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CHAPTER 1 

INTRODUCTION 

1.1. Background 

Large advertising signs are a common sight at the intersections of most major 

U.S. highways. The signs are typically supported by tall, steel pipe structures that 

generally consist of two or three sections of pipe. The sections of pipe decrease in 

diameter from bottom to top and are joined by welded connections to facilitate field 

erection and low maintenance. These monopole structures typically support an 

illuminated sign constructed of translucent plastic and sheet metal with an internal 

steel frame. The height of these signs sometimes exceeds 100 feet. • 

During the Fall of 1990, three such advertising signs failed within a five-week 

period, all three signs located in the upper Midwest (Figure 1.1). The three signs 

had been in service for less than 6 months. All were located along major interstate 

highways in rural locations surrounded by flat, open terrain. Wind histories for the 

three sites were obtained from recording stations at nearby airports. In each case, 

the peak wind velocity recorded during the life of the structure was less than half of 

the design wind velocity. 

Metallurgical examination of the fracture surfaces indicated that the three 

collapses resulted from a fatigue initiated crack that resulted in the fracture of the 

steel pipe at the toe of a transverse fillet weld between two pipe sections (Figure 

1.2). In each of the three cases, fatigue cracks formed on opposite sides of the pipe. 

The locations of crack initiation coincided with the wide faces of the sign (Figure 
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1.3). Over time, the two cracks propagated around the circumference of the pipe 

until approximately 90% of the pipe cross-section had fractured. Final collapse of 

each structure occurred when the two remaining portions of the pipe section suffered 

a ductile failure during moderate wind loading, much less than the design wind load. 

12-0" 

o 
cO 

TRANSLUCENT PLASTIC SI6N 

W INTERIOR STEEL FRAME 

o 
Cx| 

20"<P PIPE, </4" WALL THICKNESS 

o 
In m 

- 30"$ PIPE, WALL THICKNESS 

FAILURE LOCATION 

42"4> PIPE, %" MALL THICKNESS 

CONCRETE FOOTIN6 

Figure 1.1. Advertising sign elevation. 
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Based on sign geometry, wind records, and the observed mode of structural 

failure, the investigation of the collapse determined the failure resulted from a high-

cycle fatigue fracture that initiated at the welded joint. However, because of the 

regular appearance of the fracture surfaces, the investigation determined the fatigue 

failure was not caused by wind buffeting against the wide face of the sign; but, 

rather by wind-induced vortex shedding from the trailing edges. Based on the 

location of crack initiation and the direction of propagation, the investigation 

concluded that vortex shedding occurred with the wind flowing parallel to the wide 

face of the signs. 

30"$ PIPE %" MALL THICKNESS 

LOCATION OF FATI6UE FRACTURE 

E. l\43lS" O.D. x 30%" I.D. 

5/iè" FILLET MELD 

ô PLU6 MELD HOLES EQUALLY 
SPACED AROUND PIPE DIAMETER, 

FIELD MELD 

42"$ PIPE, WALL SICKNESS 

Figure 1.2. Detail of failed connection. 
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FATIGUE FRACTURE 

INITIATION 

DIRECTION OF CRACK 

PROPAGATION —\ r ORENTATiON OF 

SIGN ABOVE 

DUCTILE 

FAILURE 

I 

DUCTILE 

FAILURE "<P PIPE 

"<p pipe DIRECTION OF CRACK 

PROPAGATION 

FATIGUE FRACTURE 

INITIATION 
1 2 - 0 "  

Figure 1.3. Detail of failed connection. 

At the time of the investigation, a literature search of pertinent engineering 

publications was conducted by the investigating engineers. They discovered that 

vortex-induced vibrations of circular cylinders had been the subject of much 

research and that a large body of information has been published on the subject. 

Only limited references were found regarding the study of stationary rectangular 

cylinders subjected to vortex-induced vibrations. However, very little information 

was found regarding vortex-induced vibration of elastically supported rectangular 

cylinders. 
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As evidenced by the failure of the advertising signs, civil engineering structures 

are becoming more susceptible to wind-induced vibrations, and possibly failure, as 

the structures become taller, lighter and more flexible. This is due, in part, to the 

availability of stronger but lighter materials, advanced computer-based analysis 

techniques, and more efficient designs. However, this is also due to adverse 

aerodynamic effects, such as vortex shedding, flutter and galloping, which result in 

loads not normally considered during the design process. 

The engineers discovered during the failed sign investigations that very little 

published literature pertaining to the vortex-induced vibration of elastically 

supported rectangular cylinders is available to guide an engineer during the design 

of such structures. Therefore, the motivation for this research project was to 

advance the level of understanding of the subject through the study of the vortex-

induced dynamic response of elastically supported rectangular cylinders of various 

aspect ratios. In particular, the end result of this research is to determine and report 

dynamic parameters such as the Strouhal numbers, maximum amplitude of 

vibrations, and range of velocities when vibrations, transverse to the air flow, occur. 

1.2. Objective 

The objective of this research is to study the dynamic behavior of elastically 

supported rectangular cylinders suspended in laminar airflow and constrained to 

only cross-flow response, experimentally determine the aerodynamic parameters of 

the cylinders, and report the findings, conclusions and opinions resulting from the 

research. 
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1.3. Approach 

To meet the research objectives, rectangular cylinders with eight aspect ratios, 

the ratio of along-flow dimension to across-flow dimension, were tested. For each 

of the eight aspect ratios, five specimen of different mass were tested. Each 

specimen of rectangular cylinder was positioned with an angle of attack of zero 

degrees. Plates were attached to both ends of each specimen to maintain a two-

dimensional flow field and minimize three-dimensional flow effects at the ends. 

Finally, the rectangular cylinders were constrained to allow only cross-flow motion 

in the vertical direction; torsion and along-flow degrees of freedom were not 

considered. 

Results of primary importance are the Strouhal number of elastically supported 

rectangular cylinders, their amplitude of vibration, the critical range of wind 

velocities that produce vibrations, and the effect of the mass-damping parameter on 

the amplitude of vibration. 

The vibration amplitude and mass-damping data are utilized to derive equations 

that predict the reduced amplitude given the mass-damping parameter, the Scruton 

number. 

1.4. Scope of Work 

For the current research project, the following tasks were completed: 

1. A search of pertinent technical literature regarding vortex shedding from 

circular and rectangular cylinders. Of primary interest were publications 

dealing with the response of elastically supported rectangular cylinders 
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subject to steady-state fluid flow, including the dynamic response 

characteristics, maximum vibration amplitude, range of fluid flow velocities 

that produce lock-in, the effect the system mass and damping have on the 

vibration amplitude, and the Strouhal number of the elastically supported 

system. 

2. Experiments were designed to study the flow-induced vibration of elastically 

supported rectangular cylinders. The experiments were conducted in the Bill 

James Wind Tunnel that is located in the Wind Simulation and Testing 

(WiST) Laboratory, Department of Aerospace Engineering, Iowa State 

University. Rectangular cylinders with eight different aspect ratios that 

varied from two to seven were tested. Each model was tested five times, each 

time by adding a different amount of mass to the test apparatus. In total, 

forty specimens were tested. The models were suspended in the wind tunnel 

on a force-balance apparatus and the natural frequency, structural stiffness, 

mass, damping, and Scruton number were determined experimentally. The 

force-balance apparatus was designed to limit the degrees of freedom to only 

vertical cross-flow motion. Each model was tested in a smooth airflow at 

zero degree incidence and the time history of vibration response was 

observed and recorded. During each test, the range of air velocity bracketed 

the velocity where vortex shedding was predicted by the Strouhal relationship 

for stationary rectangular cylinders. 

3. The vibration response of each model was observed and recorded. From the 

experimental data, the Strouhal number, the maximum vibration amplitude at 
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each increment of fan speed, and the critical range of wind velocities that 

produced vibrations, were determined for each specimen. 

4. The results of the experiments, along with a discussion of the results, were 

reported in written form. 
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CHAPTER 2 

LITERATURE REVIEW: BLUFF BODY AERODYNAMICS 

2.1. Introduction 

The vortex shedding phenomena, while unexplained until the last 100 years, has 

been observed for centuries. The ancient Greeks knew the strings on their wind 

harps, known as Aeolian harps, would elicit tones when subjected to winds of 

certain speeds (Dowell, et al, 1995; Blevins, 1994). According to rabbinic records, 

King David hung his Kinnor, a 10-string harp or lyre, over his bed where it sounded 

the arrival of the midnight breeze (Blevins, 1994). Later, in the fifteenth century, 

Leonardo da Vinci sketched a row of vortices in the wake of a pile in a stream. 

In 1878, a Chechoslovakian scientist, Vincenz Strouhal, produced the first 

quantitative measurements of Aeolian tones. He used a hand-operated apparatus to 

rotate various diameter wires stretched between two radial supports. Strouhal 

established that the frequency of the Aeolian tone was proportional to the ratio of air 

velocity to wire diameter when the velocity exceeded a certain minimum. He found 

that the proportional constant, now known as the Strouhal number, varied between 

0.156 and 0.205, depending on the diameter of the wire. 

Strouhal observed that the amplitude of sound was greatly increased when the 

Aeolian tone coincided with the natural tone of the wire; that is, at the natural 

frequency of the wire. He erroneously concluded, however, that the tones were 

caused by friction generated between the wind and the wire. He also concluded, 
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again erroneously, that this friction produced wire motion parallel to the flow of the 

wind. 

At about the same time, Lord Rayleigh established that a violin string stretched 

across a chimney and immersed in the upward flow of the draft vibrated primarily in 

a cross-flow direction. He also discovered that the Strouhal number for circular 

cylinders is a function of Reynolds number. 

Later, Bénard, in 1908, and von Karman, in 1912, independently observed the 

staggered vortex street and established that the periodicity in the wake was 

associated with the vortex formation. This led to the discovery by Rayleigh in 1915 

that the across-flow vibrations of circular objects were caused by the periodic vortex 

shedding (Blevins, 1994). 

Finally, von Karman established the stability of the staggered vortex street with 

his closed-form expression for the velocity potential (Blevins, 1994). Because of 

his work, the vortices shed from the trailing edge of bluff bodies are known as von 

Kârmân vortices. 

Since that time, vortex-induced vibration of bluff bodies has been the subject of 

a great deal of research. For the most part, the focus of this research topic has been 

the vortex-induced vibration of circular cylinders. This is due, in large part, to three 

issues: (1) The simple geometric shape easily lends itself to nondimensional 

analysis; (2) Circular cylinders are only susceptible to cross-flow response; that is, 

these cylinders are not susceptible to galloping or flutter; and (3) The dependency of 

the wake vortex characteristics on the upstream fluid velocity. At the same time, the 

subject of vortex-induced vibration of rectangular cylinders has not been researched 
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nearly as much. This may be due to the response characteristics that differ 

depending on the aspect ratio of the cylinder; that is, the ratio of the along-flow to 

cross-flow dimensions. In addition, rectangular cylinders may be susceptible to 

more than one mode of flow-excited motion depending on the aspect ratio, the 

number of degrees of freedom available to the body, and the characteristics of the 

oncoming flow. 

Therefore, the subject of vortex-induced vibration of circular cylinders will be 

reviewed here because that body of work has served as the foundation of the current 

research of rectangular cylinders. Thus, the balance of this chapter includes 

information regarding vortex-induced vibration of bluff bodies in general and 

particularly circular cylinders and rectangular cylinders. 

2.2. Vortex Induced Vibration 

2.2.1. Bluff bodies defined. Simply put, a bluff body is the antithesis of an 

aerodynamic body. Aerodynamic bodies are typically streamlined in design; where 

the design goal is to reduce flow separations and reduce drag. Bluff bodies, which 

include most civil engineering structures, are designed to meet non-aerodynamic 

objectives. Typically, these structures are not streamlined in design and flow-

induced loads are usually of secondary importance. Since civil engineering 

structures are generally subjected to natural wind within the lower planetary 

boundary layer, their aerodynamic response characteristics are limited to low-speed, 

incompressible flow phenomena. 
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In general, when a bluff body is placed in a smooth fluid flow, the flow will 

separate from the body surface at a point where the flow reversal occurs. An 

unstable shear layer forms along the side of the body and time dependent lift and 

drag forces are produced. The separated flow initiates a fluid-structure interaction 

phenomenon that controls the characteristics of the wake. When the body is 

elastically supported, the fluid-structure interaction initiates flow-induced motion. 

If the flow velocity is within or beyond a certain range, the motion could result in 

aeroelastic instability such as vortex-induced vibration, galloping or flutter. 

2.2.2. Characteristics of bluff body flow. As a volume of fluid approaches the 

leading edge of a bluff body, the fluid pressure increases from the free stream 

pressure and approaches the stagnation pressure. The pressure increase causes the 

fluid to decelerate and forces the flow around the body as a boundary layer forms 

along the surface of the body (Blevins, 1994). 

Within the boundary layer, viscous effects retard the fluid velocity. A no-slip 

condition exists at the interface of the fluid and body surface where the fluid 

velocity is zero (Anderson, 2001). Away from this interface, the velocity increases 

with distance from the surface until, at the edge of the boundary layer, the velocity 

equals the free stream velocity. The boundary layer thickness is typically very small 

relative to the body dimensions. Thus, the velocity gradient and the resulting fluid 

shear stress within the boundary layer are usually very large. 

The flow accelerates after the fluid passes the leading edge, resulting in a 

favorable pressure gradient in the boundary layer (Figure 2.1). A laminar boundary 

layer develops under the favorable pressure gradient; until, at a sufficient distance 
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from the stagnation point, the boundary layer becomes turbulent (Blevins, 1992). 

As the viscous flow develops across the boundary layer, an adverse pressure 

gradient causes the flow to decelerate until the velocity is reversed near the body 

surface (Anderson, 2001). 

TRANSITION 

TURBULENT LAMINAR 

SEPARATION WAKE 

SHEAR STRESS 

—-STAGNATION 
POINT 

I ACCELERATED 
" ci nuu 

RETARDED 
FLOW 

Figure 2.1. Flow around a bluff body (Blevins, 1992). 

At the point where the flow reverses, the turbulent boundary layer separates from 

the surface to form a free shear layer. Because of the reversed flow, the fluid rolls 

over itself and form vortices in the shear layer that travel to the rear of the body at a 

velocity less than the free stream velocity. At the rear of the body, the shear layers 

from each side of the body interact and alternating vortices are formed in the near 

wake. The vortices are fed by fluid and additional vorticity from their respective 

shear layers until they are strong enough to draw the opposing shear layer across the 

near wake. 
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Eventually, the growing vortex is cut off from the adjacent shear layer by 

entrainment from the counter-rotating vortex developing on the opposite side of the 

body (Naudascher and Rockwell, 1994). With the fluid supply no longer available, 

the vortex is shed and travels into the wake at a velocity that is less than the free-

stream velocity. The sequence is repeated on the opposite side of the body and the 

alternating vortices typically form the classic von Karman vortex street. 

The formation and shedding of these vortex pairs produces alternating pressures 

on each side of the body (Dowell, et al, 1995). The pressures, and resultant forces, 

act normal to the body surface with a frequency equal to that of the vortex shedding 

from one side of the cylinder. The alternating forces are coupled to the wake 

structure through a complex fluid-structure interaction. This feedback control 

organizes the wake structure and results in higher lateral body forces. If the body is 

elastically supported, cross-flow vibrations commence at the vortex shedding 

frequency defined by vortices from both sides of the cylinder. 

The vortex formation described here assumes two-dimensional flow. However, 

stationary bodies that are long relative to their cross-flow dimension do not shed 

perfect two-dimensional vortices. Not all vortices form and produce forces that are 

in phase with each other along the length of the body. Consequently, there is 

limited correlation of vortex-induced load acting on the body and the net exciting 

force is smaller per unit length than the force resulting from the perfect two-

dimensional vortex shedding sequence (King, 1977). However, significant increases 

of the correlation length and exciting force occur with increasing amplitude of 

cylinder vibration. 
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For any unique bluff body, the flow pattern along its length is unique to that 

body and is dependent, in part, on body shape, after-body length, body motion, fluid 

viscosity, flow velocity, and flow turbulence. Despite the differences in local flow 

patterns; however, the vortex street that forms in the trailing wake organizes into a 

recognizable structure that is similar for most bluff bodies. In fact, within certain 

flow velocity ranges, the von Karman vortex street can be seen to be deterministic in 

character (Blevins, 1994). 

In the case of a rectangular cylinder with sharp leading and trailing edges, the 

flow is characterized by a separation of the boundary layer at the leading edge. The 

separated shear layers may reattach to the after-body surface depending, primarily, 

on the flow velocity and the length of the after-body. The shear layers that flow 

toward the rear of the body are not fully stabilized and vortices form within these 

layers. The vortices subsequently roll to the rear of the body where they are shed 

from the trailing edge (Holmes, 2001). Once the vortices are shed they coalesce into 

the distinguishable structure of the von Kârmân vortex street. 

2.2.3. Vortex-induced vibrations. 

Strouhal number. Within a certain range of flow velocities, a stationary bluff 

body sheds alternating vortices into the trailing wake at regular frequencies 

according to the nondimensional Strouhal relation, 

St = (Equation 2.1) 

where St = the Strouhal number, 

fs = the vortex-shedding, or Strouhal, frequency, 
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D = a representative cross-flow body dimension, and, 

U = the free stream flow velocity. 

The reduced velocity, Vr, is equal to the inverse of the Strouhal number with the 

natural frequency of the body, /„, substituted for the Strouhal frequency,/*, 

V. =-̂ — (Equation 2.2) 

where fn = the natural frequency of the body. 

Reynolds number. For bluff bodies with square or nearly square corners, the 

boundary layer will separate from the body at the leading edge under most fluid flow 

velocities. For these types of bluff bodies, the Strouhal number is predominately 

dependent only on body geometry. If the bluff body has rounded corners and edges, 

the Strouhal number depends on body geometry and the Reynolds number of the 

fluid flow. 

The Reynolds number is defined as the ratio of inertial forces to viscous forces. 

When the ratio of these two forces is large, inertial forces control the fluid force 

balance; when the ratio is small, the viscous forces control. Therefore, the ratio is 

an index of the type of flow characteristics or phenomena that may be expected to 

occur. The Reynolds number, Re, is expressed as a nondimensional parameter, 

Re = = — (Equation 2.3) 
H v 

where p = the fluid density, 

H = the coefficient of fluid viscosity, 

D = a representative cross-flow body dimension, 
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U = the upstream uniform flow velocity, and 

v = the coefficient of kinematic fluid viscosity. 

Concurrent with the vortices shedding from alternating sides of the body, 

oscillating fluid pressures are generated on the body. If the body is elastically 

supported, the alternating pressure and the fluid-structure interaction result in, 

predominately, cross-flow vibrations. The vortex shedding may also excite along-

flow motions as well as torsion, galloping and flutter, depending on the degrees of 

freedom available to the body (Dowell, et al, 1995), the shape of the body, the 

Reynolds number associated with the flow, and the ratio of the Strouhal frequency to 

the natural body frequency (Naudascher and Rockwell, 1994). 

If the Strouhal frequency is sufficiently different, either smaller or greater, than 

the natural body frequency, there is little interaction between the near-wake 

dynamics and structural motion (Goswami, et al, 1993). The oscillating fluid 

pressures only weakly excite the bluff body and the resulting vibration amplitudes 

are quite small. In this state, the frequency of the shed vortices agrees with the 

Strouhal relationship; and the structural response contains two distinct frequencies, 

the Strouhal frequency, fs, and the natural body frequency,/„. 

Lock-in. For a circular cylinder, the amplitude of the body motion increases 

significantly when the Strouhal frequency nearly equals the natural body frequency. 

A marked increase in the feedback control from the near-wake to the body coincides 

with the increase in vibration amplitude (Naudascher and Rockwell, 1994). When 

the ratio of the two frequencies, /$//„, is nearly one, the vortex-shedding phenomenon 

is controlled by the body motion at the natural frequency of the body. This control 
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occurs even when a small change in flow velocity moves the Strouhal frequency 

away from the body frequency (Simiu and Scanlan, 1996). 

The control of the vortex shedding by the bluff body motion is known as lock-in. 

During lock-in, body response resembles that of a mechanical system at resonance. 

However, the oscillation amplitude is self-limiting and usually less than one-half the 

cross-flow body dimension. Self-limiting behavior is present regardless of the level 

of structural damping. In this respect, vortex-induced vibrations are distinctly 

dissimilar to unbounded instabilities such as galloping and flutter. According to 

Dowell, et al (1995), the self-limiting oscillation phenomenon results from 

amplitude-dependent fluid damping. 

The effect of lock-in upon the vortex shedding frequency is represented in Figure 

2.2. In the lock-in region, the vortex-shedding frequency is constant and nearly 

equal to the natural frequency of the body, rather than a linear function of the 

wind velocity as suggested by the Strouhal relation. This phenomenon was first 

reported by Feng in 1968 (Blevins, 1994). 

Flow characteristics. During lock-in, vortices are shed when the vibration is 

near its maximum displacement. However, as the shedding frequency passes 

through the natural body frequency, there is a 180-degree phase shift between 

shedding and cylinder motion. For vibration frequencies below the shedding 

frequency, the vortex is shed from the side opposite the side experiencing maximum 

displacement. Conversely, for vibration frequencies above the shedding frequency, 

the vortex is shed from the same side as the maximum displacement (Zdravkovich, 

1982). The phase shift contributes to a hysteresis effect whereby the range of lock-
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in depends to a degree on whether the shedding frequency is being approached from 

above or below. 

Vortex shedding is strongly affected by three-dimensional end effects, where the 

fluid flows around the ends of the body rather than across the body. Vortices, with 

axes parallel to the flow, form at the free end of a body (King, 1977). These 

secondary vortices disrupt the shedding of von Karman vortices and weaken the 

cross-flow excitation. King (1977) reported that, for circular cylinders, a length to 

diameter ratio of approximately 45 must be achieved before end effects become 

negligible and that cylinders of finite length were excited at lower flow velocities 

than those of infinite length; that is, with end plates. 

LOCK-IN DURING 
DECREASING VELCCIT 

PATH m DECREASING 
VELOCITY 

PATH W/ INCREASING 
VELOCITY 

.0 

LOCK-IN DURING 
INCREASING VELOCITY 

VELOCITY 

Figure 2.2. Lock-in region. 
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2.3. Circular Cylinders 

2.3.1. Stationary circular cylinders. For a stationary circular cylinder, the 

aerodynamic behavior of the wake, including the flow characteristics, Strouhal 

number, and correlation of vortex shedding along the length, are sensitive to a large 

number of influences; primarily Reynolds number, surface roughness, and the 

turbulence scale and intensity. 

Flow characteristics. At very low Reynolds numbers, Re < 5, the fluid flow 

follows the cylinder contours without separation (Figure 2.3). In the range 5 < Re < 

45, the flow separates from the rear of the cylinder and forms a symmetric pair of 

vortices in the near wake. The along-flow length of the vortices increases linearly 

with Reynolds number and reaches a length of approximately three cylinder 

diameters at Re ~ 45 (Blevins, 1994). In the range, 150 < Re < 300, the wake 

becomes unstable and transitions from laminar to turbulent. Alternating vortices 

break away from the body into the near wake. The vortices trail down stream and 

form a periodic wake of alternating vortices. 

In the subcritical range, 300 < Re < 1.5xl05, the vortex shedding is strong and 

periodic. The laminar boundary layer separates from the body surface at about 80 

degrees aft of the nose of the cylinder and transitions into a turbulent separated layer 

where vortices form. The vortices trail into the near wake and form the von Karman 

vortex street. 

