flight speed of 3.2mm bass wood sheet 
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Fig. D.9 Relative flight speed of 6.4 mm bass wood sheet 

Fig. D.IO Equation curve for relative flight speed of 6.4mm bass wood sheet 
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Fig. D.l 1 Relative flight speed offixed (1=2) 3.2 mm balsa wood sheet 
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Fig. D.12 Equation curve for relative flight speed offixed (1=2) 3.2mm balsa wood sheet 
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Fig. D.13 Relative flight speed offixed (1=3) 3.2 mm balsa wood sheet 
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Fig. D.14 Equation curve for relative flight speed offixed (1=3) 3.2mm balsa wood sheet 
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Fig. D.l 5 Relative flight speed offixed (1=3) 6.4 mm balsa wood sheet 

Fig. D.l 6 Equation curve for relative flight speed offixed (1=2) 6.4mm balsa wood sheet 
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Fig. D.l 7 Relative flight speed offixed (1=4) 6.4 mm balsa wood sheet 

Fig. D.l 8 Equation curve for relative flight speed offixed (1=4) 6.4mm balsa wood sheet 
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