In the transitional range, 1.5xl05 < Re < 3.5xl06, the laminar boundary layer 

separates from the body at about 80 to 100 degrees aft of the nose. Separation 

bubbles randomly form; and, when they do, the separated layer reattaches. Because 
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of the unstable boundary layer, a second, turbulent separation occurs at about 140 

degrees aft of the nose. The irregular formation of the laminar separation bubbles, 

and subsequent three-dimensional effects, disrupts the regular shedding process and 

broadens the spectrum of shedding frequencies (Basu, 1985). 

5 TO 15 « Re < 40 

Re < 5 REGIME OF UNSEPARATED FLOW 

A FIXED PAIR OF FÛPPL 
VORTICES IN WAKE 

40 < Re < 90 AND 90 < Re < 150 
TWO REGIMES IN WHICH VORTEX 
STREET IS LAMINAR 

150 < Re < 300 TRANSITION RANGE TO TURBU
LENCE IN VORTEX 

300 < Re ^ 3 X 105 VORTEX STREET IS FULLY 
TURBULENT 

3 X 105 -g Re < 3.5 X 106 

LAMINAR BOUNDARY LAYER HAS UNDERGONE 
TURBULENT TRANSITION AND WAKE IS 
NARROWER AND DISORGANIZED 

RE-ESTABLISHMENT OF TURBU 
LENT VORTEX STREET 

Figure 2.3. Vortex shedding regimes (Blevins, 1992). 
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In the supercritical range, Re > 3.5xl06, regular vortex shedding is re

established with a turbulent boundary layer. The separation bubbles of the 

transitional range no longer form and the turbulent boundary layer separation 

occurs at 100 degrees aft of the nose of the cylinder (Basu, 1985). 

Strouhal number. The Strouhal number of a stationary circular cylinder is a 

function of Reynolds number and, to a lesser extent, surface roughness and free 

stream turbulence (Figure 2.4). Throughout the subcriticai range where the vortex 

shedding is strongest, 300 < Re < 1.5x10s, the Strouhal number varies only slightly 

and is approximately St ~ 0.21. At the upper end of the subcriticai range, near the 

critical Reynolds number of Re ~ 2.0x10s, an abrupt shift of the separation point and 

a sudden decrease in the drag coefficient occur (Liu, 1991). Beyond this point and 

into the transitional range, the flow around smooth cylinders results in the irregular 

<—Hypercritical Subcriticai Supercritical 

0.5 

0.4 

0.3 

0.2 

Critical Reynolds 
number, 2 X 10s 

0.1 

1 1 
|6 |3 |5 >4 

Figure 2.4. Strouhal number for circular cylinder (Liu, 1991). 
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formation of separation bubbles that generate a chaotic, disorganized, high-

frequency wake and Strouhal numbers as high as St ~ 0.46 (Bearman, 1969). In this 

same range, however, rough surface cylinders produce organized, periodic wakes 

with Strouhal numbers of approximately St ~ 0.25. Note that, in the transitional 

range, elastically supported circular cylinders produce vortex shedding at St ~ 0.2 

rather than the higher Strouhal number exhibited by stationary cylinders (Blevins, 

1994). For Reynolds number greater than Re ~ 3.5 to 4xl06; that is, in the 

supercritical range, the wake behind stationary cylinders becomes more regular and 

periodic and the vortex shedding occurs at approximately St ~ 0.2. 

Three-dimensional effects. The three-dimensional effects of vortex shedding 

can be characterized by a span-wise correlation length. Typical values for stationary 

cylinders range from 100 or more diameters for laminar vortex streets at Re ~ 60, 20 

diameters at Re ~ 100, and 5 diameters for Re ~ 10xl03 (Blevins, 1994). Typical 

correlation lengths for stationary cylinders within the subcriticai range, 300 < Re < 

1x10s, range from 3 cylinders diameters at Re ~ 104 to about 6 diameters at Re ~ 

10s. Beyond Re ~ 10s, the correlation lengths drop to less than one diameter (Basu, 

1986). 

2.3.2. Elastically supported circular cylinders. Similar to a stationary circular 

cylinder, the aerodynamic characteristics of the wake trailing an elastically 

supported circular cylinder are dependent, primarily, on Reynolds number. When 

the shedding frequency is sufficiently far from the natural frequency of the cylinder, 

there is very little fluid-structure interaction. Consequently, the wake behaves as if 

the cylinder were stationary. However, as the shedding frequency approaches the 
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natural body frequency, the elastically supported cylinder is free to respond to the 

alternating pressures produced by the shedding vortices. 

Lock-in. Cross-flow cylinder vibration near the shedding frequency organizes 

the wake through an increase in feedback control. Consequentially, the strength of 

the vortices and alternating body pressures are significantly larger. The larger 

pressures and resultant forces, in turn, cause the amplitude of the vibrations to 

increase until, when the two frequencies are equal, the shedding frequency locks in 

to the natural frequency of the body. 

For a circular cylinder of adequate length, lock-in begins when the ratio of 

shedding frequency, fs, to natural body frequency, fn, is nearly 1.0 and ends when the 

ratio is approximately 1.40 (Sarpkaya, 1979). The maximum amplitude occurs near 

the middle of this range. For tests conducted in air lock-in was found to occur at a 

reduced velocity in the range 4.75 < Vr < 8 while the maximum amplitudes occur in 

the range 5.5 < Vr< 6.5. However, the range of reduced velocity over which lock-in 

occurs increases with oscillation amplitude. 

At the end of the lock-in range, the vortex-shedding frequency suddenly jumps to 

the frequency governed by the Strouhal equation, but the cylinder continues to 

oscillate at its natural frequency, albeit at a greatly reduced amplitude. The lock-in 

and jump phenomena occur whether the shedding frequency approaches the natural 

body frequency from below or above. 

In free-vibration tests, the vibration amplitudes are self-limiting and rarely 

exceed one-half diameter. During forced-vibration tests, the pattern of regular 

vortices begins to break up if the amplitude is increased beyond one-half diameter. 
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This breakup implies that the fluid forces imposed on the cylinder by the vortex 

shedding are a function of the cylinder amplitude and may be self-limiting at large 

vibration amplitudes (Blevins, 1994). At an amplitude of one diameter, three 

vortices are formed per cycle of vibration instead of the stable pattern of two per 

cycle that occur naturally at lower amplitudes. 

While the largest amplitudes of cross-flow vibrations are generated during lock-

in, excitation to a lesser degree can also involve superharmonic and subharmonic 

resonance. This occurs when the ratio of the two frequencies,/*//„, approaches 3 and 

1/3, respectively (Naudascher and Rockwell, 1994). The higher and lower modes 

occurs at frequency ratios of 3 and 1/3, rather than 2 and 1/2, due to compatibility 

between the vortex- and movement-induced forces on the cylinder related to the 

velocity of the fluid flow past the side of the body. 

The correlation of vortex shedding along the cylinder length increases rapidly 

with amplitude (Sarpkaya, 1979). This increase has been found to be much larger in 

smooth flow than in turbulent flow and is especially true if the cylinder oscillates 

with an amplitude greater than the threshold amplitude, estimated to be 

approximately 10% of the cylinder diameter (King, 1977). In smooth flow the 

correlation length is estimated to increase from about 3.5 diameters to 40 diameters 

for Re ~ 1.9xl04 with the ratio of amplitude to body diameter in the range 0.05 < 

v4/D <  0 .1 .  

Strouhal number. The Strouhal number for elastically supported circular 

cylinders remains approximately ~ 0.21 over the tested Reynolds number range, 300 

<Re< 5xl07 (Liu, 1991). The sudden jump in the Strouhal number that occurs for 
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stationary circular cylinders when the critical Reynolds number is Re ~ 2xl05 does 

not occur for elastically supported circular cylinders. Blevins (1994) speculates that 

the cylinder motion organizes the wake and disrupts the disorganized shedding. 

Damping and the Scruton number. King (1977) showed that by increasing the 

structural damping, lock-in and the associated large amplitude vibrations could be 

avoided. Conversely, he showed that for extremely small ratios of structural 

damping the range velocity that produces lock-in increases significantly with 

increased amplitude. Naudascher and Rockwell (1994) reported that, with an 

increase in damping ratio, the maximum amplitude and width of lock-in range are 

severely reduced. 

According to Khalak and Williamson (1999), the development of the mass-

damping parameter is as follows. The equation of motion of the vortex-induced 

vibration of a circular cylinder is generally taken to be, 

where m =the total oscillating structural mass, 

c = the structural damping, 

k = the spring constant, and 

F(t) = the fluid force in the cross-flow direction. 

At lock-in, a good first approximation of the force and response is given by, 

my+ cy +ley = F(t) (Equation 2.4) 

F(t) = F0 sin{cost + </>), (Equation 2.5) 

y(0 = sin(w,f) (Equation 2.6) 

where cos = 2nfs = 2nf, 
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yo = the self-limiting amplitude, 

/= the actual body oscillation frequency ~/„, and. 

(p = the phase angle. 

The response amplitude and frequency may be derived in a straightforward 

manner from Equation 2.4 through 2.6. After manipulation, the response amplitude 

and frequency can be formulated using nondimensional parameters (Khalak and 

Williamson, 1999), 

j  i  Q s w  r ^ Y , .  
r At,-3 (m*->-r f* J (Equation 2.7) 

(Equation 2.8) 

where m* = the mass ratio = 
m 

X^)'(//4))' 

C = the critical damping ratio = 

Vr = the reduced velocity ratio = , 

Ar = the reduced amplitude ratio = —, 

j* = the frequency ratio = —, 
n 

Cy = the transverse force coefficient = 2 
Fy(t) 

Ca — the added mass coefficient -1.0, and 
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Ce = the potential added mass coefficient = 
1 CY cos ̂  f Vr \ 

For large mass ratios as expected in air; that is, m* » 1, the actual cylinder 

oscillation frequency, /, at lock-in will be very close to the vortex-shedding 

frequency of the static cylinder, fs, and also very close to the system natural 

frequency,/„; that is,/~fs~/„, and/* ~ 1.0. This can be seen in Equation 2.8 with 

very large m*. Then at lock-in, the reduced velocity ratio, Vr, is equal to UlfD ~ 

U!fsD = 1 /St; the inverse of the Strouhal number for a stationary cylinder. Given 

that St ~ 0.20, the expected cylinder response at lock-in over a wide range of 

Reynolds numbers will occur at a reduced velocity of Vr ~ 5. Based on this, the 

assumption is often made that both the reduced velocity, Vr, and the frequency ratio, 

_/*, are constants at lock-in, giving, 

Finally, under these assumptions, Ar, max is a function (inversely proportional) of the 

product of the mass ratio and the damping ratio; that is, 

According to Khalak and Williamson (1999), Scruton used such a parameter to 

describe his experiments with elastically supported circular cylinders. The 

parameter is commonly referred to as the Scruton number, Sc, 

A o c  
(m*+C,X" 

CY sin̂  
(Equation 2.9) 

4 pD 
(Equation 2.10) 

where Ç= the structural damping ratio, 

me = the system mass per unit length, 
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p = the fluid density, and 

D = the cross-flow body dimension. 

The time varying force, F(t), in Equation 2.4, can be expressed as (Skop and 

Griffin, 1975), 

F(t)=̂ pU2DlCY (Equation 2.11) 

Substituting this expression into Equation 2.4 and dividing through by m and D 

gives, 

— + Ĉ0" y + y -ÉH-Lq = fio)2CY (Equation 2.12) 
D D D 2m ^ ^ 

pP2l 

%n2St2m 
where // = ——, and 

_ 2nStU ̂ ^rom strouhal relation, Equation 2.1. 
D 

The first term, p ,  is proportional to, 

// —g— (Equation 2.13) 

As reported in Simiu and Scanlan (1996), Griffin, Skop, and Ramberg used this 

term in an empirical formula they developed to predict the maximum amplitude for a 

circular cylinder, 

y. 129 
D [l + 0.43(8?r2Sr2Sc)]3 35 

where y0 = the maximum amplitude, 

D = the cross-flow body dimension, and 

St = the Strouhal number. 

(Equation 2.14) 



www.manaraa.com

30 

This equation is plotted in Figure 2.5, along with experimental results of tests 

conducted by Goswami, et al (1993) using elastically supported circular cylinders. 

From Equation 2.14, the maximum self-limiting reduced amplitude, as Sc —> 0, is 

seen to be 1.29. However, the maximum observed reduced amplitude for a circular 

cylinder is approximately Ar ~ 0.5. 
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Figure 2.5. Plot of Equation 2.14 (Goswami, et al, 1993). 

2.4. Stationary Rectangular Cylinders 

2.4.1. Introduction. Because of the presence of the sharp corners, the flow 

separation points are fixed at the corners of a rectangular cylinder and do not move 

fore and aft on the body as with circular cylinders. Similar to circular cylinders, 

however, the flow characteristics round rectangular cylinders change dramatically at 

specific Reynolds numbers and produce abrupt jumps, and possibly double values, in 

the Strouhal number for certain aspect ratio. 
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2.4.2. Flow characteristics. The characteristics of the flow around a stationary 

rectangular cylinder suspended in a smooth flow are dependent on the Reynolds 

number and the length of the after-body; that is, the portion of the body behind the 

leading edges. In general, the flow characteristics include a flow separation at the 

leading edge, the growth of a separation bubble immediately behind the leading 

edge, and the formation of the von Karman vortex street in some form (Laneville 

and Yong, 1983). 

At extremely low Reynolds number, the flow separates at the trailing edges 

rather than the leading edges where the separated flow immediately reattaches. 

With an increase in Reynolds number, the boundary layer separates from the body at 

the leading edges where part of the separated flow is absorbed by a growing 

separation bubble of fluid. The unabsorbed part of the fluid continues into the shear 

layer in a proportion controlled by the cylinder after-body length. According to the 

time of the cycle, the fluid and the vorticity contained in the shear layer feed either 

the adjacent vortex or the vortex on the opposite body surface while they are 

forming. 

As the adjacent wake vortex is forming, the separation bubble assumes different 

sizes and can be considered as a buffer; filling itself with fluid and vorticity then 

releasing them when the vortex is shed (Laneville and Yong, 1983). Depending on 

the length of the after-body, the bubble releases its fluid and vorticity either into the 

forming wake vortex that is about to be shed, for L/D < 3, or into patches of 

vorticity along the cylinder side surfaces, for L/D > 3. Immediately after the 

adjacent vortex has been shed, the separation bubble shrinks to its minimum size. 
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For relatively short after-bodies (L/D <2 to 3), the flow separates at the leading 

edge and forms a wide von Karman vortex street in the near wake of the body. This 

has been termed leading edge vortex shedding. The bubble of fluid forms in the 

separated flow immediately behind the leading edge; but, the side wall is not long 

enough to trap the bubble. As a result, the bubble releases its fluid and vorticity 

directly into the vortex forming in the near wake. 

As the vortex is forming in the near wake, it draws fluid from the adjacent 

separated shear layer as well as from the wake further downstream and from the 

opposite shear layer. When the bubble releases its fluid, the vortex reaches its final 

size and is strong enough to draw part of the opposite shear layer across the wake. 

This entrains the flow from the adjacent shear layer and cuts it off from the forming 

vortex. The vortex is shed into the wake and develops into the von Kârmân street 

further downstream. Immediately preceding the shedding of the adjacent vortex, the 

opposite vortex starts to form and the process repeats itself. 

For medium length after-bodies (2 to 3 < L/D <5 to 7), the increase in after-body 

length results in flow separation at the leading edge and impingement of the leading 

edge vortices along the side surfaces of the body. This has been termed impinging 

leading edge vortex shedding. According to Laneville and Yong (1983), the 

separation bubble that forms behind the leading edge is trapped and cannot release 

directly into the wake vortex because of the extended after-body length. As with the 

shorter body, L/D < 3, the separation bubble grows during the periodic cycle until it 

reaches its maximum size and then releases its fluid and vorticity. However, in this 

case (L/D > 3), the vortices travel along the body side surface. These vortices form 
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a secondary region of flow that is entrained against the body side surfaces by the 

external flow. At the rear of the body, the vortices are shed and coalesce into a von 

Kârmân vortex street that is wider than the cross-flow dimension of the body but not 

as wide as the wake shed from short cylinders. 

For longer after-bodies (L/D > 5 to 7), the separated flow from the leading edge 

reattaches along the side surfaces of the body. However, the velocity of the 

reattached fluid is only approximately 63% that of the free-stream velocity 

(Nakamura, et al, 1991). The reattached fluid is stable and forms a laminar flow 

that is shed from the trailing edge of the body. A narrow von Kârmân vortex street, 

approximately equal in width to the cross-flow dimension of the body, is formed in 

the wake. This has been termed trailing edge vortex shedding. The velocity of the 

von Kârmân vortex street is approximately 86% of the free-stream velocity 

(Nakamura, et al, 1991). 

For even longer after-bodies (L/D > 8 to 10), it is believed that the reattached, 

laminar flow along the body side surface becomes turbulent after traveling a critical 

distance from the leading edge, is shed into the wake, and forms a von Kârmân 

vortex street that is wider than the body cross-flow dimension. 

2.4.3. Strouhal number. For stationary rectangular cylinders, the Strouhal 

number appears to be independent of the Reynolds number when the Reynolds 

number, defined as Re = UD/v, is greater than approximately 1.22xl03. Above this 

Reynolds number, the Strouhal number is dependent only on the aspect ratio, LID. 

When the Reynolds number is less than 1.22xl03, the Strouhal number is dependent 
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on the Reynolds number, the aspect ratio of the cylinder and on subtle changes in 

the flow pattern around the cylinder. 

Rectangular cylinders, 1 < L/D < 4. Okajima (1982) tested stationary 

rectangular cylinders with aspect ratios that varied from 1 < LID < 4, at Reynolds 

numbers that varied from 200 to 2xl04. He reported discontinuities in the Strouhal 

numbers that are dependent on the Reynolds number, but that the range of Reynolds 

number where the discontinuity occurs is dependent on the aspect ratio, L/D, of the 

rectangular cylinders. 

For a square cylinder (L/D = 1.0), the Strouhal number was found to vary only 

slightly from 0.15 to 0.13 for Re < 2xl04. The flow separates from the leading 

edges at all Reynolds numbers and creates a wide wake where vortices form the von 

Karman street with a regular frequency near the Strouhal frequency established for 

stationary cylinders. 

For an aspect ratio of LID = 2, the Strouhal number increased with Reynolds 

number up to Re ~ 500, where it reached a value of St -0.18. Between 500 <Re< 

600, Okajima reported a sharp drop in the Strouhal number to St ~ 0.07. Above Re ~ 

600, the Strouhal number varied only slightly from 0.07 to a maximum of St ~ 0.09 

when Re > 5xl03. He attributed the sudden shift in Strouhal number to an abrupt 

change in the flow pattern along the sides of the cylinder. At Re < 500, the flow 

that has separated at the leading edges reattaches to the sides of the body to be shed 

in a narrow wake from the trailing edges. At Re > 500, the reattachment no longer 

occurs and the separated flow from the leading edges forms a much wider wake. 
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The increase of the Reynolds number and the sudden widening of the wake results in 

an abrupt decrease in the Strouhal number. 

For cylinders with an aspect ratio of L/D = 3, the Strouhal number is 

approximately equal to St ~ 0.16 at Re < 103. However, when Re ~ 1.22xl03, 

Okajima found that the wake alternated between two wave patterns that produced 

three distinct Strouhal numbers. Mode I, with small amplitude and high frequency, 

resulted in St ~ 0.16. Mode II, with irregular shape and frequency, resolved into two 

kinds of response with Strouhal numbers of 0.06 and 0.12, respectively. Therefore, 

three distinct Strouhal numbers occur simultaneously in this region. With an 

increase in Reynolds number, the Strouhal number of Mode I disappears and the 

Strouhal number of the lower component of Mode II decays. As the Reynolds 

number is increased further, the higher component of Mode II produces a Strouhal 

number that increases from 0.12 and approaches 0.16. Okajima attributes the shift 

in the Strouhal number at Re ~ 1.22xl03 to changes in the flow pattern similar to 

those described for the aspect ratio of 2. 

He notes that the shift occurs for an aspect ratio of 3 at Re ~ 1.22xl03 while the 

shift occurs for an aspect ratio of 2 at Re ~ 5xl02; that is, the larger aspect ratio of 3 

results in a higher critical value of Reynolds number where the sudden shift in 

Strouhal number occurs. Thus, for a longer after-body, the flow must be faster for 

the separated flow from the leading edges to no longer reattach to the sides. The 

longer after-body of the cylinder tends to prevent the separated flows from 

expanding and keeps them attached to the side surfaces. 
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Finally, for a rectangular cylinder with an aspect ratio of L/D = 4, the Strouhal 

number is independent of the Reynolds number. For all ranges of Reynolds number, 

Okajima found that St ~ 0.14. He reported that there is no sudden shift in the 

Strouhal number for an aspect ratio of four, as the separated flow from the leading 

edges reattaches to the sides at all Reynolds numbers. 

Rectangular cylinders, 1 < L/D < 25. Knisely (1990) tested stationary 

rectangular cylinders with aspect ratios that varied from 0.04 to 1; and, because each 

cylinder was rotated 90 degrees, the tests also included cylinders with aspect ratios 

from 1 to 25. The water channel experiments were conducted at Reynolds between 

7.2xl02 and 3.1xl04. The wind tunnel tests were conducted at Reynolds numbers 

between 8.8xl03 and 8.1xl04. The results of the tests involving cylinders L/D > 1.0 

are plotted in Figure 2.6. 

Knisely confirms the data reported by Okajima for the rectangular cylinder with 

L/D of 1; that is, St ~ 0.15. However, he did not find the abrupt jump in Strouhal 

number for a cylinder with L/D = 2 that Okajima observed; as the Reynolds number 

in the tests conduced by Knisely were not as low as the Reynolds numbers in the 

tests conducted by Okajima. 

For a rectangular cylinder with an aspect ratio L/D = 2.5, Knisely reported that 

the Strouhal number was approximately 0.06. For this aspect ratio, the Reynolds 

number used in the tests ranged from 7.5xl03 to 2.2xl04. If Okajima's conclusion 

was correct, that a critical Reynolds number exists where the abrupt shift in Strouhal 

number occurs for aspect ratios less than about 4, then Knisely's tests were 

conducted at a Reynolds number too large to capture the double Strouhal numbers. 
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Knisely did report an abrupt jump in Strouhal number between aspect ratios of 

2.5 and 3.33. For a cylinder with L/D = 3.33, the Strouhal number was determined 

to be approximately 0.14. This aspect ratio was tested at Reynolds numbers that 

ranged from 5.6xl03 to 2.2xl04. Once again, if Okajima was correct, then Knisely 

reported the Strouhal number produced by a Reynolds number that is too low to 

capture the double Strouhal numbers. 
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Figure 2.6. Strouhal numbers for rectangular cylinders (Knisely, 1990). 
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For cylinders with an aspect ratio L/D = 4.0, Knisely confirmed the single 

Strouhal number reported by Okajima, i.e.; St ~ 0.13. For cylinders with aspect 

ratios between 3.33 to about 8, he found an almost linear decrease in the Strouhal 

number from approximately 0.17 to 0.07. Finally, for an aspect ratio of 10, Knisely 

reports a Strouhal number of approximately 0.20, indicating that another abrupt 

j u m p  m u s t  h a v e  o c c u r r e d  i n  t h e  S t r o u h a l  n u m b e r  i n  t h e  r a n g e  o f  8  <  L/D < 1 0 .  

Knisely did report an abrupt jump in the Strouhal number when the aspect ratio 

is 2.5 < L/D < 3.33 and implies that another jump occurs when the aspect ratio is 

between 5 < L/D <10. Parkinson (1989) confirms the abrupt changes in Strouhal 

number in the range 2.0 < L/D < 3.0, and attributes the jump to the reattachment of 

the shear layers on the after-body sides, with final separation occurring at the 

downstream corners. Deniz and Staubli (1997) attribute the double Strouhal 

numbers, occurring at aspect ratios of L/D ~ 2 to 3 and L/D ~ 4 to 7, to the transition 

from leading edge vortex shedding to impinging edge vortex shedding and from 

impinging edge vortex shedding to trailing edge vortex shedding, respectively. 

2.4.3. New look at the Strouhal number. Nakamura, et al (1991) reported on 

tests of stationary rectangular cylinders that varied in aspect ratio from 3 to 16. 

Their experiments were conducted in a low-speed wind tunnel at Reynolds number 

ranging from 103 to 3xl03. 

They found at least one dominant frequency in the shedding spectra from the 

wake of all rectangular cylinders up to an aspect ratio of 15. At L/D =16, the 

frequency spectrum of the trailing wake was broad banded with no dominant 

frequency. In general, the value of the dominant frequency gradually decreased with 
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increasing L/D and then jumped to a higher value at a certain value of L/D. The 

decrease and jump in frequency repeated with increasing L/D and two dominant 

frequencies appeared at each jump. However, Nakamura, et al, cautioned that the 

signal did not contain two dominant frequency components simultaneously. Rather, 

the signal exhibited only one dominant frequency at a time during a random-length 

time interval. 

They found that the Strouhal number, when based on the length of the after

body, L, is nearly constant and equal to 0.6 for L/D = 3 to 5. However, they also 

found that, with an increase in L/D, the Strouhal number increases stepwise to 

values that are approximately equal to integer multiples of 0.6 and that the steps 

occurred at L/D ~ 6, 9, and 12 (Figure 2.7). 

Figure 2.7. Strouhal number based on body length, L (Nakamura, et al, 1991). 
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Based on the results of their research, if defined in terms of the after-body 

length, L, the Strouhal number relationship becomes, 

f L 
St = = 0.6n (Equation 2.15) 

where n = integer for L/D >3. 

They reasoned that there is a relation between the wavelength of the velocity 

fluctuation and the length of the plate; that is, the wavelength is just equal (n - 1 

and 2) or approximately equal (n = 3 and 4) to fractions of the plate's length. In 

other words, the integer, n, represents the number of vortices that are formed on the 

plate's surface. 

Thus, it is clear that vortex shedding from flat plates with square leading and 

trailing edges and aspect ratios up to L/D = 15, is characterized by the instability of 

the impinging shear layer along the sides of the rectangular cylinder. The impinging 

shear layer instability initiates at about L/D ~ 3 where the wavelength of vortex 

shedding is just equal to the after-body length. As L/D is increased, the wavelength 

is locked-on to the plate's length through a nonlinear flow process until a certain 

limit is reached. At the limit, transition of the mode of vortex shedding from n = 1 

to n = 2 occurs. With a further increase in L/D, the same cycle of events repeats. 

2.5. Elastically Supported Rectangular Cylinders 

2.5.1. Introduction. Vortex-induced vibrations can occur for any elastically 

supported bluff cylinder where the cross-section includes an appreciable after-body. 
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Semi-circular bodies, when placed in a flow with their blunt edge facing the flow 

exhibit vortex-induced vibrations; but, when reversed in the flow with their blunt 

edge facing down stream, the same bodies exhibit no motion. For vortex-induced 

excitation to occur, the alternating pressure loading must occur principally on the 

after-body surface. Therefore, the most important physical parameter of a two-

dimensional body subjected to vortex-induced or galloping oscillation is the size and 

shape of its after-body (Bearman, et al, 1987). 

2.5.2. Flow characteristics. Similar to elastically supported circular cylinders, 

the amplitudes of vortex-induced vibration of elastically supported rectangular 

cylinders are limited to less than one half the cross-flow dimension and the 

vibrations occur only in discrete ranges of wind speed (Corless and Parkinson, 

1988). Unlike circular cylinders, however, vibrations do not typically occur when 

the ratio of the vortex shedding, or Strouhal, frequency, fs, to the natural body 

frequency, /„, approaches one. Bluff bodies typically vibrate at a frequency ratio, 

fs/fn, less than one. Furthermore, some aspect ratios exhibit vibration in two ranges 

of Reynolds number flow. 

In the ranges of wind speed that produce vibrations, the frequencies measured in 

the wake do not contain the expected Strouhal frequency; but rather a single 

frequency very close to the natural frequency of the body as was found with the 

circular cylinder. This is representative of the familiar lock-in phenomenon. 

As with stationary rectangular cylinders, three distinct classes of vortex 

formation can be observed when the angle of attack is held to zero: leading-edge 
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vortex shedding, impinging leading-edge vortices, and trailing-edge vortex shedding 

(Deniz and Staubli, 1997). 

Leading-edge vortex shedding. With short rectangles (L/D <2 to 3), the flow 

separates from the leading edge and strong vortices shed into the wake forming a 

von Karman vortex street. The oscillating wake is several times wider than the 

cross-flow body dimension and includes the whole section of the body (Nguyen and 

Naudascher, 1991). Body vibration is mainly excited by von Karman vortices, and a 

typical response diagram shows a sharp peak near vortex resonance, Vr = 1 /St. 

When Vr increases beyond 1 /St, the response ceases. However, with further increase 

in Vr, the body will eventually become self-excited and start to gallop. 

Impinging leading-edge vortices. With an increase in aspect ratio (2 to 3 < L/D 

< 4 to 7), the vortices that form in the shear layer behind the leading edge impinge 

on the side surfaces and establish a feedback-controlled source of excitation of their 

own. For this range of aspect ratios, the von Karman vortex excitation is weak due 

to the narrow, irregular wake. The impinging vortex excitation mechanism becomes 

particularly enhanced if the body starts to vibrate. Through feedback, the transverse 

body motion induces stronger leading-edge vortices that, in turn, strengthen the 

impinging vortex excitation. 

Within a certain range of wind velocities, the leading-edge vortices coalesce with 

the vortices that are formed in the shear layers. Consequently, the combined 

vortices increase in strength and induce oscillating pressures along the sides of the 

cylinder that, in turn, amplify and sustain the body motion. 
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Trailing-edge vortex shedding. With long rectangular profiles (L/D > 4 to 7), 

the flow remains attached to the side surfaces and separates from the trailing edges. 

In contrast to leading edge vortex shedding, the wake and von Kârmân vortex street 

is much narrower. Thus, the Strouhal number is higher, and resonant vibrations start 

at lower values of free stream velocity, U. The occurrence of oscillations in this 

group depends not only on the trailing edge geometry but also on the leading-edge 

geometry. Sharp leading edges may suppress the periodicity of the vortex shedding 

by introducing large-scale turbulence into the shear layers (Naudascher and 

Rockwell, 1994). Therefore, rectangular cylinders in this L/D range appear to be 

less susceptible to vortex-induced vibration than streamlined profiles. 

2.5.3. Strouhal number. As discussed below, elastically supported rectangular 

cylinders with aspect ratios greater than one do not vibrate with appreciable 

amplitude at the velocity predicted by the Strouhal number based on stationary tests. 

Rectangular cylinders, 1 < L/D < 4. Washizu, et al (1978) conducted 

experiments on stationary rectangular cylinders, 1 < L/D < 4, and reported that two 

Strouhal numbers were observed for cylinders of 2.0 < L/D < 2.8. Subsequently, 

they conducted experiments on elastically supported rectangular cylinders, 1 < L/D 

< 4, with the intent of verifying the existence of lock-in at the Strouhal frequencies 

produced by the stationary cylinders. Their experiments were conducted in a wind 

tunnel where the speed of the flow was increased incrementally while all specimen 

parameters were held constant. Prior to initiating the flow, each model was stopped 

and held stationary. At each increment of speed, the model was manually given an 

initial cross-flow displacement and then allowed to vibrate freely in the flow. 
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The results of the work by Washizu et al are shown in Figures 2.8 and 2.9 for 

L/D — 2 and L/D— 4, respectively. In these figures, the ordinate is the reduced 

amplitude, the abscissa is the reduced velocity, and • indicates the assumed lock-in 

speed; that is, the flow speed where the stationary Strouhal shedding frequency 

coincides with the natural frequency of the model. The Scruton number is referred 

to with the symbol, jUh, in the two figures. 
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Figure 2.8. Cross-flow vibrations, L/D = 2.0 (Washizu, et al, 1978). 

For L/D = 2 (Figure 2.8), they found that two regions of instability existed when 

the Scruton number was sufficiently small. One is in the vicinity of the lower lock-

in speed, while the other commences at a speed near the upper lock-in speed. For 

the latter, the oscillation with large amplitude persists far beyond the upper lock-in 

speed. They reported that, as the Scruton number increases, the former diminishes 

and disappears finally, while the latter splits into two unstable regions. The first 

region is a small range of instability in the vicinity of the upper lock-in speed. The 
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second commences at a critical speed that is higher than the upper lock-in speed and 

is dependent on the magnitude of the Scruton number. They attribute the instability 

regions in the vicinity of the upper and lower lock-in speeds to vortex-excited 

oscillations and the instability observed beyond the critical speed to transverse 

galloping. 
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Figure 2.9. Cross-flow vibrations, L/D = 4.0 (Washizu, et al, 1978). 

For the cylinder with aspect ratio L/D = 4 (Figure 2.9), they reported that the 

response was quite different from the response of the cylinder with L/D = 2. When 

the Scruton number is sufficiently small, two regions of instability were found. 

Only one of the regions is in the vicinity of the lock-in speed determined from 

stationary cylinder tests. When the Scruton number was increased, the two unstable 

regions diminish and finally disappear, suggesting that the two unstable regions may 
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be attributed to vortex-excited oscillation and that no transverse galloping exists for 

this model. 

Rectangular cylinders, 2 < L/D < 5. Komatsu and Kobayashi (1980), conducted 

wind tunnel experiments with elastically supported rectangular cylinders with aspect 

ratios that ranged from 2 < L/D < 5. The cylinders were suspended in a smooth air

flow at zero angle of attack and constrained to only cross-flow motion. The air 

speed was increased incrementally. 

At each increment of speed, the cylinder was manually set into motion with a 

sufficiently large amplitude, then allowed to oscillate freely in the flow. Depending 

on the range of air speed, it was observed that the model either settled down to a 

harmonic-oscillating state with constant amplitude or returned to the rest state. For 

velocities of flow where sustained harmonic oscillation resulted, the cylinder was 

initially held in the rest position and then released in order to determine whether it 

remained in a stationary state or began to oscillate because of wind excitation. For 

specific velocities dependent on the aspect ratio, they found that, while no 

spontaneous oscillation occurs if the cylinder is initially at rest, an initial amplitude 

could trigger sustained oscillation. 

For rectangular bodies with separation points at their leading edges, vortex-

induced oscillation occurs within two different ranges of wind velocity. One of 

these ranges includes the response they attributed to excitation by von Kârmân 

vortex-shedding. The second range of responses is attributed to a motion-induced 

vortex that appears at the leading edge, and then synchronizes with the motion of the 

cylinder. The vortex travels along the side of the body surface because of the 
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dragging action of the mean flow along the cylinder during the half-cycle of the 

oscillation. As the vortex travels along the side, it produces a reduction of pressure 

on the surface of the cylinder. They found that the frequency of this type of 

oscillation does not change at all in the unstable region and coincides with the 

natural frequency of the cylinder. 

The response curves for their tests are shown in Figure 2.10. The velocity ranges 

during which self-sustaining oscillation occurred only when the cylinders had been 

initially set in motion by hand (even though they remained stationary when initially 

at rest) are indicated by the dashed curves. They found that the models with L/D = 

2, 4, and 5 exhibited vibrations in two distinct ranges of air speed, as seen in Figure 

2.10. 

5 

Figure 2.10. Response curves, 2 < L/D < 5 (Komatsu and Kobayashi, 1980). 
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Komatsu and Kobayashi reported that all aspect ratios oscillated at the critical 

reduced velocity, Vr,cr- This velocity is calculated from the reciprocal of the 

Strouhal number for stationary rectangular cylinders, Vrxr = 1/St. However, they 

reported that Vr,Cr did not coincide with the velocity producing the maximum 

amplitudes of oscillation. 

The velocity at which peak amplitudes of vortex-induced oscillation are attained 

are compared with Vr>cr in Figure 2.11. As shown, the peak amplitudes for the 

elastically supported rectangular cylinders tend to two common straight lines, 

whereas the Vr>cr curve exhibits the variation of Strouhal number, derived for 

stationary cylinders, relative to each aspect ratio. 
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Figure 2.11. Reduced velocity at peak amplitudes (Komatsu and Kobayashi, 1980). 
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They considered the total work done by the oscillating system and developed 

formulae to predict the critical wind velocities at which the vortex-induced 

oscillations of rectangular cylinders having various L/D ratios occur with maximum 

amplitude, 

D 

They also developed a formula that gives the velocity range within which no 

vortex-induced oscillation due to motion-induced vortices occurs but within which, 

for relatively small L/D ratios, galloping occurs, 

Vr = 4.8-^ + 0.5 (Equation 2.1! 

These formulas are plotted in Figure 2.12. 

V =2.4—+ 0.5 
D 

(Equation 2.16) 

F = 1.2 —+ 0.5 (Equation 2.17) 
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Figure 2.12. Critical reduced velocities (Komatsu and Kobayashi, 1980). 
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Rectangular cylinders, 2 < L/D < 5. Nakamura and Nakashima (1986) also 

conducted wind tunnel experiments with elastically supported rectangular cylinders 

with aspect ratios in the range 2 < L/D < 5. Similar to the discussion above 

regarding the experiments conducted by Komatsu and Kobayashi, the cylinders were 

suspended in a smooth airflow at zero angle of attack and constrained to only cross-

flow motion. 

Like Komatsu and Kobayashi, they attributed the observed cylinder motion to the 

impinging-shear layer rather than to von Kârmân vortices in the trailing wake. 

Based on their observations, the separated shear layer from the upstream corner 

became unstable, rolled-up into discrete vortices that traveled along the body side 

surface, and was shed from the downstream corner. The impinging-shear layer 

instability occurs over a range of L/D = 3 to 6 for rectangular cylinders. For that 

range of cylinders, they found that the Strouhal number was approximately equal to 

0.6 when based on the body length. 

Rectangular cylinders, 1 < L/D < 1 0 .  Nguyen and Naudascher (1991) 

conducted water channel experiments with elastically supported rectangular 

cylinders with aspect ratios in the range 1 < L/D <10. The cylinders were 

suspended in a water channel flow at zero angle of attack. The results of their work 

are shown in Figure 2.13. 

They attribute the lateral response of the square cylinder (L/D = 1) to leading 

edge vortex shedding, cylinders with L/D = 2 through 6 to impinging leading edge 

vortices, and cylinders with L/D > 6 to trailing-edge vortex shedding. They found 

that the square cylinder produced the most periodic von Karman vortex-induced 
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excitation. However, they reported that, at comparable values of total effective 

damping, cylinders with L/D - 2, 3, and 4 vibrated with larger amplitudes in the 

lower range of reduced velocities. According to their results, this is proof that the 

leading-edge vortex shedding may lead to a stronger excitation than the von Kârmân 

vortices. 

Q/d 
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0.06 

O.Oi" 

0 0 2 -

Amplitude o 

Onset of 
galloping 

LA! R6 

Figure 2.13. Cross-flow response, 1 < L/D < 8 (Nguyen and Naudascher, 1991). 

They introduced a modified Strouhal number based on the length of the after

body and average velocity of the fluid along the side surface of the cylinder. Given 

the average convection velocity of the leading-edge vortices of approximately 0.6 
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times the approach velocity, U, and the length of the side surface, L, the frequency 

of the vortex-induced excitation is, 

f s  (Equation 2.19) 

2.5.4. Modified Strouhal number. Clearly, a complicating factor in the analysis 

of flow-induced vibrations of elastically supported rectangular cylinders is the 

different mechanisms that can excite vibrations. Based on the literature, there are 

three regimes where a different mechanism in each regime provides the excitation 

(reference Figure 2.6). 

Regime 1 is associated with leading edge vortex shedding, 0 < L/D < 3, for 

smooth flow. Regime 2 is associated with impinging leading edge vortices and 

extends from 3 < L/D < 6. In an extension of Regime 2, 6 < L/D <16, very little 

regular vortex shedding occurs for a stationary cylinder (Naudascher and Wang, 

1993), and in regime 3, L/D >16, boundary layers develop past reattachment and 

combine to form a stable vortex street a short distance downstream of the trailing 

edge. 

For Regime 2, the vortex formation is controlled by a flow instability instigated 

by the impinging shear layers; vortices that form in the unstable free shear layers on 

the two sides of the cylinder are transported with a convection velocity equal to 

approximately 60% of the free-steam fluid velocity toward the trailing edges. Here 

they generate pressure pulsations that are fed back upstream and trigger the 

development of new vortices. With a vibration frequency, /, close to the natural 
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cylinder frequency in still fluid,/„, impinging leading-edge vortex excited vibrations 

are likely to set in if the reduced velocity is (Naudascher and Wang, 1993), 

V = — = — (Equation 2.20) 
a. 

From Equation 2.19, iffs ~/„, then, 

L 1 

0.6D A, 

Thus, the modified Strouhal number, Stn, for impinging leading edge vortex 

shedding is defined as, 

(Equation 2.21) 

St„ = n 0.6— 
V L; 

(Equation 2.22) 

where n = 1, 2, 3, 

The ranges where flow-induced vibration for lightly damped, rectangular 

cylinders may occur is shown in Figure 2.14. Naudascher and Wang (1993) note 

that the value of the mass-damping parameter, i.e.; the Scruton number, determines 

what harmonic of the impinging leading edge vortex frequency develops. 

Flow visualization tests have shown that there is both vortex generation and 

vortex convection along the body side surface towards the trailing edge (Matsumoto, 

1999). Furthermore, secondary vortices have been seen in the near wake at the 

trailing edge, induced by body motion. He reports that the average convection 

velocity of the vortex, from the leading edge to the trailing edge, has been measured 

to be approximately 60% of the free stream velocity. 

For rectangular cylinders in cross-flow vibrations, Matsumoto reports that the 

vortex generated at the leading edge reaches the trailing edge where it coalesces 
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Figure 2.14. Cross-flow response (Naudascher and Wang, 1993). 

with the secondary trailing edge vortex. Thus, an intensive vortex can be shed in 

one cycle motion at the particular reduced velocity where the vortex-induced 

vibrations occur. This coalescence condition is formulated as follows, 

L = 0.6nUT0 (Equation 2.23) 

where L = the body length parallel to the flow 

n =  t h e  n u m b e r  o f  c y c l e s ,  «  =  1 , 2 , . . . . ,  

U = the free stream flow velocity, and 

To = the natural period of the cross-flow motion. 
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Rearranging this equation gives, 

(Equation 2.24) 

where Vr,Cr = the critical reduced velocity = , and 

D = the cross-flow body dimension. 

Reduced velocities, Vr, versus the aspect ratio, L/D, are shown in Figure 2.15 for 

« = 1,2. This formula agrees with the modified Strouhal number formula proposed 

by Nakamura and Nakashima (1986), and Equation 2.21, above. Thus, for n = 1, the 

modified Strouhal number becomes, 

This modified Strouhal number accurately predicts the free stream wind velocity at 

which cross-flow vibrations occur for fundamental structural bluff bodies 

(Matsumoto, 1999). 

2.6. Summary 

Based on the vast amount of literature regarding circular cylinders, the wind-

induced vibrations result from the classic von Kârmân vortex shedding. However, 

the source of the excitation for rectangular cylinders is dependent on the length of 

the after-body; that is, the length of cylinder behind the leading edges. 

Except in extremely slow wind speeds, short rectangular cylinders, L/D < 2.8, are 

excited by the classic von Kârmân vortex shedding similar to circular cylinders. In 

these cases, the flow separates at the leading edges and creates a wide wake that 

(Equation 2.25) 
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coalesces into the von Kârmân vortex street. The body response is very similar to 

the response of a circular cylinder and the stationary Strouhal number accurately 

predicts the wind speed where lock-in occurs. 

Longer rectangular cylinders, 3 < L/D < 15, do not behave as the circular 

cylinders because of the presence of the after-body. The flow separates at the 

leading edges but the separated flow reattaches in an unstable shear layer where 

vortices form. The vortices travel to the trailing edge of the cylinder where a 

secondary vortex street forms. 

However, the trailing edge vortex street is not the principal form of excitation. 

The main form of excitation is the formation of the vortices along the side surfaces 

of the cylinder and the resulting alternating pressures on the body side surfaces. 

Thus, for rectangular cylinders where L/D > 2.8, the stationary Strouhal number 

cannot be used to predict the wind velocity where lock-in will occur. The modified 

Strouhal number that is dependent on the length of the body accurately predicts 

where lock-in will occur. 

While several researchers (Washizu, et al, 1978; Komatsu and Koyashi, 1980; 

Nguyen and Naudascher, 1991) have reported amplitudes of wind-induced vibrations 

for rectangular cylinders, none have attempted to develop equations to predict the 

expected amplitude of these vibrations. 

Therefore, the focus of this research will be the range, or ranges, of air speed 

where wind-induced vibrations occur for rectangular cylinders; the determination of 

the modified Strouhal number where the vibrations occur, the amplitude of the 
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vibrations; and the development of a mathematical equation to predict the wind 

speeds when lock-in, and thus the maximum amplitude, occurs. 

"8 

5 10 

Slendemess ratio, BID 

Figure 2.15. Cross-flow response (Matsumoto, 1999). 
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CHAPTER 3 

LITERATURE REVIEW: WIND ENGINEERING 

3.1. Introduction 

As civil engineering structures become thinner, taller, and lighter, they become 

more susceptible to wind-induced vibrations and, subsequently, the detrimental 

effects of fatigue. The initiation and magnitude of wind-induced vibrations are 

functions of the wind flow characteristics and the dynamic characteristics of the 

structure. Therefore, it falls to the structural engineer to use suitable analysis and 

design methods to produce safe, dependable designs. 

3.2. Wind Engineering 

3.2.1. Atmospheric boundary layer. The air mass that envelops the earth forms 

an atmospheric boundary layer near the surface of the earth similar to the boundary 

layer of a body submerged in a fluid flow. The air velocity is zero at the earth's 

surface due to viscous effects. At the top of the boundary layer, the air velocity is 

equal to the free stream velocity, known as the geostrophic wind velocity. The 

thickness of the boundary layer and the variation of the wind velocity within the 

boundary layer are functions of the surface roughness. 

For heights up to 30% of the atmospheric boundary layer, the Logarithmic Law 

is used to compute the mean velocity, U, at height, z, above the ground, 

U(z) = —(u*)In— (Equation 3.1) 
& Zg 
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where k ~ 0.4, 

z = the height above the surface, 

z0 = the roughness length, 

U(z) = the mean wind speed, and 

u * = the shear velocity of the flow. 

If the mean wind speed at height, z/, at a particular site is known, the Logarithmic 

Law can be used to calculate the mean wind speed at height, 22, 

U(z2) _ ln(z2)-ln(z0) 

U{zx) ln(z,)-ln(z0) 
(Equation 3.2) 

From the definition of the mean, the value of the mean wind speed depends upon 

the averaging time; as the length of the averaging interval decreases, the maximum 

mean speed increases (Simiu and Scanlan, 1996). The ratio of probable maximum 

speed averaged over the period, t, to that averaged over one hour, equal to 3,600 

seconds, is given in Figure 3.1, known as the Durst chart. 

I  1 I  I  !  111] I  I  I  I I I ! ! ]  1 I  I  111 l l |  1 I  I  I  I I I !  

1 1 1 mill 1 1 •111111I 
10,000 

Figure 3.1. Durst chart (Simiu and Scanlan, 1996). 
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3.2.2. Statistical description of the wind. The natural wind in the atmospheric 

boundary layer is inherently turbulent and cannot be described in deterministic 

terms. However, the instantaneous wind velocity can be decomposed into two 

velocity components: a mean velocity and a turbulent velocity that varies with time. 

Because of its random nature, the turbulent component must be described in 

statistical terms. 

The distribution of wind velocities is typically displayed on a histogram, or 

frequency diagram, and statistically described by a probability density function. 

Relative to the design of civil structures, the wind velocity distribution is usually 

fitted to a Weibull type probability density function (Holmes, 2001), 

The probability that a wind speed, U, exceeds a particular wind speed, u, is then 

calculated from the cumulative distribution function: 

k ' 

The function parameters include the scale factor, uq, which is the modal wind 

velocity taken to be 1.13 ÛA, where Ûa is the annual, or yearly mean wind velocity 

(Ruscheweyh, 1994). The value of Ûa depends on site-specific conditions and 

typically ranges from 10 to 33 ft/s. The dimensionless shape factor, k, falls in the 

range 1.3 <k< 2.0, and is usually taken as 2.0 (Holmes, 2001). When k = 2.0, the 

distribution is known as the Rayleigh distribution. 

u 
(Equation 3.3) 

(Equation 3.4) 
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The probability density function of Equation 3.3 describes the distribution of 

wind velocity, but does not describe how quickly the wind changes; that is, the 

turbulence. Turbulence may be considered to be the superposition of conceptual 

eddies, with frequencies,/, transported by the mean wind (Simiu and Scanlan, 

1996). The turbulence, or more accurately the frequency content of the turbulence, 

is described by a one-sided power spectral density function, or spectrum. 

The spectrum is defined such that the contribution to the variance of the 

turbulence, cru2, in the range of frequencies from/to/+ df, is given by Su(f)df, 

where Su(f) is the value of the spectral density function at frequency / (Holmes, 

2001). Then, the variance of the turbulence is found by integrating the spectrum 

over all positive frequencies, 

A number of mathematical forms for Su(f) have been developed for use in wind 

engineering and are available in the literature (c.f. Holmes, 2001; Simiu and 

Scanlan, 1994). The most common of these, the von Kârmân-Harris spectrum, 

describes the longitudinal turbulent velocity component (Figure 3.2). This spectrum 

is written in non-dimensional form as: 

(Equation 3.5) 
o 

/$,(/) 
2 

(Equation 3.6) 

where Lux = the longitudinal turbulence length scale. 
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The value of fLux/V where the peak of the fSu(J)/cru2 versus fLux/V curve occurs is 

known as the peak wavelength. This wavelength represents the most predominant 

frequency in the turbulence. 

\on Karman-Harris 

0.3 , 

0.1 -

0.0 -

O.l 

Figure 3.2. von Karman-Harris wind spectrum (Holmes, 2001) 

The turbulence length scale, Lux, is a measure of the average size of the 

conceptual eddies in the flow (Dyrbye and Hansen, 1997). Full-scale measurements 

are used to estimate turbulence length scales. However, results show extensive 

scatter due to the variability of the length of the wind records (Simiu and Scanlan, 

1996). The turbulence length scale is site specific and depends on the height, z, 

above ground and on the terrain roughness, z0. It has been documented that the wind 

velocity may also influence the integral length scales at a site (Dyrbye and Hansen, 

1997). The following empirical expression for the longitudinal turbulence length 

scale is valid for heights between 10 to 240 meters (Simiu and Scanlan, 1996), 

31 0.10 1.00 10.00 
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Lxu=czm (Equation 3.7) 

where z = the height above the surface, and 

c and m depend on roughness length z0. 

The values of c and m are obtained from Figure 3.3. Simiu and Scanlan (1996) 

report that the equation returns values for Lux that are almost twice as high as field 

measured values. 
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Figure 3.3. Turbulence parameters (Simiu and Scanlan, 1996). 

For design applications where the height, z, is in the range of 10 to 200 meters, 

the following equation for the turbulence length scale has been proposed (Dyrbye 

and Hansen, 1997), 

Lx„ = L 
/ \03 
Z 

u 10 (Equation 3.8) 
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where Lux is expressed in meters, 

Lio is taken to be a constant at 100 m, and 

zio is taken to be a constant at 10 m. 

3.3. Metal Fatigue 

Metal fatigue is a phenomenon that takes place in metallic structures subjected to 

repetitive or fluctuating stress. Fatigue manifests itself in the deterioration of the 

material's ability to carry load (Sobczyk and Spencer, 1992). When subjected to 

cyclic stress, the structure will fail at a stress much lower than that required to cause 

failure during a single, near-static application of load. 

In general, fatigue is divided into two major categories: high-cycle and low-

cycle fatigue. High-cycle fatigue is usually associated with cyclic loads that 

produce relatively low strains that are confined to the elastic range and where the 

number of cycles to failure is high. Low-cycle fatigue is usually associated with 

cyclic loads that produce significant amounts of plastic strain occur during each 

cycle and where the number of cycles to failure is low. The transition from low-

cycle to high-cycle fatigue behavior is typically in the range of 104 to 105 cycles 

(Collins, 1993). Wind-induced vortex shedding usually results in high-cycle 

fatigue. 

Fatigue cracks nucleate, or form, on the free surface of a body at locations of 

high stress concentration such as surface imperfections, welds or abrupt changes of 

body geometry. Fatigue distress originates with the atomic yielding of the material. 

Microscopic cracks form, grow, and join together to form macroscopic cracks that 
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continue to grow as the cyclic load is applied. From experimental testing generally 

limited to constant amplitude fatigue loading, it is recognized that crack growth is 

affected by (Rolfe and Barsom, 1997, Fuchs and Stephens, 1980) stress range, stress 

ratio, stress complexity, mechanical properties of the material, metallurgical factors, 

environmental factors, and specimen geometry. 

Fatigue damage, and the subsequent crack nucleation and growth, is mainly due 

to the stress reversals induced during the variable loading process. Accordingly, 

crack growth equations for deterministic stress conditions include the stress range 

and the maximum stress values. For random loading, however, it is important to 

characterize the extreme values of stress (Sobczyk and Spencer, 1992). 

S-N curves plot the stress level, S, versus the number of cycles to failure, N, for 

a given material subjected to constant amplitude, high-cycle fatigue (Figure 3.4) 

(Dieter, 1986). The mathematical model used to describe the fatigue life of a 

component or structure under constant-amplitude fatigue loading is given by: 

NSm =K (Equation 3.9) 

where N = the number of cycles to failure 

S = the constant amplitude stress, and 

K and m are constants depending on the material. 

K and m are typically taken as constants but, in fact, are random variables. Constant 

amplitude fatigue test results provide estimates of m and K for a given material. As 

a rule, conservative values of m and K are used in a model that produces a safe 

estimate of fatigue life N. For a more realistic prediction, expected values need to 
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be used, together with an analysis of the influence of the uncertainty in their 

parameters (Melchers, 1999). 
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Figure 3.4. Typical S-N curves for mild steel and aluminum (Dieter, 1986). 

Subjected to random load, the structure experiences variable amplitude, time-

dependent fatigue stresses. Under this condition, the direct use of a standard S-N 

curve is not recommended as the curve is based on constant amplitude stress. To 

estimate fatigue life for variable amplitude loading, Palmgren and Miner theorized 

that fatigue fracture resulted from a linear accumulation of partial fatigue damage 

(Sobczyk and Spencer, 1992). The Palmgren and Miner rule states that the damage 

fraction, A,-, at any stress level, St, is linearly proportional to the ratio of the number 
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of cycles at this stress amplitude, to the total number of cycles that would cause 

failure at that stress level, Nj, 

For each stress level, the appropriate TV,- is found from the S-N curve and a new 

partial damage is calculated for the number of cycles at that particular stress level. 

The total accumulated damage is then given by, 

The life to failure is estimated by summing the percentage of fatigue life 

expended at each stress level. Accordingly, it is assumed that failure occurs when 

the total accumulated damage reaches 100%, that is when D > 1.0. However, due to 

the variability inherent in fatigue testing, typical experimental values of D at failure 

range from 0.5 to 2.0 (Sobczyk and Spencer, 1992). 

3.4. Dynamic Response of Linear SDOF Systems 

From elementary vibration theory, the response, y(t), of a linear, single degree of 

freedom (SDOF) system, excited by sinusoidal function, x(t) = xosincot, will itself be 

a sine wave, 

(Equation 3.10) 

Z> = Y-^-<1.0 (Equation 3.11) 
N; 

yif) = y0 sin(arf - <p) (Equation 3.12) 

where yo = amplitude, 

q = frequency, and 

(p = phase shift between excitation and response. 
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The amplitude ratio, yo/xo, and the phase angle, (p, define the complex frequency 

response function, H (a), of the system at frequency co. This transfer function is 

defined such that its magnitude is equal to the amplitude ratio and the ratio of its 

imaginary part to its real part is equal to the tangent of the phase angle, 

H(co) = A(co)-iB(co) (Equation 3.13) 

where A(co) and B(a>) are real functions of co. Then, 

|H(co\ = ̂ (a2 +B2) = ̂  (Equation 3.14) 
x0 

— = — = tan è (Equation 3.15) 
Re ,4 

Therefore, if a linear system is excited by a harmonic input function, such as, 

x(t) = x0e,a" (Equation 3.16) 

the corresponding output, y(t), will be, 

y(t) = H(co)x0e'°" (Equation 3.17) 

For a linear SDOF system, the complex frequency response function, H{co), is given 

by, 

H(a)- — (Equation 3.18) 

From random vibration theory, it can be shown that the response spectrum, 

Sy(co), and the input spectrum, Sx(co), are related by the magnitude of the frequency 

response function (Newland, 1993), 

Sy(®) = |#((y)|2Sx{co) (Equation 3.19) 
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When a SDOF is subjected to a random excitation, and, if the input spectrum of 

the excitation is known, the mean square of the response can be calculated directly 

from the definition of the autocorrelation function, evaluated at r = 0, 

Ry(r = O) = É\y(t)y(t + r)] = E\y2] = {a>)da> (Equation 3.20) 
0 

co 

2J = cr^ = ̂ Sy{o))dco (Equation 3.21) 
o 

a2 = J|//(<y)|5'x(co)d(o (Equation 3.22) 
0 

3.5. Statistics of Linear Systems 

3.5.1. Crossing analysis. For a narrow band process, the number of times the 

process crosses the level, y = a, during a set time interval is calculated as follows 

(Sôlnes, 1997, Newland, 1993, Melchers, 1999). If na
+(T) denotes the number of 

positive slope crossings of y = a in time T for a typical sample, then the expected 

value, or mean, for all the samples is defined as Na
+(T), where: 

AT(r) = Ek(r)] (Equation 3.23) 

Since the process is stationary, if a second interval of duration T immediately 

following the first is taken, it is assumed that the same result will be obtained, and 

for the two intervals together (total time equal to 27) the mean value will be equal 

to: 

Na + (2T) = 2Na+(T) (Equation 3.24) 
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Then for a stationary process the average number of crossings is proportional to the 

t ime interval  T ,  

N a
+ ( T ) o c  T  (Equation 3.25) 

or, 

Na
+{T) = va

+T (Equation 3.26) 

where va+ = the average frequency of positive slope crossing of the level y = a. 

Since only the positive crossings of the level y = a are of interest, the velocity, y , 

must be positive; that is, the displacement has a positive slope. Thus, the 

probability of the crossing of level y = a while the velocity is positive must be 

determined, 

Probability(y = a and + y ) = J Jp(y, y)dydy (Equation 3.27) 

Or, 

p{y,y)~ p(y = a,y) (Equation 3.28) 

It can be shown that, 

Probability(y = a and + y ) = dtjp(a, y)ydy (Equation 3.29) 
0 

For the case where dt is sufficiently small and the process, y(t), is smooth so that 

there can only be one crossing of y = a in time dt, then, 

va+dt = tiftjp(a,y)ydy (Equation 3.30) 
o 

Simplifying this expression gives the following result for the frequency parameter 

va+ in terms of the joint probability density function p(y y ): 
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va = Jp(a^y)ydy (Equation 3.31) 
o 

This is a general result that applies to any probability distribution. However, for the 

special case of a Gaussian process, it is known that y and its derivative, y, are 

uncorrelated for any stationary random process, y(t) (Newland, 1993). Therefore, 

the normalized covariance, , is always zero. It follows that, 

p { y ,  y )  =  p { y ) p { y )  (Equation 3.32) 

Therefore, 

p { a , y )  =  -exp 
710 „ 2(7 „ 4̂ 710 • 

exp 
2(7,, 

(Equation 3.33) 

If this result is substituted into Equation 3.31, the number of positive crossings is 

given by: 

+ V = 
1 

4̂ 1TO, 
-exp 

2cr„ o 4lltO. 
exp 

• y  

2a/ 
(Equation 3.34) 

The integral is a standard result in Gaussian statistics (Newland, 1993), 

o V In cr. 
exp 

- y 2  

2(7/ 
ydy = 

42TT 
(Equation 3.35) 

Therefore, for a Gaussian process, the number of positive crossings of level, y = a 

is, 

v-* • L J exp 
- a 

2(7,, 
(Equation 3.36) 
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3.5.2. Distribution of peaks. Once the frequency of crossings of the output y = 

a, has been obtained, it is possible to determine the probability of the distribution of 

peaks. If pp(a)da is the probability that the magnitude of a peak, chosen at random, 

lies in the range of_y = a to a + da, then the probability that any peak is greater than 

a is, 

Probability(Peak value exceeds y = a) = jpp(a)da (Equation 3.37) 

It is known that, on average, in time T there will be vq+T cycles, since one 

positive crossing of y = 0 occurs for each full cycle of the narrow band process. In 

that same time, only va
+T will have peak values exceeding y = a. The proportion of 

cycles whose peak value exceeds y = a is, 

+ 

+ ' 
vo 

Therefore, this is the probability that any peak value, chosen at random, exceeds y = 

a. Hence the probability that the peak value exceeds y = a, is given as, 

+ 

J'p{a)da =^-j- (Equation 3.38) 
vo 

Differentiating with respect to a results in, 

-^W = -T7-(va+) (Equation 3.39) 
v0 aa 

This is the probability density function for the occurrence of peaks and applies for 

any narrow band process provided that it is a smooth process with each cycle 

crossing the mean level y = 0, so that all the maximums occur above y = 0 and all 
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the minimums occur below y = 0. This probability density function applies for any 

probability distribution, but if y(t) is Gaussian then there is a simple and important 

result for pp(a). Substituting the expression for the number of positive crossings 

into this function, 

This is the Rayleigh probability density function of the probability for the 

occurrence of peaks. The function pp(a) has its maximum value at a = <sy, the 

standard deviation of the output process, and it can be shown that the majority of 

peaks have a magnitude close to this value. The probability of finding very small or 

very large peaks is small and the probability that any peak, chosen at random, 

exceeds a is, 

3.6. Wind-Induced Fatigue. 

3.6.1. Narrow band fatigue loading. The response to a narrow band random 

excitation is composed of response frequency contributions over a narrow range of 

frequencies concentrated near the fundamental resonant frequency of the structure. 

In the case of a narrow band wind-induced response, the resulting deflections and 

subsequent stress variations are taken to be sinusoidal with a fixed frequency and 

randomly varying amplitudes. 

(Equation 3.40) 

(Equation 3.41) 

Probability(Peak value exceeds a) = e /2o> (Equation 3.42) 
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To determine the total expected fractional damage resulting from a narrow-band 

random stress, S(t), the proportion of cycles with amplitudes in the range from S to 

S+dS is determined from fp(S)dS, where fp(S) is the probability density function of 

the peaks. Because the stress variations are taken to be sinusoidal with a fixed 

frequency, the total number of cycles in a time period, T, is v0+T, where v0+ is the 

rate of crossing of the mean stress. For a narrow band response with a frequency 

close to the resonant frequency of the structure, v0+ is taken to be equal to the 

natural frequency of vibration of the structure. 

Then the total number of cycles with amplitudes in the range s to 8s, is taken to 

be: 

n(s )  = v0
+ Tf p (s )dS (Equation 3.43) 

If N(S)  is the number of cycles at stress amplitude, S,  that causes failure, N(S)=KS~ m  

as in Equation 3.9, then the fractional damage at this stress level can be found from: 

a , ;n;lvvv 

The total expected fractional damage over all stress amplitudes according to Miner's 

rule, is found from the following, 

„(s)  _  * ' T ^ d S  D=̂ wr — ^ —  ( E q u a , i o n  3 - 4 5 >  

Because wind-induced narrow-band vibration can be taken to have a normal or 

Gaussian probability distribution, the resulting stress peaks or amplitudes, S, have a 

Rayleigh distribution (Holmes, 2001): 
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A M = ̂ -exp 
f ^2 ^ 

(Equation 3.46) 

where cr2 = the standard deviation of the entire stress history. 

By substituting the expression of the stress peak distribution, Equation 3.46, into 

the equation for the total expected fractional damage, Equation 3.45, the total 

expected fractional damage can be calculated from: 

v +T ' e 
d = ̂ -t f,sm+1 

r/r2 J 

f p2 \ 
exp 

 ̂m A 
— +  1  

v 2 
.... (Equation 3.47) 

where the following mathematical result has been used (Holmes, 2001), 

i « 
exp 

r ^2 ^ 

2<r' 
^ = (V2o-)T r 

r m x 

h 1 
v 2 

(Equation 3.48) 
y 

defining F(%) as the Gamma Function (Ang and Tang, 1975): 

r(x)= ̂ kx xe kdx = (x-l)r(x-1) (Equation 3.49) 

This expression for the total expected fractional damage is a closed-form 

solution that is restricted by two assumptions. First, it is assumed that the structure 

is subjected to high-cycle fatigue behavior in which steel strain remains in the 

elastic range such that an S-N curve is valid. Second, it is assumed that the 

resulting dynamic response is a narrow band response at a single resonant mode, 

typically assumed to be the resonant mode of the structure. 

In wind-induced vibration problems, Equation 3.47 is a good model of the 

behavior for vortex-shedding induced vibrations in low turbulence conditions 

(Holmes, 2001). 
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3.6.2. Wide band fatigue loading. A wide band random vibration response 

includes response contributions over a broad range of frequencies, with a large peak 

near the resonant frequency of the structure. To determine the total expected 

fractional damage due to this type of loading, the number of cycles of the wide band 

stress variations has to be counted. An empirical counting method is proposed 

(Wirsching, et al, 1995) where the total expected fractional fatigue damage under a 

wind-induced random stress process is related to an equivalent narrow-band 

vibration process: 

where D„b is the damage calculated for narrow-band vibration with the same 

standard deviation, o2, and A is an empirically determined parameter. 

Wirsching, et at (1995) determined A by simulating wide-band processes with 

spectral densities of various shapes and bandwidths and utilizing the rain flow 

counting technique to determine the number of fatigue cycles. As a result, they 

proposed the following formula to estimate the value of A: 

where a and b are functions of m, the exponent from Equations 3.9 and 3.47, 

obtained by least-squares fitting from the following, 

D - A.Dnb (Equation 3.50) 

A = a + (l - «Xl - s)b (Equation 3.51) 

a = 0.926 - 0.033m (Equation 3.52) 

b = 1.587m -2.323 (Equation 3.53) 

and s is a spectral bandwidth parameter found from, 
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(Equation 3.54) 
M 0/̂ 4 

Here, is the kth moment of the spectral density defined by: 

/ik = ̂ nkS(n)dn (Equation 3.55) 
0 

For narrow band vibration, it was found that s tends to zero and that the value for 

A approaches 1.0. Therefore, it can be seen that, as s tends to its maximum possible 

value of 1.0, A approaches a. With these ranges of values for A and e, the upper and 

lower limits on the total expected fractional damage, D, can be determined. 

3.6.3. Effect of varying wind speed. Equation 3.47 applies to a standard 

deviation of stress, cr2, that is related to the mean wind speed, Û through the spectral 

density function. This relationship can be written in the form (Holmes, 2001), 

where A and n are constants. 

As the mean wind speed, Û,  is a random variable, its probability distribution can 

be represented by a Weibull distribution, 

The total damage from narrow-band vibration for all possible mean wind speeds 

can be obtained by combining equations 3.47, 3.56 and 3.57 and integrating. Since 

the fraction of the time T during which the mean wind speed falls between U and U 

+ dU is fu(U)*dU, the amount of damage generated while this range of wind speed 

occurs is: 

a = AU (Equation 3.56) 

(Equation 3.57) 
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Dv =V° T û(j2AUn)mr(— + \) (Equation 3.58) 
K V 2 

The total expected fractional damage in time T during all mean wind speeds 

between 0 and oo can then be found from: 

D 
v;T(42Àf 

K 

m 

~2 
+ l \ \u m n  (Equation 3.59) 

By substituting the Weibull probability density function from Equation 3.57 into 

Equation 3.59, the total expected fractional damage is determined from: 

v:T{4lAf D = 
K T  +  1 f "  

mn+k-\ M 
k 

exp — — 

J 
dU .. (Equation 3.60) 

This expression can be integrated numerically for general values of k. Since k is 

usually around 2, the total expected fractional damage is found to be, after 

substituting 2 for the value of k into Equation 3.60: 

-U2aT D = 2 < n  m 
• + 1 J[/ra"+1exp 

\ ̂  / 

dU (Equation 3.61) 

The integral in this equation can be determined as: 

2v;T(j2Af r  ̂m  ̂
— + 1 

V 2 y 

mn+2 mn + 2 
(Equation 3.62) 

By combining terms and simplifying, Equation 3.62 becomes: 

D = vST (4ÏA)", 
K 

 ̂m  ̂
— +  1  
_ 2  y  

mn + 2 

V 2 y 

(Equation 3.63) 

This expression is a closed form solution for the fatigue damage over a lifetime 

of wind speeds, assuming narrow band vibration. 
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The total expected fractional damage of wide band vibrations can be determined 

by multiplying Equation 3.63 by the factor, A, where A is determined above in 

Equation 3.51: 

K 
XM \ 

r 
' mn + 2̂  

+ 1 r 
v2 / I 2 J 

(Equation 3.64) 

If, in Equations 3.63 and 3.64, D is set equal to 1.0; that is, the total expected 

fractional damage has resulted in failure, and the equations rearranged to solve for 

the fatigue life, T, the lower and upper limits of the fatigue life can be found from 

(Holmes, 2001): 

K T = 
lower (M cT 

f m > (mn+ 2 ^  
+1 \ 

u I 2 J 

(Equation 3.65) 

T upper 

K 

cT ™ + l  r 
mn + 2 

(Equation 3.66) 
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CHAPTER 4 

EXPERIMENTAL SETUP AND PROCEDURES 

4.1. Objectives 

The wind tunnel experiments that were conducted as part of this work were 

performed to study the wind-induced vibration of elastically supported rectangular 

cylinders and document their response behavior. To meet these research objectives, 

rectangular cylinders with eight aspect ratios were tested in the wind tunnel. The 

models were suspended in a laminar airflow and constrained to cross-flow response 

by the spring force-balance system. Results of primary importance include the 

Strouhal number of elastically supported rectangular cylinders, the amplitude of the 

vibration response, the range of wind velocities producing vibrations, and the effect 

of the mass-damping parameter, the Scruton number, on the amplitude of vibration. 

Because of the complexity associated with the study of flow-induced vibrations 

of rectangular cylinders, a degree of simplification is required in order to reduce the 

number of parameters influencing the results. In this study, the following 

simplifications were employed. 

• The oncoming air flow was uniform and free of turbulence. 

• The geometry used for the models was a regular, prismatic body with 

constant cross-section; that is, a rectangular cylinder with fixed across-flow 

thickness and width and various along-flow lengths. 

• The models were constructed with sharp corners and smooth body surfaces. 
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• The models were constrained to a single degree of freedom allowing only 

motion transverse to the flow of air. 

• To maximize the vibration amplitude, no external structural damping of the 

system was utilized. 

• To minimize three-dimensional flow effects and enhance two dimensional 

flow effects, side plates were attached to each model. 

• The model surface area exposed to the air flow, relative to the cross-sectional 

area of the wind tunnel, was limited so that blockage effects could be 

ignored. 

4.2. Test Models 

The eight test models were constructed using commercially available, blue 

polystyrene foam board produced by Dow Chemicals. The polystyrene foam board 

material was selected to minimize the mass of each model. Because vibration 

amplitude is inversely proportional to the body mass, the light weight foam board 

material was used to produce the maximum cross-wind vibration amplitudes. 

The area of the model face exposed to the air stream was arbitrarily set to limit 

blockage of the wind tunnel to around 5%. Thus the area was selected to be 60 in2. 

This area resulted in approximately 5.5% blockage of the wind tunnel. Thus 

blockage effects were ignored. 

The thickness of the models was selected to be 4 inches. This thickness was 

selected to maximize vibration amplitudes since the amplitude is proportional to the 

cross-wind dimension of the body parallel to the direction of the flow-induced 
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vibrations. The width of the models was set as 15 inches to maintain the desired 

area of the model face exposed to the air stream. The 15-inch width also left space 

on either side of the model to allow room to clamp extra mass to the support tube as 

described below. 

Eight models were tested with different aspect ratios, the ratio of the along-wind 

length to the across-wind thickness, which varied from 2 < L/D < 7. Thus the 

models ranged in length from 8 inches to 28 inches. This range of aspect ratio was 

selected as it included the aspect ratios of 3 and 6 where the stationary Strouhal 

number was expected to abruptly jump. Furthermore, the range included the aspect 

ratio of the failed advertising signs, L/D = 6. The physical dimensions of each 

model are listed in Table 4.1. 

Table 4.1. Model dimensions 

, .. Width Thickness Length Aspect Ratio Model designation . , . , . ° r 
7 inch inch inch L/D 

20.X* 15 4 8 2.0 

30.X 15 4 12 3.0 

40.X 15 4 16 4.0 

50.X 15 4 20 5.0 

55.X 15 4 22 5.5 

60.X 15 4 24 6.0 

65.X 15 4 26 6.5 

70.X 15 4 28 7.0 

* X designates the number of clamps added to the model 
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The models were constructed using 2-inch thick polystyrene foam boards that 

were cut to size then laminated together with a commercially available adhesive to 

form the 4-inch thick models. Care was taken to avoid damaging the sharp edges of 

the models. Each model was lightly sanded with extra fine grit sand paper to obtain 

a smooth finish to the polystyrene and to remove any excess adhesive used to 

laminate the two thicknesses of foam board. A 4-inch square and 3/8-inch thick 

plywood block was set into each side of every model and glued into place. The face 

of the plywood block was set flush with the side face of every model. 

Set-screw collars were screwed into the plywood blocks and clamped the model 

to a hollow aluminum alloy tube. The tube spanned horizontally across the wind 

tunnel where each end of the tube was connected to the force balance system. The 

5/8 inch diameter aluminum alloy tube was installed by sliding the tube through a 

3/4 inch diameter hole in the center of each plywood block and the center of the 

foam board model. The set-screw collars were slid over each end of the tube, 

screwed into the plywood blocks, and tightened to clamp the model to the tube. 

The end plates were installed to minimize the three-dimensional end effects of 

the flow and maintain the two-dimension flow characteristics on the model. The 

size of the end plates, relative to the size of each model, is shown in Figure 4.1. The 

end plates were cut from sheets of thin corrugated cardboard and attached to each 

side of the model. The end plates were held in place by small brass washers and 

nuts threaded onto two, 3/32-inch diameter threaded brass rods. The rods penetrated 

each model parallel to the across-flow length near the leading and trailing edges. 

Over-sized circular holes at the center of the end plates provided clearance for the 
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aluminum tube and set-screw collars. Immediately adjacent to the over-sized holes, 

two small screws were installed through the end plates and into the plywood blocks 

to secure the end plates to the mid-section of the model. 

To test multiple specimens of different mass at each aspect ratio, pairs of 

commercially available C clamps were clamped to the aluminum tube to add mass to 

the model. The C clamps weighed approximately 1/2 lb each. A total of four pairs 

of clamps were used to produce five different specimens at each aspect ratio. The 

clamps were attached to the aluminum rod in alternating directions to avoid 

introducing torsion into the tube. Each clamp thumb screw bar was secured in place 

to minimize the introduction of extraneous signals into the recorded data. 

END t 

MODEL 

Figure 4.1. Cross-section through model. 
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4.3. Wind Tunnel 

The wind tunnel used to conduct this research is the Bill James Open Circuit 

Wind Tunnel located in the Wind Simulation and Testing Laboratory (WiST Lab), 

Department of Aerospace Engineering, Iowa State University, Ames. The suction-

type tunnel has a 22:1 contraction ratio following the turbulence-reducing mesh 

screens. 

The wind tunnel has two test sections, the size of each being 3 ft x 2.5 ft. The 

total length of the two test sections extends for a length of 8 ft beyond the 

contraction exit where the flow is least turbulent. Each section has an acrylic 

viewing window adjacent to the wind tunnel control station and an access door on 

the opposite wall (Figure 4.2). Both test sections can be equipped with the 

necessary instrumentation to record aeroelastic and aerodynamic forces. Each test 

section can be positioned in the wind tunnel and removed when not required. The 

experiments were conducted in the first of the two test sections dedicated to section-

model testing; that is, the upstream test section. 

The fan, located down-stream from the two test sections, is powered by a 100 hp, 

3-phase, 440-volt motor. An analog remote control knob located at the wind tunnel 

control station and connected to the variable frequency drive of the fan, provides 

continuous control of the fan speed. The fan speed can be changed stepwise, in 

increments of approximately 0.51 ft/s, using this remote control. The fan can 

generate a maximum wind velocity of 180 mph or 264 ft/sec. 

Depending on the aspect ratio of the model, the experiments were conducted with 

a velocity that ranged from 6.2 ft/sec to 59.5 ft/sec. This represents a range in 
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Reynolds number of 9.9x103 < Re < 1.3xl05, when the Reynolds number is 

calculated using the across-flow thickness as the representative body length. 

Figure 4.2. Control station, Bill James Wind Tunnel. 

4.4. Force-balance System 

The spring suspension system was attached to a frame that was fixed to the test 

section floor and ceiling immediately adjacent to the side walls. The load cell frame 

was constructed from small structural steel channels and two 3/4 inch diameter 
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threaded steel rods, one on each side of the test section, which spanned vertically 

from floor to ceiling. 

The suspension system was designed to only allow a single degree of freedom; 

that is, the test models were free to only vibration transverse to the cross-flow in the 

vertical direction. Figure 4.3 is a schematic showing the general suspension system 

along with the location of the load cells. Figure 4.4 is a photograph of the 

suspension system, with a model in place, inside the wind tunnel test section. 

COIL SPRINGS 

ALUMINUM BLOCK 

ALUMINUM ROD 

MODEL LEAF SPRIN6S 

TRANSDUCER 

ALUMINUM BLOCK TRANSDUCER 

COIL SPRIN6S 

LEAF SPRIN6S 

Figure 4.3. Schematic diagram of test set-up. 
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Each model was clamped to a circular aluminum alloy tube that penetrated 

through its center. The model was attached to the tube by two set-screw collars that 

were fixed to the model, one on each side. The tube spanned horizontally across the 

width of the test section and was clamped into an aluminum alloy block on each side 

of the test section. The clamp arrangement allowed for angular tilt adjustment of the 

model. The two aluminum blocks were attached to a set of extension type coil 

springs and leaf springs, which were anchored to the load cell frame. 

Coil  spr ings 

Leaf spr ings-

Aluminum block 

Coi l  spr ing 

T ransducer 

Load cel l  f rame 

Side plate 

Model 

Clamp 

Figure 4.4. Force-balance system with model in place. 
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Each model was suspended by a set of eight linear coil springs, four on each side 

of the model. The stiffness of an individual coil spring was rated at 4.1 lb/inch, as 

listed in the manufacturer' literature. The combined stiffness of the eight springs 

was calculated to be 393.6 lb/ft. Two leaf springs on each side of the test section 

restrained the model in the along-flow direction. The leaf springs were 1.25 inches 

wide, 0.010 inch thick, and approximately 9 inches long. Each end of the leaf 

springs was clamped in place and assumed to be a fixed boundary condition that can 

be used for the calculation of the spring stiffness. The up-wind ends of the leaf 

springs were clamped to a short section of hollow steel rectangular tube. A hole had 

been drilled through the tube to allow the tube to be fixed to the steel rod that 

spanned from the floor to ceiling of the test section. The stiffness of an individual 

leaf spring was calculated to be 0.07 lb/inch. The combined stiffness of the 4 leaf 

springs was calculated to be 3.47 lb/ft. The total static stiffness of the system, 

including the eight coil springs and four leaf springs, was calculated as 397.1 lb/ft. 

No external damping was designed as part of the system. The damping present 

was inherent internal damping and consisted of the material damping of the coil and 

leaf springs. 

4.5. Electronic Data Acquisition 

The elastic spring force generated as a result of linear vertical motion was 

measured to obtain the displacement time histories. These force measurements were 

accomplished with strain gage force transducers (Transducer Techniques, Model 

MLP-XX, where XX is the capacity in pounds). For these experiments, miniature 
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low-profile load cells with 25 lb capacities were used as force transducers. The 

transducers were rated at 1.50 V per 22 lb of force. The gain used during the 

experiments was 500 mV and the excitation signal was set at 10. This produced an 

output voltage to force ratio of 340.91 mV per lb. With the stiffness of the coil 

spring attached to the transducer rated at 4.1 lb/in, the voltage to displacement ratio 

was calculated as approximately 1.40 Vper inch. 

Two transducers were used in these experiments. The transducers were located 

on diagonally opposite corners of the test frame, one on each side of the test section. 

The transducer adjacent to the viewing window was located near the test section 

floor (Figure 4.4). The transducer adjacent to the back wall was located near the 

test section ceiling. As described below, the signal from the two transducers was 

added then halved to record the average vertical motion of the test model. This 

arrangement of transducers and resulting signals that were combined helped to 

eliminate noise from any spurious pitching or heaving modes of vibrations. 

A dual channel signal analyzer Model 2032, produced by Briiel and Kjasr 

Instruments, Inc., was used for the on-line processing of signals. The signal 

analyzer has an array of built-in frequency response functions and input/output 

analysis functions. The frequency range of the signal analyzer is 0 to 25.6 kHz. A 

maximum sampling frequency of 66 kHz is available with a 12-bit analog to digital 

conversion. The analyzer has several time averaging and weighting functions and 

has options of instantaneous time and spectrum displays. 

The commercially available software package Lab-View, developed and marketed 

by National Instruments, was used for the acquisition of the transducer force data 
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from the wind tunnel experiments. The data acquisition program recorded the model 

displacement from two channels of data from the transducers. The features of the 

Lab-View software enabled the development of a program in C-Language that would 

simultaneously record data from multiple channels. The program contained a 

control panel showing the recorded data (voltage) plotted against time and a block 

diagram showing the data acquisition and processing circuit. The signals from the 

two transducers were added, then divided by two to obtain the average model 

vibration amplitude. To test the authenticity of the program, a known sine wave was 

fed to the program by a signal generator and faithfully recorded and displaced by the 

program. After the authenticity had been established, the program was utilized to 

record all data from the experiments using two force transducers to generate the 

recorded signals. A Pentium IV PC with Windows NT operating system was used to 

power the data acquisition software. 

4.6. Experimental Procedure 

The experimental work was carried out during the period between September 

2002 and February 2003. The following steps describe the experimental procedure 

in general. 

• Calibration of fan speed vs. air speed. 

• Installation of each model into the force balance system. 

• Determination of system mass, stiffness, and frequency for each model. 

• Determination of system damping for each model. 

• Calculation of the Scruton number for each model. 
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• Test each model over a range of air speeds, increased incrementally, that 

would produce wind-induced vibrations. 

• Record maximum displacement displaced on the signal analyzer at each 

increment of wind speed that produced vibrations. 

• Record time histories of displacement for the different models over the range 

of wind speeds that produced vibrations with appropriate sampling rates and 

durations. 

• Plot the reduced amplitude as a function of reduced velocity to explore large-

amplitude motions in different regimes of flow. 

4.6.1. Calibration of fan speed vs. air speed. The fan speed vs. wind speed 

calibration was completed by installing a pitot tube through the floor of the wind 

tunnel in the section immediately ahead of the test section. The pitot tube was 

connected to a hand-held anemometer with digital read-out. The fan speed was 

varied from 1.50 Hz to 15.0 Hz. At each increment of fan speed, wind speeds 

recorded by the anemometer were tabulated. Because of a slight wandering of the 

values displayed by the anemometer, two and sometimes three closely spaced wind 

speeds were recorded at each fan speed. These data are tabulated in Appendix A. A 

linear regression of the data was performed (Figure 4.5) using the commercially 

available Excel software package. The regression produced a linear relationship 

between the fan speed in Hz and the wind tunnel air speed in feet per second,/f/s. 

4.6.2. Installation of model into force balance system. Prior to testing each 

model, the aluminum rod was inserted through the model as described above. Each 

end of the rod was inserted into an aluminum block that was supported by the 
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spring-balance system on either side of the wind tunnel. The horizontal pitch of the 

model was checked with an electronic level with digital read-out. If required, 

adjustments in the model pitch were made until the electronic level indicated that 

the pitch was level to within 0.1 degree. During the adjustments, care was taken not 

to induce a rotation of the aluminum blocks that would load or unload respective 

pairs of coil springs. After the model was level, the rods were clamped in place in 

the aluminum blocks. 

The levelness of the leaf springs was then checked with the electronic level. If 

required, the height of the steel block attached to the threaded rod was adjusted until 

the leaf springs were level to within 0.1 degree. The leaf springs were then clamped 

in place to the steel block. Care was taken not to kink the leaf springs as this would 

increase the system damping and dynamic stiffness resulting in a reduced vibration 

amplitude. 

80.0 
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I 20.0 -
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20.0 -

0.0 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 

Fan Speed, Hz 

• Fan Calibration Fan speed vs. wind speed 

Figure 4.5. Fan speed vs. wind speed calibration. 
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4.6.3. Determination of model mass, stiffness, and frequency. The dynamic 

mass, stiffness and natural frequency for each model were determined 

experimentally using the added mass method described in Appendix B. The 

dynamic characteristics for each model are listed in Tables 4.2 through 4.9. 

4.6.4. Determination of system damping. The system damping for each model 

was determined experimentally using the logarithmic declination method described 

in Appendix C. The damping for each model, expressed as a percentage of critical 

damping, is listed in Tables 4.2 through 4.9. The calculated damping varied from 

approximately 0.11% to 0.35% of critical damping. Sources of system damping 

included internal material damping of the coil and leaf springs and slight 

misalignment of the leaf springs. 

4.6.5. Calculation of the Scruton number. Two Scruton numbers for each 

model were calculated using the methods described in Appendix D. These Scruton 

numbers are listed in Tables 4.2 through 4.9. 

4.6.6. Experimentation. Each model was tested over a range of wind speeds 

that would produce wind-induced vibrations. The wind speeds were increased in 

increments of 0.1 Hz of fan speed. Each increment of fan speed represented an 

approximately 0.51 ft Is increase in the wind speed. 

The models were held stationary in still air. The fan speed was set to a speed 

that would not produce vibrations and the fan was switched on. After a sufficient 

amount of time to allow vibrations to develop, if no vibrations occurred the fan 

speed was increased by 0.1 Hz, or approximately 0.51 ft/s wind speed. This process 

was repeated until cross-wind vibrations occurred. At each increment of wind speed 
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where vibrations were observed, the fan speed and the maximum amplitude vibration 

from the signal analyzer were recorded by hand and the time history of the vibration 

was recorded electronically with appropriate sampling rates and durations. The fan 

speed was increased several increments after cross-wind vibration ceased to observe 

the behavior of the model. 

Originally the intent was to select the range of fan speeds that bracketed the 

speed where the stationary Strouhal number predicted lock-in would occur. 

However, as reported in the literature, rectangular cylinders are not excited by 

trailing edge vortex shedding but rather impinging leading edge vortices along the 

cylinder side surfaces. Therefore, the range of fan speeds was developed, on a 

model by model basis, to include the range of wind speeds where vibrations were 

observed during preliminary tests. 

The data read from the signal analyzer is tabulated in Appendix E. Data 

included in the tables is the fan speed in Hz, the air speed in ft/s, the Reynolds 

number, the amplitude in mV, the amplitude in inches, the reduced velocity and the 

reduced amplitude. The table of electronic files, available on CD ROM, is located 

in Appendix F. The sampling rate and length of time history is listed in the table. 

The data recorded on the electronic files includes an integer counter representing 

time and the amplitude in m V. 
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Table 4.2. Model properties, L/D = 2.0 

Model D L Aspect Ratio Mass Stiffness Frequency Damping Scruton # Scruton # 
Designation inch inch L/D slugs Hz % critical D*D D*L 

20.0 4 8 2.0 0.090 332.42 9.68 0.18 0.4893 0.2446 

20.2 4 8 2.0 0.138 337.70 7.88 0.13 0.5413 0.2707 

20.4 4 8 2.0 0.169 322.48 6.95 0.17 0.8710 0.4355 

20.6 4 8 2.0 0.213 330.31 6.27 0.17 1.0940 0.5470 

20.8 4 8 2.0 0.244 321.48 5.77 0.16 1.1821 0.5911 

Table 4.3. Model properties, Z/D = 3.0 

Model D L Aspect Ratio Mass Stiffness Frequency Damping Scruton # Scruton # 
Designation inch inch L/D slugs lb/ft Hz % critical D*D D*L 

30.0 4 12 3.0 0.102 331.89 9.12 0.16 0.4941 0.1647 

30.2 4 12 3.0 0.144 333.17 7.65 0.17 0.7415 0.2472 

30.4 4 12 3.0 0.186 328.47 6.69 0.17 0.9563 0.3188 

30.6 4 12 3.0 0.237 342.50 6.09 0.14 1.0021 0.3340 

30.8 4 12 3.0 0.250 308.88 5.60 0.14 1.0585 0.3528 
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Table 4.4. Model properties, L/D = 4.0 

Model D L Aspect Ratio Mass Stiffness Frequency Damping Scruton # Scruton # 
Designation inch inch L/D slugs Hz % critical D*D D*L 

40.0 4 16 4.0 0.112 334.21 8.69 0.11 0.3731 0.0933 

40.2 4 16 4.0 0.153 333.80 7.44 0.15 0.6929 0.1732 

40.4 4 16 4.0 0.193 328.41 6.56 0.19 1.1104 0.2776 

40.6 4 16 4.0 0.217 310.07 6.02 0.15 0.9846 0.2461 

40.8 4 16 4.0 0.254 307.47 5.54 0.15 1.1514 0.2879 

Table 4.5. Model properties, L/D = 5.0 

Model D L Aspect Ratio Mass Stiffness Frequency Damping Scruton # Scruton # 
Designation inch inch L/D slugs Hz % critical D*D D*L 

50.0 4 20 5.0 0.126 337.25 8.25 0.22 0.8350 0.1670 

50.2 4 20 5.0 0.170 333.86 7.06 0.22 1.1289 0.2258 

50.4 4 20 5.0 0.219 347.60 6.35 0.20 1.3227 0.2645 

50.6 4 20 5.0 0.251 339.50 5.85 0.27 2.0513 0.4103 

50.8 4 20 5.0 0.302 345.13 5.38 0.18 1.6458 0.3292 
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Table 4.6. Model properties, L/D = 5.5 

Model D L Aspect Ratio Mass Stiffness Frequency Damping Scruton # Scruton # 
Designation inch inch L/D slugs Hz % critical D*D D*L 

55.0 4 22 5.5 0.137 344.12 7.99 0.24 0.9910 0.1802 

55.2 4 22 5.5 0.178 343.34 7.00 0.24 1.2900 0.2345 

55.4 4 22 5.5 0.213 330.31 6.27 0.21 1.3515 0.2457 

55.6 4 22 5.5 0.258 333.13 5.72 0.19 1.4834 0.2697 

55.8 4 22 5.5 0.298 338.52 5.36 0.22 1.9862 0.3611 

Table 4.7. Model properties, L/D = 6.0 

Model D L Aspect Ratio Mass Stiffness Frequency Damping Scruton # Scruton # 
Designation inch inch Z/2) slugs Hz % critical D*D D*L 

60.0 4 24 6.0 0.137 344.12 7.99 0.24 0.9910 0.1652 

60.2 4 24 6.0 0.194 362.34 6.87 0.28 1.6466 0.2744 

60.4 4 24 6.0 0.213 330.31 6.27 0.28 1.8020 0.3003 

60.6 4 24 6.0 0.243 315.30 5.73 0.29 2.1349 0.3558 

60.8 4 24 6.0 0.351 380.96 5.24 0.33 3.5076 0.5846 
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Table 4.8. Model properties, L/D = 6.5 

Model D L Aspect Ratio Mass Stiffness Frequency Damping Scruton # Scruton # 
Designation inch inch Z/D slugs Hz % critical D*D D*L 

65.0 4 26 6.5 0.142 336.51 7.74 0.28 1.2042 0.1853 

65.2 4 26 6.5 0.181 331.69 6.81 0.25 1.3710 0.2109 

65.4 4 26 6.5 0.236 350.00 6.13 0.27 1.9287 0.2967 

65.6 4 26 6.5 0.262 331.87 5.66 0.25 1.9824 0.3050 

65.8 4 26 6.5 0.314 340.60 5.25 0.23 2.1821 0.3357 

Table 4.9. Model properties, L/D = 7.0 

Model D L Aspect Ratio Mass Stiffness Frequency Damping Scruton # Scruton # 
Designation inch inch L/D slugs Hz % critical D*D D*L 

70.0 4 28 7.0 0.151 346.53 7.63 0.32 1.4607 0.2087 

70.2 4 28 7.0 0.186 339.52 6.81 0.28 1.5717 0.2245 

70.4 4 28 7.0 0.217 317.05 6.09 0.20 1.3100 0.1871 

70.6 4 28 7.0 0.278 345.23 5.61 0.21 1.7675 0.2525 

70.8 4 28 7.0 0.314 340.60 5.25 0.21 1.9924 0.2846 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1. Introduction 

The experiments described in Chapter 4 were conducted in the Wind Simulation 

and Testing (WiST) Laboratory, Iowa State University, Ames between September, 

2002 and February, 2003. Elastically supported models with eight aspect ratios that 

varied from 2 < L/D < 7 were tested in the wind tunnel. The eight models were 

tested five times, each time with a different mass for a total of 40 test cases (Table 

4.2 through 4.9). The experiments were conducted according to the procedure 

discussed in Section 4.6. Following the calibration of the wind tunnel fan speed 

described in Section 4.6.1 and Appendix A, each model was suspended in the force 

balance system as described in Section 4.6.2. The dynamic parameters of each 

model was determined and recorded as discussed in Sections 4.6.3 and 4.6.4 and 

Appendices B and C. The fan speed was increased incrementally and the wind 

speed and maximum vibration amplitude at each wind speed, where vibrations were 

observed, were recorded for each of the forty models. 

Based on the experimental data, modified Strouhal numbers were determined and 

compared to published data. A mass/damping/geometry parameter analogous to the 

Scruton number was derived for rectangular cylinders. Finally, based on the data 

obtained from the tests of the forty models, an equation was developed that predicts 

the maximum reduced amplitude response given the Scruton number derived for 

rectangular cylinders. 
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5.2. Wind-Induced Vibrations 

The range of Reynolds numbers over which each model was tested are listed in 

Appendix E, Tables E.l through E.40, and summarized in Table 5.1. All models 

exhibited wind-induced vertical vibrations transverse to the direction of the air flow 

during at least one Reynolds number range. Five test cases exhibited transverse 

vibrations during two ranges of Reynolds numbers. 

Table 5.1. Range of Reynolds numbers 

Aspect ratio Reynolds number 

L/D 
Minimum Maximum 

2.0 1.31xl04 1.26xl05 

3.0 1.21xl04 5.62xl04 

4.0 1.21xl04 7.24x104 

5.0 9.90xl03 4.01xl04 

5.5 9.90x10^ 3.79xl04 

6.0 9.90x10^ 3.90xl04 

6.5 l.lOxlO4 3.68xl04 

7.0 9.90x10^ 2.93x10* 

In general, the Reynolds number of the fluid flow where vibrations were first 

observed decreased as the mass of the model increased. Likewise, the Reynolds 

number at the maximum vibration amplitude decreased as the mass of the model 
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increased. However, at a given Reynolds number the vibration amplitude increased 

as the model mass increased. 

Each test began with the model at rest. The initial fan speed was selected such 

that the first several increments of wind speed would not excite the model. However, 

the signal analyzer indicated the presence of very small amplitude random vibrations 

with amplitudes of less than 1 «Fat almost every increment of wind speed. The 

signals are believed to have been caused by noise inherent in the system when the 

fan was operating. As the wind speed was increased stepwise, and immediately 

prior to the initiation of vortex-induced vibrations, all models exhibited small-

amplitude motion characterized by long period beating. The maximum amplitude of 

the beating was generally less than 10 mV, or approximately 0.007 inch and the 

beating period was approximately eight to ten seconds. 

When the critical wind speed where vibration first occurred was approached, the 

beating was replaced by what appeared to be a slight rocking motion with virtually 

no vertical cross-wind motion. The amplitude of angular motion was limited by the 

rotational restraint provided by the force balance system. The rotational mode was 

evident, however, in the alternating buckling and straightening of the pair of leaf 

springs on each side of the force balance system. The rocking motion was observed 

during at least one increment of wind speed before the wind-induced transverse 

vibrations commenced. This type of rocking motion is assumed to provide the 

necessary perturbation for vortex-induced vibration to commence in some cases. 

In all tests the magnitude of the vortex-induced transverse vibrations quickly 

grew to near maximum amplitude once the transverse vibrations commenced. The 
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initiation of vortex-induced vibration was taken to be the beginning of lock-in. The 

lock-in vibrations were observed for a maximum of 20 increments of fan speed, or 

over a range of less than approximately 10 ft/s. Near the end of lock-in, defined to 

be where vortex-induced vibrations cease, the amplitude decreased rapidly and 

decayed into the rocking motion observed at the beginning of lock-in. Typically, 

the rocking motion continued for at least one and sometimes two increments of wind 

speed. With further increase of wind speed, the motion transitioned into the very 

low amplitude beating. The beating response that was observed following lock-in 

was similar to the beating response observed prior to lock-in. 

5.2.1. Aspect ratio, L/D = 2.0. The five models exhibited vortex-induced 

vibrations transverse to the air flow. The wind speed at the initiation of vortex-

induced vibration, taken as the beginning of lock-in, varied from approximately 8 to 

20 ft/s depending on the model mass (Figures 5.1 and 5.2). The maximum amplitude 

of vibration, yo, varied from approximately 0.40 inch to 0.48 inch depending on 

model mass and system damping. 

When reduced to the nondimensional form of reduced amplitude vs. reduced 

velocity, the vortex-induced responses are seen to be nearly coincidental for the five 

models (Figure 5.10). The reduced velocity at the beginning and end of lock-in was 

approximately 3.5 and 6.4, respectively. The maximum reduced amplitude varied 

from approximately 0.10 to 0.12. The maximum reduced amplitudes of all five 

models occurred at a reduced velocity of nearly 6.0. 
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Taking the inverse of the reduced velocity to be the traditional Strouhal number, 

lock-in occurred at a Strouhal number of approximately 0.3. The maximum 

amplitude occurred at a Strouhal number of approximately 0.2. 

All five models began to gallop when the wind speed was increased beyond the 

lock-in range of velocities (Figure 5.1). As expected, the amplitude of the galloping 

increased without bound as the wind speed was increased for each of the five 

models. Similar to the initiation of lock-in, the wind speed at the initiation of 

galloping decreased as the mass of the model increased. Furthermore, Figure 5.1 

indicates that, at a given wind speed, the amplitude of galloping increased as the 

mass of the model increased. All five tests were stopped when the galloping 

amplitudes became excessive to avoid causing damage to the force balance system. 

5.2.2. Aspect ratios, L/D = 3.0 and 4.0. Similar to the models with L/D = 2.0, 

all models with aspect ratios of L/D = 3.0 and 4.0 exhibited vortex-induced 

vibrations transverse to the direction of the wind flow. However, these models did 

not exhibit any galloping instabilities. The vibration responses in terms of 

amplitude vs. wind speed are plotted in Figures 5.3 and 5.4 for L/D = 3.0 and 4.0, 

respectively. The vibration responses in terms of reduced amplitude vs. reduced 

velocity are plotted in Figures 5.11 and 5.12 for L/D = 3.0 and 4.0, respectively. 

Both models exhibited vortex-induced vibrations at two distinct ranges of wind 

speed. The range of reduced velocities where the vibrations occurred varied with 

the aspect ratio. 

For L/D = 3.0, lock-in occurred when the reduced velocity was between 2.5 and 

3.5 and between 5.5 and 7.5, respectively (Figure 5.11). Maximum amplitude 
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vibrations occurred when the reduced velocity was approximately equal to 3 and 6.5 

for the first and second reduced velocity range, respectively. The maximum 

amplitude observed during the first reduced velocity range was less than 1/8 the 

maximum amplitude of the second reduced velocity range. 

For L/D = 4.0, vibrations occurred when the reduced velocity was between 3.5 

and 5 and between 6.5 and 11 (Figure 5.12). Maximum amplitude vibrations 

occurred when the reduced velocity was approximately equal to 4.5 and 7.5. The 

maximum amplitude of the first range was approximately half that of the maximum 

amplitude of the second reduced velocity range. 

For L/D = 3.0, lock-in commenced at the traditional Strouhal numbers of 

approximately 0.4 and 0.18 for the two ranges of wind speeds. Maximum amplitude 

vibrations occurred at Strouhal numbers of approximately 0.33 and 0.15. For L/D = 

4.0, lock-in began at the traditional Strouhal numbers of approximately 0.3 and 0.15, 

while maximum amplitude vibrations occurred at Strouhal numbers of 

approximately 0.22 and 0.13. 

As seen in Figure 5.11, the maximum reduced amplitudes for Models 30.0, 30.2, 

30.4, and 30.6 gradually decrease from approximately 0.073 for Model 30.0 to 0.068 

for Model 30.6. However, a sharp decrease in reduced amplitude occurs between the 

responses of Model 30.6 and 30.8 from 0.068 to 0.058. Likewise, as seen in Figure 

5.12, the maximum reduced amplitudes for Models 40.0, 40.2, and 40.4 vary from 

approximately 0.045 for Model 40.0 to 0.041 for Model 40.4. An abrupt decrease 

occurs between the responses for Model 40.4 and Models 40.6 and 40.8. The 
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maximum reduced amplitudes for Models 40.6 and 40.8 were observed to be 

approximately 0.033 and 0.030, respectively. 

5.2.3. Aspect ratios, 5.0 < L/D < 6.0. As seen in Figures 5.5 through 5.7 and 

Figures 5.13 through 5.15, the response of the three models in this range of aspect 

ratios included vibrations in two ranges of velocities. For L/D = 5.0 and 5.5, the 

ranges are distinct and occur between the reduced velocities of approximately 2.7 

and 3.7 at the lower range and between 4.5 and 5.5 at the upper range. For L/D = 

6.0, however, the ranges overlap and are not distinct as seen in Figure 5.15. 

Vibration amplitudes produced in the first velocity range were smaller than the 

vibration amplitudes produced in the second velocity range, similar to the case with 

models of smaller aspect ratios. 

Lock-in first occurred at the traditional Strouhal numbers of approximately 0.38, 

0.31, and 0.30 for L/D — 5.0, 5.5 and 6.0, respectively. Lock-in occurred a second 

time at Strouhal numbers of approximately 0.23, 0.22, and 0.21 for L/D = 5.0, 5.5 

and 6.0, respectively. For each of the three models the maximum amplitude 

vibration that occurred during the second range of velocity occurred at a traditional 

Strouhal number of 0.20. 

As seen in Figures 5.5 through 5.7, there is a jump in the relative magnitude of 

the vibration amplitudes of the two models in each aspect ratio with the least mass 

and the amplitudes of the three models in each aspect ratio with the most mass. As 

an example, the maximum reduced amplitude for Models 50.0 and 50.2 is 

approximately 0.033; however, the maximum reduced amplitude for Models 50.4, 

50.6, and 50.8 is approximately equal to 0.030. 
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5.2.4. Aspect ratio, L/D = 6.5. All models with an aspect ratio of L/D = 6.5 

exhibited only one range of velocities where vortex-induced vibrations occur (Figure 

5.8 and 5.16). However, the velocity range included two reduced velocities where 

peaks of the vibration amplitudes occurred (c.f., Figure 5.16). Unlike previous 

models, the larger of the two maximum amplitudes occurred at a lower velocity 

rather than the higher velocity. 

The range of reduced velocity where vibrations were observed is between 3.6 and 

approximately 5.8, with the exception of Model 65.0. Model 65.0 exhibited beating 

with a reduced amplitude of approximately 0.002 at reduced velocities between 5.8 

and 6.5 (Figure 5.16). If the beating amplitude for this model was removed from the 

plot, all five models at this aspect ratio would cease vibration at a reduced velocity 

of 5.8. The maximum reduced amplitudes are less than 0.009 and occur in the 

reduced velocity range of approximately 3.8 to 4.2. Lock-in occurs at a traditional 

Strouhal number of 0.28 while maximum amplitudes occur at a traditional Strouhal 

number of approximately 0.24. 

5.2.5. Aspect ratio, L/D = 7.0. Vortex-induced vibrations were observed during 

only one range of wind velocities (Figures 5.9 and 5.17). The range of reduced 

velocities where vibrations were observed was between 3.8 and approximately 5.3. 

The maximum reduced amplitudes were generally less than 0.014 and occur at a 

reduced velocity of 4.4 to 4.6. Note that the vibrations amplitudes for models with 

L/D = 7.0 are approximately 50% greater than the amplitudes for modes with L/D = 

6.5. 
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Lock-in occurred at a traditional Strouhal number of 0.26. Maximum amplitude 

vibration occurred at a traditional Strouhal number of approximately 0.22. 

5.2.6. Summary. The experimental data presented in Figures 5.10 through 5.17, 

and discussed above, closely agree with the data presented in Figure 2.13 and 

discussed in Nguyen and Naudascher (1991). The range of reduced velocities when 

lock-in was observed to begin and end is summarized for each aspect ratio in Table 

5.2. The maximum reduced amplitude, the reduced velocity at maximum reduced 

amplitude, and the Reynolds number at maximum reduced amplitude are 

summarized for each aspect ratio in Table 5.3. 

All models exhibited vertical vortex-induced vibrations transverse to the wind 

flow direction during at least one range of wind speeds. Five models exhibited 

vortex-induced vibrations in two ranges of wind speeds. Based on observed 

behavior of the models, the models were excited by impinging leading edge vortices 

along the sides of the rectangles rather than by vortex shedding from the trailing 

edge of the rectangles. 

In general, the velocity where vibrations were first observed decreased with an 

increase in model mass. Likewise, the maximum vibration amplitude decreased with 

an increase in model mass and damping. Finally, at a given wind velocity, the 

vibration amplitude increased with an increase in model mass. 

Traditional Strouhal numbers determined for stationary rectangular cylinders 

(Knisely, 1990) do not predict the critical reduced velocity were vibrations first 

occur for elastically supported rectangular cylinders. Furthermore, the modified 

Strouhal numbers established for stationary rectangular cylinders and based on the 



www.manaraa.com

109 

length of the cylinder (Nakamura et al, 1991) do not predict the critical reduced 

velocity where vibrations first occur. However, the modified Strouhal numbers 

based on the aspect ratio (Naudascher and Wang, 1993; Matsumoto, 1999) 

accurately predict the critical reduced velocity where lock-in occurs. 

Table 5.2. Range of Vr during lock-in 

Vr at onset and end of lock-in 

Aspect ratio 

L/D 

2.0 

3.0 

4.0 

5.0 

5.5 

6.0 

6.5 

7.0 

n = 1 

Onset 

3.5 

5.5 

6.5 

End 

6.0 

7.5 

11.0 

Wind regime, n 

n — 2 

Onset End 

2.5 

3.5 

4.5 

4.5 

4.2 

3.5 

5.0 

5.5 

5.5 

5.8 

n = 3 

Onset End 

2.7 

2.7 

3.3 

3.6 

3.8 

3.7 

3.7 

4.2 

5.8 

5.3 
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Table 5.3. Maximum reduced amplitudes 

Aspect 

ratio 

Z/D 

Maximum reduced 
amplitude 

Wind regime, n 

n = 1 n = 2 n -

Reduced velocity Reynolds number 

at max. reduced at max. reduced 

amplitude amplitude 

2.0 0.12 - - 6.0 4.03x10 

3.0 0.074 0.012 - 6.8 4.46x10 

4.0 0.044 0.024 - 9.5 5.94x10 

5.0 - 0.033 0.005 5.0 2.97x10 

5.5 - 0.025 0.005 5.0 2.97x10 

6.0 - 0.015 0.006 5.0 2.76x10 

6.5 - - 0.010 4.2 2.34x10 

7.0 . 0.015 4.5 2.12x10 

5.3. Modified Strouhal Numbers 

5.3.1. Modified Strouhal numbers. The reduced velocity where vortex-induced 

vibration was first observed is taken as the onset of lock-in. From the discussion in 

Section 2.5.4, the reduced velocities, Vr, and modified Strouhal numbers, Stn, at the 

onset of lock-in were calculated from data presented in Section 5.2. The calculated 

modified Strouhal numbers, along with the modified Strouhal numbers predicted by 

Equation 2.22, are presented in Table 5.4 and plotted in Figure 5.18 for each wind 

regime. The modified Strouhal numbers obtained from the current data and 

presented in the table and figure closely agree with Naudascher and Wang (1993). 
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Table 5.4. Modified Strouhal numbers 

Aspect 

ratio 

L/D 

Modified Strouhal number. 

Current data 

Modified Strouhal 

number 

Equation 2.22 

Wind regime, n Wind regime, n 

n — 1 n = 2 n = 3 n = 1 M = 2 n = 3 

2.0 0.26 to 0.29 (1) (1) 0.30 0.60 0.90 

3.0 0.19 to 0.21 0.38 to 0.42 (1) 0.20 0.40 0.60 

4.0 0.15 to 0.16 0.29 to 0.31 (1) 0.15 0.30 0.45 

5.0 (1) 0.22 to 0.24 0.36 to 0.38 0.12 0.24 0.36 

5.5 (1) 0.22 to 0.23 0.31 to 0.33 0.11 0.22 0.33 

6.0 (1) 0.21 to 0.22 0.29 to 0.31 0.10 0.20 0.30 

6.5 (1) 0) 0.27 to 0.28 0.09 0.19 0.28 

7.0 (1) (1) 0.26 to 0.28 0.09 0.17 0.26 

Note 1. No vibrations observed. 

5.3.2. Flow regimes. The reduced velocities, Vr, calculated from the current 

data, are presented in Figure 5.19 as a function of aspect ratio, L/D. Referring to the 

figure, models with aspect ratio L/D = 2.0 exhibited lock-in vibrations at a reduced 

velocity in the first wind velocity regime; that is, by the modified Strouhal number 

with n - 1. 

Models with aspect ratios L/D = 3.0 and 4.0 exhibited lock-in vibrations at 

reduced velocities in both the first and second wind velocity regimes; that is, by the 
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modified Strouhal number with n- 1,2. However, for these two aspect ratios the 

maximum amplitude occurred only in the first regime. 

The three models, L/D = 5.0, 5.5, and 6.0, exhibited lock-in vibrations at reduced 

wind velocities in both the second and third wind velocity regimes; that is, the 

modified Strouhal number with n - 2, 3. However, for these three aspect ratios, the 

maximum amplitude occurred only in the second regime. 

Finally, for aspect ratios, L/D = 6.5 and 7.0, the models exhibited lock-in 

vibrations in the third wind velocity regime only; that is, by the modified Strouhal 

number when n = 3. 

The straight-line plots of the three regimes of reduced velocity, Vr, as defined by 

Equation 2.21 with n = 1,2, and 3 are also plotted in Figure 5.19. The current data 

closely agrees with Equation 2.21 and with the data presented in Figure 2.14 

(Naudascher and Wang, 1993) and Figure 2.15 (Matsumoto, 1999). 

5.3.3. Reduced amplitude vs. L/D and Stn. To study the relation between the 

reduced amplitude, Vr, and the aspect ratio, L/D, the reduced amplitude was plotted 

against the aspect ratio in Figure 5.20. Likewise, to study the relation between 

reduced amplitude and the modified Strouhal number, Stn, the reduced velocity was 

also plotted against the modified Strouhal number in Figure 5.20. From the figure, 

the maximum reduced amplitude has almost no dependency on the modified Strouhal 

number. In particular, the reduced amplitude is not sensitive to the particular flow 

regime where the lock-in vibrations occur. 

A best-fit curve was derived for the reduced amplitude vs. aspect ratio data and 

was determined to be, 
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Ll 
D 

2.1 
(Equation 5.1) 

1 + 

with a correlation coefficient, R2 = 0.93. Therefore, in consideration of the high 

value of the correlation coefficient returned from Equation 5.1 and the observations 

made from Figure 5.20, the reduced amplitude is dependent on the aspect ratio or 

some function of the aspect ratio. 

5.3.4. Summary. In the current experiments, three rectangular models were 

observed to vibrate at lock-in during at least one regime of reduced velocity. Five 

rectangular models were observed to vibrate at lock-in during at least two regimes 

of reduced velocity. These observations are in agreement with published data. In 

all test cases the modified Strouhal number determined from the current experiments 

agrees with the value returned from Equation 2.22 (Figure 5.18). Furthermore, in all 

test cases the critical reduced velocity at the onset of lock-in in each wind regime 

agrees with the value returned from Equation 2.21 (Figure 5.19). However, for 

those aspect ratios where lock-in was observed during two regimes, the maximum 

amplitude of vibration occurred only during the regime with the smaller value of n. 

Based on the data presented in Figure 5.20 and Equation 5.1, the value of the 

maximum reduced amplitude for each of the eight aspect ratios is seen to be related 

to the aspect ratio, L/D. However, as seen in Figure 5.20, the maximum reduced 

amplitude is not related to the modified Strouhal number, Stn. 

As a comparison, the equation developed to predict the vortex-induced response 

of circular cylinders (Equation 2.14) includes the Strouhal number raised to a power 
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in the denominator. The traditional Strouhal number for all circular cylinders is 

approximately equal to 0.20 over a broad range of Reynolds number and, therefore, 

can be taken as a constant in Equation 2.14. Consequently, the vortex-induced 

response of circular cylinders is not a function of the traditional Strouhal number. 

Analogously, the vortex-induced response of rectangular cylinders is not a function 

of the modified Strouhal number. 

5.4. Scruton Numbers 

5.4.1. Scruton numbers, Scl and Sc2. Naudascher and Wang (1993) note that 

the reduced velocity and therefore the wind regime at which vibrations first occur is 

a function of the product of the mass and damping parameter; that is, the Scruton 

number. As discussed in Section 4.6.5, two Scruton numbers were calculated for 

each model (Tables 4.2 through 4.9). The first Scruton number, identified as Scl, 

was based on the across-wind thickness, D2; the second Scruton number, identified 

as Sc2, was based on the product of the across-wind thickness and the along-wind 

length, DL. 

The reduced amplitude was plotted against the two Scruton numbers of the forty 

models in Figures 5.20 and 5.21. The values of the Scruton numbers, Scl, were 

used in Figure 5.20; the values of the Scruton numbers, Sc2, were used to plot 

Figure 5.21. 

5.4.2. Response equation form. A curve equation similar in form to Equation 

2.14 was selected to describe the relation between the reduced amplitude and the 

Scruton number. This form of equation was selected based on the following criteria. 
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First, the equation returns a reduced amplitude that is asymptotic to the x-axis as the 

Scruton number increases; that is, the reduced amplitude approaches zero as the 

Scruton number becomes large. Second, due of the form of the denominator, the 

equation returns finite valued reduced amplitudes as the Scruton number becomes 

small and approaches zero. Last, in the theoretical limit where the Scruton number 

equals zero, the equation returns the value of the maximum, self-limiting reduced 

amplitude. 

For the reasons stated above, an equation similar in form to Equation 2.14 was 

used to describe the vortex-induced vibration response of rectangular cylinders in 

nondimensional terms. For convenience, Equation 2.14 is repeated here, 

1.29 
(Equation 2.14) 

D [l + 0.43(8^2&2Sc)]3'35 

Taking the Strouhal number for circular cylinders to be a constant, the equation can 

be rewritten in the form, 

1-29 
(Equation 5.2) 

D [l + 33.95^25c]3'35 

From an inspection of the data plotted in Figures 5.20, 5.21 and 5.22, the vortex-

induced response of rectangular cylinders can be predicted by an equation similar to 

Equation 5.2. Based on the discussion in Section 5.3, the reduced amplitude is not a 

function of the modified Strouhal number, St„. However, from the same discussion, 

the reduced amplitude is a function of the aspect ratio, L/D. Therefore, the response 

equation for rectangular cylinders takes the following form, 
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D 

Cl 

1 + C2 riL 
\ D j  

Sen 

C 3 
(Equation 5.3) 

where Cl, C2, and C3 are constants to be determined, 

yo/D - the reduced amplitude, 

(L/D)x = the aspect ratio raised to the power x, 

x = an exponential to be determined, and 

Sen = the Scruton number, Scl or Sc2. 

The values of the constants, Cl, C2, and C3, and the exponential, jc, are dependent 

on the form of Scruton number that is used; that is, Scl or Sc2. The following 

procedure was developed to determine the constants for Equation 5.3 using the 

current experimental data. 

5.4.3. Best-fit curve using Excel. Taking the base 10 logarithm of both sides of 

Equation 5.3, results in, 

log A = log(Cl) -C31og 1 + C2 
vDy 

(Sen) (Equation 5.4) 

This is the equation of a straight line with a negative slope, 

y = b-mx (Equation 5.5) 

where y = log 
k D J  

b = log(Cl), 

m = C3, and 
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( L Y 
x = log 1 + C2 — (Sen) . 

[_ W 

The constants, Cl, C2, and C3, and the exponential, x, were determined by 

fitting a straight line to the log form of the nondimensional data set for each aspect 

ratio when the data is plotted in Cartesian coordinates. That is, the log of the 

reduced amplitude was plotted against the log of the sum of one plus the product of 

the Scruton number, the aspect ratio raised to a power, x, and a constant. Using the 

least squares method, a straight line was fitted to the log/log data with the Excel 

software package, commercially available from Microsoft Corporation. The slope of 

the line, the y-intercept, and the coefficient of correlation, were determined by the 

software regression subroutine. 

To reduce the number of unknowns to be determined by the software, the value 

of the exponential, x, was arbitrarily set equal to 1.0 for each of the two Scruton 

numbers, Scl and Sc2. The constants CI and C3 were calculated from the output of 

the linear regression by inputting trial values of the constant C2 and maximizing the 

coefficient of correlation. This procedure produced eight curves for each Scruton 

number; one curve for each aspect ratio (Figures 5.23 and 5.24). The correlation 

coefficients, R2, varied from 0.45 to 0.93. Due to the small range of Scruton 

numbers within the data set of each aspect ratio, the procedure returned correlation 

coefficients that were insensitive to small changes in the value of C2; even though 

the small changes in C2 resulted in relatively large variations in the value of C3. 

In an attempt to validate the method of determining the equation constants, the 

experimental data obtained from Figure 2.5 (Goswami et al, 1993) was fitted to a 
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power curve equation similar to Equation 2.14 using the iterative method described 

above. The procedure returned coefficients Cl, C2, and C3 that were approximately 

equal to the coefficients of Equation 2.14 and a correlation coefficient equal to 0.94. 

However, as was found when fitting curves to the current data, small variations in 

the value of C2 resulted in large variations in the value of C3 while the correlation 

coefficient remained equal to 0.94. Therefore, this method of determining equation 

constants was abandoned due to the infinite number of solutions with nearly equal 

correlation coefficients. 

5.4.4. Best-fit curve using TableCurve 2D. The commercially available 

software package TableCurve 2D, produced and marketed by Jandel Scientific 

Software, was then utilized to determine one equation based on the set of forty data 

points. The software evaluates the applicability of up to approximately 9,000 

equation forms from the software's built-in equation library. The software then 

determines the constants and correlation coefficient for each suitable equation and 

ranks the equations in descending order based on the correlation coefficient values. 

Operating on the 40 sets of current data, the program identified 29 possible 

equation forms. Of the 29 equations, eight were decay type equations that exhibited 

asymptotic behavior relative to the x-axis and that returned finite values of y when 

the value of x approached zero. Of the eight decay type equations, the following 

equation was selected for use in the current study, 

(Equation 5.6) 
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This equation meets the criteria discussed above pertaining to the x- and y-axes. 

Furthermore, the equation can be rewritten into the form of Equation 2.14 and 

Equation 5.3. Constants a, b, and c and the correlation coefficient, R2, were 

determined by the TableCurve 2D software. Coefficients Cl, C2, and C3 were 

subsequently determined by calculation using the output from the software. 

To validate the use of Equation 5.6, the data from Figure 2.5 (Goswami et al, 

1993) was evaluated using the TableCurve 2D software. Based on the data from 

Figure 2.5 and the output from the TableCurve 2D software, the vortex-induced 

response equation for circular cylinders was determined to be, 

1 0 9  
13.15 

(Equation 5.7) 
D [l + 33.05;2(5c)]3 

The software returned a coefficient of correlation, R2, equal to 0.94 for the trial data. 

The reduced amplitudes determined from Equations 5.2 and 5.7, along with the data 

published by Goswami et al (1993) are plotted in Figure 5.25. 

The TableCurve 2D software was then utilized to determine the constants for 

Equation 5.6 using the response data set from the 40 test cases. This was done in 

lieu of evaluating the five data sets from each of the eight aspect ratios as was 

attempted earlier with the Excel software. However, as noted, the values of the 

constants and exponential depend on the form of Scruton number. 

5.4.5. Value of exponentials. The 40 data sets were read into the curve-fit 

software and evaluated for each of the Scruton numbers, Scl and Sc2. The 

nondimensional input data included the reduced amplitude, yo/D, and the product of 

the Scruton number and the aspect ratio raised to an exponential x, (Scn)(L/D)x. 
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For Scl, the value of the exponential, x, was arbitrarily selected to vary from 1.0 

to 3.0 in half-integer increments; that is, x = 1.0, 1.5, 2.0, 2.5, 3.0. For Sc2, the 

value of the exponential was selected to vary from 1.0 to 4.0 in half-integer 

increments. In all, twelve data sets were evaluated. 

The results obtained from the curve-fit software based on the twelve sets of data 

indicated that the best-fit curve for Scl was obtained when x = 2 and for Sc2 when x 

= 3. In both cases the value of the correlation coefficient was equal to R2 = 0.94. 

For both forms of Scruton number, the software returned higher values of the 

correlation coefficient as the value of the exponential, x, was increased. However, 

when the value of the exponential was increased, the software returned response 

equation constants that resulted in smaller values of the maximum reduced 

amplitude. 

After analyzing the twelve sets of data, the value of the exponential, x, was 

determined according to the following procedure. The maximum reduced 

amplitudes predicted from each of the two derived equations were plotted against 

the value of the exponential (Figures 5.26 and 5.27). Furthermore, the weighted 

maximum reduced amplitudes; that is, the product of the maximum reduced 

amplitudes and correlation coefficients, were plotted against the value of the 

exponentials (Figure 5.26 and 5.27). Second order polynomials were fitted to the 

sets of points as shown in the two figures. The first derivative of each polynomial 

was calculated and set equal to zero to locate the maximum reduced amplitude. The 

value of the exponential at the point of maximum reduced amplitude was taken as 

the value of the exponential in the response equation, Equation 5.6. 
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For Scl, the maximum reduced amplitudes from the two curves were found when 

the value of the exponential, x, is equal to 1.92 and 2.19, respectively. From Figure 

5.26, the two values of the exponential are seen to bracket the exponential value of 

2.0. Thus, when the Scruton number is defined as Scl the value of the exponential 

was taken to be 2.0. 

Likewise for Sc2, the maximum reduced amplitudes from the two curves were 

found when the value of the exponential is equal to 2.88 and 3.17, respectively. 

From Figure 5.27, the two values of the exponential are seen to bracket the 

exponential value of 3.0. Thus the value of the exponential was taken to be 3.0 

when the Scruton number is defined as Sc2. 

The curve-fit software output, including the equation constants and correlation 

coefficients, and the calculated equation constants from Equation 5.6 are presented 

in Table 5.5 for the two sets of Scruton numbers, Scl and Sc2, with the value of the 

exponential equal to 2 for Scl and equal to 3 for Sc3. 

Table 5.5. Response equation constants 

Results from TableCurve 2D 
software 

Calculated equation 
constants 

Scruton 
number a b c C7 C2 C3 

Scl 0.176 1.93 2.18 0.94 0.176 0.293 0.85 

Sc2 0.176 1.88 2.17 0.94 0.176 0.287 0.85 
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5.4.6. Rectangular Scruton number. Using the constants from Table 5.5, the 

two response equations take the form, 

0.176 
2jl 

D 
1 + 0.29 (Sen) 

0.85 
(Equation 5.8) 

where n is equal to 1 or 2, depending on which Scruton number is used and the value 

of the exponential, x, is equal to 2 when Scl is used and equal to 3 when Sc2 is used. 

Evaluating the product inside the bracket, and ignoring the constant 0.29, it can 

be shown that for Scl, 

&?1 
f z )  

2 
U 2 )  ^ 

[ D J  [ D 2  )  P DA 
(Equation 5.9) 

and for Sc2, 

Sc2 _ 

VD J pDL W) 

i 

b
 (Equation 5.10) 

Therefore, by substituting 2 for the value of the exponential in Equation 5.9; and 

3 for the value of the exponential in Equation 5.10, the two equations are equivalent. 

Consequently, the Scruton number for rectangular members, Sc(r), is defined as the 

product of the mass ratio, the system damping, and a geometric function that is 

dependent on the along-wind length, L, and the across-wind thickness, D, 

#c(r) 
P DA 

(Equation 5.11) 

When the rectangular Scruton number is defined by Equation 5.11, the amplitude 

response equation (Equation 5.8) is seen to be independent of the modified Strouhal 

number, just as the response equation developed for circular cylinders is 
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independent of the traditional Strouhal number. The reduced amplitudes from the 

current study are plotted against the rectangular Scruton number, Sc(r), in Figure 

5.28. 

5.4.7. Single response equation. With the rectangular Scruton number defined 

as Sc(r) in Equation 5.11, a single equation is derived from Equation 5.8 that returns 

the reduced amplitude response due to vortex-induced vibration of rectangular 

cylinders given the rectangular Scruton number. The response equation is written 

as, 

/' ~ |l • (Equation 5.12) 

This equation is plotted in Figure 5.29 along with the experimental data of each 

aspect ratio in terms of the rectangular Scruton number, Sc(r). As seen in the figure, 

the equation accurately describes the response behavior of the forty models when 

Sc(r) is plotted along the horizontal axis. Furthermore, Equation 5.12 is seen to 

satisfy the asymptotic requirement when the Scruton number becomes large and the 

maximum, self-limiting reduced amplitude requirement as the Scruton number 

becomes small. 

5.4.8. Summary. Circular cylinders are excited by trailing edge vortices and the 

vortex-induced response is a function of the Scruton number that is independent of 

the traditional Strouhal number. Therefore, a single response equation, Equation 

5.2, describes the maximum reduced amplitude of the vortex-induced response for 

all circular cylinders. For the rectangular models tested during the current study, 

the vortex-induced vibrations were excited primarily by impinging leading edge 
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vortices rather than trailing edge vortices due to the flow separation at the leading 

edge. Consequently, the vortex-induced response of rectangular bodies is not a 

function of the traditional Strouhal number. 

Due to the exciting forces that act along the length of the rectangular cylinders, 

the response is a function of the mass/damping parameter and of the aspect ratio, 

L/D. Analogous to the Scruton number, the rectangular Scruton number, Sc(r) was 

defined in Equation 5.11. A summary of the rectangular Scruton numbers calculated 

for the experimental data from the current study is tabulated in Tables 5.6 through 

5.13. 

With the rectangular Scruton number, Sc(r), from Equation 5.11, the vortex-

induced vibration response of rectangular cylinders with aspect ratio from 2 < L/D < 

7 can be predicted by a single equation, Equation 5.12. As seen in Figure 5.29, 

when Equation 5.12 is plotted and compared to the data from the current study, the 

response curve accurately predicts the maximum reduced amplitude due to vortex-

induced vibration at lock-in given the rectangular Scruton number, Sc(r), for the 

system. 
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Table 5.6. Rectangular Scruton number, Sc(r), L/D = 2.0 

,, j , „ . . • D L Mass Damping Scruton number 
Model Designation . , . , , 0/ f;. , c z > 

inch inch slugs % critical Sc(r) 

20.0 4 8 0.090 0.18 1.96 

20.2 4 8 0.138 0.13 2.17 

20.4 4 8 0.169 0.17 3.48 

20.6 4 8 0.213 0.17 4.38 

20.8 4 8 0.244 0.16 4.73 

Table 5.7. Rectangular Scruton number, Sc(r), L/D = 3.0 

Model Designation D. \ ^ damping Scruton number 
inch inch slugs % critical Sc(r) 

30.0 4 12 0.102 0.16 4.45 

30.2 4 12 0.144 0.17 6.67 

30.4 4 12 0.186 0.17 8.61 

30.6 4 12 0.237 0.14 9.02 

30.8 4 12 0.250 0.14 9.53 
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Table 5.8. Rectangular Scruton number, Sc(r), L/D - 4.0 

,, , , „ . . D L Mass Damping Scruton number 
Model Designation M sZ„gs %Jtic°, Sc(r) 

40.0 4 16 0.112 0.11 5.97 

40.2 4 16 0.153 0.15 11.09 

40.4 4 16 0.193 0.19 17.77 

40.6 4 16 0.217 0.15 15.75 

40.8 4 16 0.254 0.15 18.42 

Table 5.9. Rectangular Scruton number, Sc(r), L/D = 5.0 

Model Designation D. fss P™!™8, Scruton number 
inch inch slugs % critical Sc(r) 

50.0 4 20 0.126 0.22 20.88 

50.2 4 20 0.170 0.22 28.22 

50.4 4 20 0.219 0.20 33.07 

50.6 4 20 0.251 0.27 51.28 

50.8 4 20 0.302 0.18 41.15 
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Table 5.10. Rectangular Scruton number, Sc(r), L/D = 5.5 

Model Designation . , . , 
inch inch 

55.0 4 22 

55.2 4 22 

55.4 4 22 

55.6 4 22 

55.8 4 22 

Mass Damping Scruton number 
slugs % critical Sc(r) 

0.137 0.24 29.98 

0.178 0.24 39.02 

0.213 0.21 40.88 

0.258 0.19 44.87 

0.298 0.22 60.08 

Table 5.11. Rectangular Scruton number, Sc(r), L/D = 6.0 

Model Designation . , . , 
° inch inch 

60.0 4 24 

60.2 4 24 

60.4 4 24 

60.6 4 24 

60.8 4 24 

Mass Damping Scruton number 
slugs % critical Sc(r) 

0.137 0.24 35.68 

0.194 0.28 59.28 

0.213 0.28 64.87 

0.243 0.29 76.86 

0.351 0.33 126.27 
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Table 5.12. Rectangular Scruton number, Sc(r), L/D = 6.5 

,, , . „ . . D L Mass Damping Scruton number 
Model Désignât,on Sc(r) 

65.0 4 26 0.142 0.28 50.88 

65.2 4 26 0.181 0.25 57.92 

65.4 4 26 0.236 0.27 81.49 

65.6 4 26 0.262 0.25 83.76 

65.8 4 26 0.314 0.23 92.19 

Table 5.13. Rectangular Scruton number, Sc(r), L/D - 7.0 

Model Designation D. \ ^ass Damping Scruton number 
inch inch slugs % critical Sc(r) 

71.57 

77.01 

64.19 

86.61 

97.63 

70.0 4 28 0.151 0.32 

70.2 4 28 0.186 0.28 

70.4 4 28 0.217 0.20 

70.6 4 28 0.278 0.21 

70.8 4 28 0.314 0.21 



www.manaraa.com

Model 20.0 
Model 20.2 
Model 20.4 
Model 20.6 
Model 20.8 

K> 

0.0 10.0 20.0 30.0 40.0 

Wind speed, ft/s 

50.0 60.0 

Figure 5.1. Amplitude vs. wind speed, L/D = 2.0 
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Figure 5.2. Amplitude vs. wind speed, L/D = 2.0 
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Figure 5.3. Amplitude vs. wind speed, L/D = 3.0 
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Figure 5.4. Amplitude vs. wind speed, L/D = 4.0 
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Figure 5.5. Amplitude vs. wind speed, L/D = 5.0 
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Figure 5.6. Amplitude vs. wind speed, L/D = 5.5 
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Figure 5.7. Amplitude vs. wind speed, L/D = 6.0 
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Figure 5.8. Amplitude vs. wind speed, L/D = 6.5 
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Figure 5.9. Amplitude vs. wind speed, L/D = 7.0 
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Figure 5.10 Reduced amplitude vs. reduced velocity, L/D = 2.0 
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Figure 5.11. Reduced amplitude vs. reduced velocity, L/D = 3.0 



www.manaraa.com

ara*-.; 

2.0 4.0 6.0 8.0 10.0 

Reduced velocity, V/rD 

Model 40.0 
Model 40.2 
Model 40.4 
Model 40.6 
Model 40.8 

12.0 14.0 

Figure 5.12. Reduced amplitude vs. reduced velocity, L/D = 4.0 
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Figure 5.14. Reduced amplitude vs. reduced velocity, L/D = 5.5 
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Figure 5.15. Reduced amplitude vs. reduced velocity, L/D = 6.0 
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Figure 5.16. Reduced amplitude vs. reduced velocity, L/D = 6.5 
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Figure 5.17. Reduced amplitude vs. reduced velocity, L/D = 7.0 
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Figure 5.18. Modified Strouhal number vs. aspect ratio, L/D 
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Figure 5.19. Reduced velocity vs. aspect ratio, L/D 
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Figure 5.20. Maximum yo/D vs. L/D and Stn 
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Figure 5.21. Reduced amplitude vs. Scl 
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Figure 5.22. Reduced amplitude vs. Sc2 
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Figure 5.24. Reduced amplitude vs. (Sc2)(L/D) 
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Figure 5.27. Maximum reduced amplitude vs. * for Sc2 
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Figure 5.28. Reduced amplitude vs. Sc(r), rectangular cylinders 
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Figure 5.29. Response equation curve, rectangular cylinders 
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CHAPTER 6 

SUMMARY & CONCLUSIONS 

6.1. Introduction 

Wind tunnel tests of forty elastically supported rectangular models were 

performed in a smooth air flow with angle of incidence equal to zero degrees. 

Eight models were tested with aspect ratios that varied from 2 < L/D < 7. Each 

model was tested five times, each time with a different mass. 

The tests were performed over a range of wind speeds that produced vortex-

induced vibrations transverse to the direction of the wind in all test cases. All 

eight models exhibited lock-in during at least one wind speed regime, five 

models exhibited lock-in during two wind speed regimes. 

Each model was suspended in a force balance system that allowed only 

vertical motion transverse to the air flow. The dynamic parameters of each 

model, including the mass, stiffness, natural frequency and system damping, were 

experimentally determined prior to the beginning of the wind tests. During each 

test the wind speed was increased incrementally. The wind speed at the onset of 

lock-in was recorded. During lock-in, the vibration amplitude and the velocity of 

the wind at each wind speed increment were recorded. 

The collected data was used to create plots of the reduced amplitude vs. the 

reduced velocity for each aspect ratio. The results of the tests verified the use of 

the modified Strouhal number to predict the onset of lock-in. A mass/damping/ 

geometry parameter analogous to the Scruton number was derived from the data. 
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Finally, the data was used to derive a single vortex-induced vibration response 

equation for the range of aspect ratios tested given the mass/damping/geometry 

parameter. 

6.2. Vortex-Induced Vibrations 

Vortex-induced vibrations transverse to the direction of the wind were 

observed during each experiment over at least one wind regime. Five models 

were observed to exhibit vortex-induced vibrations during two wind regimes. 

The observed reduced velocity at the initiation of vortex-induced vibrations was 

taken as the onset of lock-in for each aspect ratio and agrees with previously 

published research data. 

The models were principally excited by impinging leading edge vortex 

shedding rather then trailing edge vortex shedding known to excite circular 

cylinders. Because the impinging leading edge vortices result from separated 

flow from the leading edges, the Strouhal number and the modified Strouhal 

number are insensitive to the Reynolds number of the wind velocity. 

For the range of Reynolds number tested, the experimental results, including 

the reduced amplitude vs. reduced velocity, compare favorably with the results 

reported in previously published research. Furthermore, the modified Strouhal 

number at the onset of lock-in for elastically supported rectangular cylinders 

agrees with previously published data. 

Vortex-induced vibrations occurred over a discrete range or ranges of reduced 

velocities for each aspect ratio. The reduced amplitude of each model varied 
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depending on the aspect ratio, mass and damping and ranged from approximately 

0.12 to less than 0.01. The amplitudes were observed to be self-limiting 

irrespective of the level of damping present in the system. 

6.3. Modified Strouhal Number 

The traditional Strouhal number, the nondimensional constant based on the 

cross-flow thickness of the body, relates the vortex shedding frequency at the 

trailing edge of a stationary circular cylinder to the velocity of the approaching 

air flow. This Strouhal number does not predict the wind speed at the onset of 

lock-in for elastically supported rectangular cylinders. Likewise, the Strouhal 

number that relates the vortex shedding frequency at the trailing edge of a 

stationary rectangular cylinder to the velocity of the approaching air flow and 

that is based on the along-flow length of the rectangular cylinder, does not 

predict the wind speed when lock-in will occur for elastically supported 

rectangular cylinders. 

To accurately predict the reduced velocity at the onset of lock-in, the 

modified Strouhal number must be used to calculate the critical reduced velocity. 

The modified Strouhal number is a function of the inverse of the aspect ratio and 

is related to the wind velocity along the sides of the cylinder. Depending on the 

dynamic mass and system damping, several wind regimes may produce vortex-

induced vibrations according to the equation for the modified Strouhal number, 

Stn, for n = 1, 2, or 3. 
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6.4. Scruton Number for Rectangular Cylinders 

To account for the rectangular shape of the current test models, a mass/ 

damping/geometry parameter for rectangular cylinders, Sc(r), was derived as part 

of the current study (Equation 5.11). This parameter is analogous to the Scruton 

number developed for circular cylinders. Based on the current study results, the 

rectangular Scruton number was determined to be a function of the mass, system 

damping and a ratio of the along-wind length to the across-wind thickness. 

6.5. Response Equation 

A single vortex-induced response equation (Equation 5.12) was derived from 

the reduced amplitude vs. mass/damping/geometry parameter data (Figure 5.28). 

The response equation can be used to predict the maximum amplitude of vortex-

induced vibrations of rectangular cylinders within the range of aspect ratios and 

Reynolds number used in the current experiments. 

The response equation was derived assuming the form of equation would be 

similar to the equation previously derived to predict the vortex-induced response 

of circular cylinders. To account for the rectangular shape, a mass/damping/ 

geometry parameter for rectangular cylinders, Sc(r), analogous to the Scruton 

number for circular cylinders was derived as part of the current study. 

As seen in the plot of Figure 5.29, Equation 5.12 accurately describes the 

maximum amplitude vortex-induced response of a rectangular cylinder during 

lock-in. 
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6.6. Future Work 

To further verify the accuracy and useful range of the rectangular cylinder 

response equation and to verify the validity of the rectangular Scruton number, 

the following future work is recommended: 

1. Conduct additional wind tunnel tests to confirm the reduced amplitude, 

yo/D, vs. rectangular Scruton number, Sc(r), relation observed during the 

current study using a similar range of aspect ratios. Recognizing how 

quickly the response curve converges towards zero with an increase in 

Scruton number, the aspect ratios to be tested should be heavily weighted 

towards the smaller end of the aspect ratio range; that is, L/D = 2.0, 3.0, 

and 4.0. 

2. Conduct additional wind tunnel tests to extend the range of velocities 

using similar aspect ratios as used in the current study to ascertain if 

additional modes of the modified Strouhal number can be excited. In 

particular, extend the range of velocities for aspect ratios, L/D = 5.0, 5.5, 

and 6.0, to ascertain if the first mode of the modified Strouhal number can 

be excited. If the first mode of the modified Strouhal number can be 

excited, the reduced amplitude of vibration observed during this mode as 

compared to the reduced amplitudes recorded during the current study 

would be of paramount interest. 

3. Similar to Item 2, conduct additional wind tunnel tests for aspect ratios, 

L/D = 6.6 and 7.0, to ascertain if the first and/or second modes of the 

modified Strouhal number can be excited. If these modes can be excited, 



www.manaraa.com

163 

the reduced amplitude of vibration, compared to the reduced amplitudes 

recorded during the current study, would be of paramount interest. 

4. Conduct additional wind tunnel tests to extend the range of rectangular 

Scruton number, Sc(r), beyond the range tested during the current study by 

increasing the mass and/or damping of the models. 

5. Conduct additional wind tunnel tests that include a visualization tool to 

ascertain the exact behavior of the impinging leading edge vortices along 

the side surfaces of the models. Of particular interest would be the 

interaction of the vortices traveling along the side surfaces of the models 

and the vortices that form at the trailing edge. The system mass/damping 

parameter that determines the system natural frequency, along with the 

free-stream velocity, may interact with the trailing edge vortex shedding 

frequency to dictate which mode of the modified Strouhal number is 

excited. It is possible that the largest vibration amplitudes occur when the 

modified Strouhal number coincides with the traditional Strouhal number 

for elastically supported rectangular cylinders. 

6. Conduct additional wind tunnel tests that include various angles of 

incidence model surface roughness. 

7. Conduct additional wind tunnel tests with varying sizes of end plates to 

study the effects of three-dimensional vortices forming at each end of the 

model. 
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APPENDIX A 

FAN SPEED CALIBRATION 

A.l. Calibration 

The fan speed vs. wind speed calibration was completed by installing a pitot 

tube through the floor of the wind tunnel immediately ahead of the test section. 

The pitot tube was connected to a hand-held anemometer with digital readout. 

The fan speed was set at 1.5 Hz and increased incrementally until a fan speed of 

15 Hz was reached. At each increment, the wind speed that was displayed on the 

anemometer was recorded. Because of a slight wandering of the values displayed 

by the anemometer, two and sometimes three wind speeds were recorded at each 

fan speed. This data is tabulated in Table A.l. 

A linear regression of the data, including all multiple wind speed values at a 

particular fan speed, was performed using Microsoft Excel. The regression 

returned the following linear relationship of fan speed to wind speed, 

y = 5.076% - 1.428 (Equation A.l) 

where y = wind speed in ft/s, and 

x = fan speed in Hz. 

Figure A.l is a plot of the linear regression. 
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Table A.l. Fan speed vs. wind speed. 

Fan Speed 
Hz 

Wind speed 
ft/s. 

1.5 6.7 6.0 7.3 
2.0 8.5 7.9 9.0 
2.5 10.8 11.2 11.6 
3.0 13.4 13.7 14.0 
3.5 16.1 16.4 16.9 
4.0 18.7 19.1 18.4 
4.5 21.1 21.6 
5.0 3.9 23.7 
6.0 28.8 28.7 
7.0 33.7 33.8 33.6 
8.0 39.5 40.0 40.4 
9.0 44.6 44.2 

10.0 49.2 49.6 
11.0 54.1 54.4 
12.0 59.7 59.4 
13.0 64.1 64.4 
14.0 69.2 69.4 69.7 
15.0 74.9 74.7 75.2 

80.0 

« 70.0 
È 60.0 

g 50.0 

o 40.0 <D 
> 30.0 

.1 20.0 

^ 10.0 

0.0 

• Fan Calibration Fan speed vs. wind speed 

y=5.076x- 1.428 

R2= 1.000 

T 

2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 

Fan Speed, Hz 

Figure A.l. Fan speed vs. wind speed calibration. 
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APPENDIX B 

SYSTEM MASS, STIFFNESS & FREQUENCY 

B.l. Background 

The equation for the calculation of the system natural frequency can be 

written as, 

co2 =— (Equation B.l) 
m 

where a> = the natural frequency of the system, 

m = the system mass to be determined, and 

k = the system stiffness to be determined. 

Rearranging, Equation B.l can be written as: 

——r- = — (Equation B.2) 
co k 

Finally, the same equation can be written as the added mass equation: 

— =  — ( m  +  M i )  (Equation B.3) 
coi k 

where M, = the known mass added to the system. 

B.2. System Mass and Stiffness 

While suspended by the force balance system in still air, each specimen was 

manually excited and allowed to vibrate freely. The natural frequency of the 

specimen, in Hz, was recorded from the frequency spectrum displayed by the 

electronic data acquisition system. A set of data for/, and consequently was 
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experimentally obtained by adding mass, M„ where i = 0, 1,.., 5, to each 

specimen in the form of iron weights. One pound was added at each increment. 

Therefore, the incremental added mass, Mt, was equal to 0.031 slugs; so that Mo 

was equal to zero slugs, Mi was equal to 0.031 slugs, etc. 

Assuming the added mass equation maps as a straight line, a linear regression 

between the inverse of the natural frequency squared, \/co2, and the added mass, 

Mi, was performed using the Microsoft Excel software. The regression returned 

the y intercept, the slope of the line, and the R2 term, where R is approximately 

equal to a point estimate of the correlation coefficient (Ang and Tang, 1975). 

The system stiffness, k, is calculated as the inverse of the slope of the regressed 

line divided by the value of gravity, 32.2 ft/s; the system natural frequency, co, is 

calculated as the square root of the inverse of the y intercept; and the system 

mass, m, is calculated by dividing the stiffness, k, by the square of the natural 

frequency, co2. 

The natural frequencies observed for the forty models are given in Table B.l 

through B.8. The values returned from the linear regression are listed in Table 

B.9 through B.l6 with the calculated natural frequency, spring stiffness, dynamic 

mass, and apparent dynamic weight. 
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Table B.l. Recorded frequencies {Hz & rad/s), L/D = 2.0 

Added weight, lb 

Model 0 1 2 3 4 5 

20.0 9.625 60.476 8.375 52.622 7.500 47.124 6.750 42.412 6.250 39.270 6.875 36.914 

20.2 7.875 49.480 7.125 44.768 6.500 40.840 6.125 38.485 5.750 36.128 5.375 33.772 

20.4 6.875 43.197 6.375 40.055 6.000 37.700 5.625 35.343 5.250 32.987 5.000 31.416 

20.6 6.250 39.270 5.875 36.914 5.500 34.558 5.250 32.987 5.000 31.416 4.750 29.845 

20.8 5.750 36.128 5.500 34.558 5.125 32.201 4.875 30.631 4.750 29.845 4.500 28.274 

Table B.2. Recorded frequencies {Hz & rad/s), L/D = 3.0 

Added weight, lb 

Model 0 1 2 3 4 5 

30.0 9.125 57.334 8.000 50.266 7.188 45.160 6.563 41.233 6.125 38.485 5.750 36.128 

30.2 7.688 48.302 6.938 43.590 6.375 40.055 5.938 37.306 5.625 35.343 5.313 33.380 

30.4 6.688 42.019 6.188 38.877 5.813 36.521 5.438 34.165 5.188 32.594 4.938 31.023 

30.6 6.063 38.092 5.688 35.736 5.375 33.772 5.125 32.201 4.938 31.023 4.688 29.452 

30.8 5.625 35.343 5.250 32.987 5.000 31.416 4.750 29.845 4.625 29.060 4.375 27.489 
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Table B.3. Recorded frequencies (Hz & rad/s), L/D = 4.0 

Added weight, lb 

Model 0 1 2 3 4 5 

40.0 8.625 54.193 7.750 48.695 7.000 43.982 6.375 40.055 6.000 37.699 5.625 35.343 

40.2 7.375 46.339 6.875 43.197 6.250 39.270 5.875 36.914 5.500 34.558 5.250 32.987 

40.4 6.500 40.841 6.125 38.485 5.750 36.128 5.375 33.772 5.125 32.201 4.875 30.631 

40.6 6.000 37.699 5.625 35.343 5.375 33.772 5.000 31.416 4.750 29.845 4.625 29.060 

40.8 5.500 34.558 5.250 32.987 5.000 31.416 4.750 29.845 4.500 28.274 4.375 27.489 

Table B.4. Recorded frequencies (Hz & rad/s), L/D = 5.0 

Added weight, lb 

Model 0 1 2 3 4 5 

50.0 8.250 51.836 7.375 46.339 6.750 42.412 6.250 39.270 5.875 36.914 5.500 34.558 

50.2 7.125 44.768 6.500 40.841 6.000 37.699 5.625 35.343 5.375 33.772 5.125 32.201 

50.4 6.375 40.055 5.874 36.914 5.625 35.343 5.375 33.772 5.000 31.416 4.875 30.631 

50.6 5.875 36.914 5.500 34.558 5.250 32.987 5.000 31.416 4.750 29.845 4.625 29.060 

50.8 5.375 33.772 5.125 32.201 4.875 30.631 4.750 29.845 4.500 28.274 4.375 27.489 
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Table B.5. Recorded frequencies (Hz & rad/s), L/D = 5.5 

Added weight, lb 

Model 0 1 2 3 4 5 

55.0 8.000 50.266 7.250 45.553 6.625 41.626 6.125 38.485 5.750 36.128 5.500 34.558 

55.2 7.000 43.982 6.500 40.841 6.000 37.699 5.625 35.343 5.375 33.772 5.125 32.201 

55.4 6.250 39.270 5.875 36.914 5.500 34.558 5.250 32.987 5.000 31.416 4.750 29.845 

55.6 5.750 36.128 5.375 33.772 5.125 32.201 4.875 30.631 4.750 29.845 4.500 28.274 

55.8 5.375 33.772 5.125 32.201 4.875 30.631 4.625 29.060 4.500 28.274 4.375 27.489 

Table B.6. Recorded frequencies (Hz & rad/s), L/D = 6.0 

Added weight, lb 

Model 0 1 2 3 4 5 

60.0 8.000 50.266 7.250 45.553 6.625 41.626 6.125 38.485 5.750 36.128 5.500 34.558 

60.2 6.875 43.197 6.375 40.055 6.000 37.699 5.625 35.343 5.375 33.772 5.125 32.201 

60.4 6.250 39.270 5.875 36.914 5.500 34.558 5.250 32.987 5.000 31.416 4.750 29.845 

60.6 5.750 36.128 5.375 33.772 5.125 32.201 4.875 30.631 4.625 29.050 4.500 28.274 

60.8 5.250 32.987 5.000 31.416 4.875 30.631 4.625 29.060 4.500 28.274 4.375 27.489 
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Table B.7. Recorded frequencies (Hz & rad/s), L/D = 6.5 

Added weight, lb 

Model 0 1 2 3 4 5 

6.5.0 7.750 48.695 7.000 43.982 6.500 40.841 6.000 37.699 5.625 35.343 5.375 33.772 

6.5.2 6.750 42.412 6.375 40.055 5.875 36.914 5.500 34.558 5.250 32.987 5.000 31.416 

6.5.4 6.125 38.485 5.750 36.128 5.500 34.558 5.125 32.201 5.000 31.416 4.750 29.845 

6.5.6 5.625 35.343 5.375 33.772 5.125 32.201 4.875 30.631 4.625 29.060 4.500 28.274 

6.5.8 5.250 32.987 5.000 31.416 4.750 29.845 4.625 29.060 4.500 28.274 4.250 26.704 

Table B.8. Recorded frequencies (Hz & rad/s), L/D = 7.0 

Added weight, lb 

Model 0 1 2 3 4 5 

7.0.0 7.625 47.909 7.000 43.982 6.375 40.055 6.000 37.699 5.625 35.343 5.375 33.772 

7.0.2 6.750 42.412 6.250 39.270 5.875 36.914 5.500 34.558 5.250 32.987 5.000 31.416 

7.0.4 6.125 38.485 5.625 35.343 5.375 33.772 5.125 32.201 4.875 30.631 4.625 29.060 

7.0.6 5.625 35.343 5.250 32.987 5.125 32.201 4.875 30.631 4.625 29.060 4.500 28.274 

7.0.8 5.250 32.987 5.000 31.416 4.750 29.845 4.625 29.060 4.500 28.274 4.250 26.704 
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Table B.9. Statistical analysis, L/D = 2.0 

Model R2 y intercept Slope 
Frequency 

rad/s 
Frequency 

Hz 
Stiffness 

W 
Mass 
slugs 

Weight 
lb 

20.0 0.9992 2.7030xl0"4 9.3425xl0"5 60.824 9.681 332.417 0.090 2.893 

20.2 0.9979 4.0760x10"4 9.1964xl0"5 49.532 7.883 337.696 0.138 4.432 

20.4 0.9962 5.2517x10"4 9.6304x10-5 43.636 6.945 322.477 0.169 5.453 

20.6 0.9985 6.4405x10'4 9.4021x10"5 39.404 6.271 330.309 0.213 6.850 

20.8 0.9914 7.5971xl0"4 9.6603x10^ 36.281 5.774 321.481 .0.244 7.864 

Table B.10. Statistical analysis, L/D = 3.0 

Model R2 y intercept Slope 
Frequency 

rad/s 
Frequency 

Hz 
Stiffness 

W 
Mass 
slugs 

Weight 
lb 

30.0 0.9998 3.048Ox 10"4 9.2734x10"5 57.278 9.116 334.893 0.102 3.287 

30.2 0.9994 4.3276x10'4 9.3215x10-5 48.070 7.651 333.165 0.144 4.643 

30.4 0.9994 5.6610xl0"4 9.4548x10"5 42.0296 6.689 328.467 0.186 5.987 

30.6 0.9978 6.9085xl0"4 9.0675x10'5 38.0458 6.055 342.497 0.237 7.619 

30.8 0.9934 8.0914xl0'4 1.0054xl0"4 35.155 5.595 308.879 0.250 8.048 
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Table B.ll. Statistical analysis, L/D = 4.0 

Model R2 y intercept Slope 
Frequency 

rad/s 
Frequency 

Hz 
Stiffness 

zw 
Mass 
slugs 

Weight 
lb 

40.0 0.9988 3.3547x10"* 9.2922x10-5 54.598 8.690 334.213 0.112 3.610 

40.2 0.9975 4.5746x10'4 9.3037x10-5 46.754 7.441 333.802 0.153 4.917 

40.4 0.9977 5.8823x10^ 9.4564x10"5 41.231 6.562 328.411 0.193 6.221 

40.6 0.9916 6.9977x10"4 1.0016xl0"4 37.803 6.017 310.066 0.217 6.987 

40.8 0.9947 8.2524xl0'4 l.OlOOxlO"4 34.810 5.540 307.473 0.254 8.170 

Table B.12. Statistical analysis, L/D = 5.0 

Model R2 y intercept Slope 
Frequency 

rad/s 
Frequency 

Hz 
Stiffness 

ZW 
Mass 
slugs 

Weight 
lb 

50.0 0.9995 3.7204.xl0'4 9.2086x10-5 51.845 8.251 337.247 0.126 4.040 

50.2 0.9971 5.0809xl0"4 9.3022x10'5 44.364 7.061 333.857 0.170 5.462 

50.4 0.9890 6.2889x10^ 8.9343x10-5 39.876 6.346 347.602 0.219 7.039 

50.6 0.9963 7.3970xl0"4 9.1475x10-5 36.768 5.852 339.503 0.251 8.086 

50.8 0.9939 8.7570xl0"4 8.9982x10-5 33.793 5.378 345.135 0.302 9.732 
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Table B. 13. Statistical analysis, L/D = 5.5 

Model R2 y intercept Slope 
Frequency 

rad/s 
Frequency 

Hz 
Stiffness Mass 

slugs 
Weight 

lb 

55.0 0.9981 3.9663x10^ 9.0247x10-5 50.212 7.990 344.121 0.136 4.395 

55.2 0.9981 5.1750X10"4 9.0453x10-5 43.959 6.996 343.337 0.178 5.721 

55.4 0.9985 6.4404x10"4 9.4021x105 39.404 6.271 330.309 0.213 6.850 

55.6 0.9934 7.7472x10"4 9.3226x10-5 35.928 5.718 333.126 0.2581 8.310 

55.8 0.9923 8.8156x10^ 9.1739x10-5 33.680 5.360 338.524 0.298 9.609 

Table B.14. Statistical analysis, L/D = 6.0 

Model R2 y intercept Slope 
Frequency 

rad/s 
Frequency 

Hz 
Stiffness Mass 

slugs 
Weight 

lb 

60.0 0.9981 3.9663x10-4 9.0247x10"5 50.212 7.991 344.121 0.137 4.395 

60.2 0.9994 5.3648x10^ 8.5708x10-5 43.174 6.871 362.344 0.194 6.259 

60.4 0.9985 6.4405x10'4 9.4021x10-5 39.404 6.271 330.309 0.213 6.850 

60.6 0.9964 7.7179x10-4 9.8497x10"5 35.996 5.729 315.297 0.243 7.836 

60.8 0.9929 9.2229x10-4 8.1519x10-5 32.928 5.241 380.965 0.351 11.314 
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Table B.15. Statistical analysis, L/D = 6.5 

Model R2 y intercept Slope 
Frequency 

rad/s 
Frequency 

Hz 
Stiffness 

W 

Mass 
slugs 

Weight 
lb 

65.0 0.9986 4.2247x10"4 9.2289x10-5 48.652 7.743 336.508 0.142 4.578 

65.2 0.9969 5.4638X10"4 9.3629x10-5 42.781 6.809 331.690 0.181 5.836 

65.4 0.9923 6.7466x10"4 8.8733x10-5 38.500 6.127 349.993 0.236 7.603 

65.6 0.9949 7.8982x10^ 9.3579x10-5 35.582 5.663 331.868 0.2621 8.440 

65.8 0.9841 9.2077x10"4 9.1180x10-5 32.955 5.245 340.601 0.314 10.098 

Table B. 16. Statistical analysis, L/D = 7.0 

Model R2 y intercept Slope 
Frequency 

rad/s 
Frequency 

Hz 
Stiffness 

ZW 

Mass 
slugs 

Weight 
lb 

70.0 0.9984 4.3543x10"4 8.9619x10-5 47.923 7.627 346.533 0.151 4.859 

70.2 0.9994 5.5597x10-4 9.1471x10-5 42.411 6.750 339.516 0.189 6.078 

70.4 0.9952 6.8294x10"4 9.7954x10"5 38.266 6.090 317.048 0.217 6.972 

70.6 0.9896 8.0592x10"4 8.9958x10-5 35.225 5.606 345.227 0.278 8.959 

70.8 0.9841 9.2077x10"4 9.1180x10-5 32.955 5.245 340.601 0.314 10.098 
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APPENDIX C 

SYSTEM DAMPING 

C.l. Background 

For an under-damped mechanical system, the damping ratio can be determined 

from the diminishing dynamic response of the system; that is, the logarithmic 

decrement ,  3,  

S = -\n^-
n x„ 

where ô — the logarithmic decrement, 

xo = the initial vibration amplitude, and 

xn = the vibration amplitude after n cycles. 

The logarithmic decrement can be shown as, 

.(Equation C.l) 

.(Equation C.2) 

where Ç  = the damping ratio. 

After manipulation, the equation can be rewritten, 

S  
Ç = 

V 4tt2 + â 2  

.(Equation C.3) 

For small values of S  ( S  «  1.0), the equation for the damping ratio can be 

written, 

5 
Ç = 

2* 
(Equation C.4) 
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C.l. System Damping 

While suspended by the force balance system in still air, each specimen was 

manually given an initial displacement and allowed to vibrate freely. The 

amplitudes of vibration, in mV, were noted from the real-time history displayed 

by the signal analyzer for a specific number of vibration cycles. A data set of four 

amplitudes was obtained for each specimen. Using the amplitude values, the 

damping ratio, Ç, was calculated using Equation C.4. 

The amplitudes, in mV,  for the fourth, tenth, twentieth, and thirtieth cycles, 

along with the calculated damping ration, Ç, are listed in Table C.l through C.8. 

The maximum value of Ç was calculated as 0.33% corresponding to a ô of 

0.020 using Equation C.4. Equation C.3 would have returned a value of C~ 

0.328% for this 6. Thus the use of the approximate Equation C.4 is justified. 
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Table C. 1. Structural Damping, L/D = 2.0 

Specimen 
Amplitude after 

4 cycles 
mV 

Amplitude after 
10 cycles 

mV 

Amplitude after 
20 cycles 

mV 

Amplitude after 
30 cycles 

mV 

Damping 

% of critical 

20.0 345 327 290 259 0.18 

20.2 350 334 301 278 0.13 

20.4 544 507 454 407 0.17 

20.6 665 616 559 502 0.17 

20.8 421 377 357 322 0.16 

Table C.2. Structural Damping, L/D = 3.0 

Specimen 
Amplitude after 

4 cycles 
mV 

Amplitude after 
10 cycles 

mV 

Amplitude after 
20 cycles 

mV 

Amplitude after 
30 cycles 

mV 

Damping 

% of critical 

30.0 300 287 263 238 0.16 

30.2 519 469 424 382 0.17 

30.4 482 425 377 338 0.17 

30.6 384 360 322 295 0.14 

30.8 388 367 346 317 0.14 
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Table C.3. Structural Damping, L/D = 4.0 

Specimen 
Amplitude after 

4 cycles 
mF 

Amplitude after 
10 cycles 

mV 

Amplitude after 
20 cycles 

mV 

Amplitude after 
30 cycles 

mV 

Damping 

% of critical 

40.0 255 245 219 205 0.11 

40.2 440 418 370 337 0.15 

40.4 633 584 516 457 0.19 

40.6 537 503 459 418 0.15 

40.8 490 460 419 381 0.15 

Table C.4. Structural Damping, L/D = 5.0 

Specimen 
Amplitude after 

4 cycles 
mV 

Amplitude after 
10 cycles 

mV 

Amplitude after 
20 cycles 

mV 

Amplitude after 
30 cycles 

mV 

Damping 

% of critical 

50.0 495 441 381 331 0.22 

50.2 482 425 365 317 0.22 

50.4 338 319 275 243 0.20 

50.6 539 480 408 345 0.27 

50.8 431 399 361 323 0.18 
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Table C.5. Structural Damping, L/D = 5.5 

Specimen 
Amplitude after 

4 cycles 
mV 

Amplitude after 
10 cycles 

mV 

Amplitude after 
20 cycles 

mV 

Amplitude after 
30 cycles 

mV 

Damping 

% of critical 

55.0 401 355 315 271 0.24 

55.2 549 498 422 363 0.22 

55.4 464 389 342 300 0.20 

55.6 488 437 385 342 0.19 

55.8 647 577 472 411 0.22 

Table C.6. Structural Damping, L/D = 6.0 

Specimen 
Amplitude after 

4 cycles 
mK 

Amplitude after 
10 cycles 

mV 

Amplitude after 
20 cycles 

mV 

Amplitude after 
30 cycles 

mV 

Damping 

% of critical 

60.0 348 313 267 229 0.24 

60.2 535 484 399 334 0.28 

60.4 409 366 301 253 0.28 

60.6 640 535 444 371 0.29 

60.8 658 575 466 379 0.33 



www.manaraa.com

Table C.l. Structural Damping, L/D = 6.5 

Specimen 
Amplitude after 

4 cycles 
mV 

Amplitude after 
10 cycles 

mV 

Amplitude after 
20 cycles 

mV 

Amplitude after 
30 cycles 

mV 

Damping 

% of critical 

65.0 394 344 282 237 0.28 

65.2 382 344 290 248 0.25 

65.4 674 603 490 413 0.27 

65.6 572 519 440 377 0.25 

65.8 446 415 352 304 0.23 

Table C.8. Structural Damping, L/D = 7.0 

Specimen 
Amplitude after 

4 cycles 
mV 

Amplitude after 
10 cycles 

mV 

Amplitude after 
20 cycles 

mV 

Amplitude after 
30 cycles 

mV 

Damping 

% of critical 

70.0 785 669 525 429 0.32 

70.2 604 529 465 390 0.28 

70.4 383 352 316 279 0.20 

70.6 347 310 284 249 0.21 

70.8 622 566 486 426 0.21 



www.manaraa.com

182 

APPENDIX D 

SCRUTON NUMBER 

D.l. Background 

The Scruton number is defined as a non-dimensional parameter incorporating 

the ratio of structural mass and structural damping to fluid mass. The Scruton 

number, Sc, for a circular cylinder is determined from, 

Sc = (Equation D.l) 
pD 

where me = the structure mass per unit length, 

Ç = the structural damping as a percentage of critical, 

p - the density of the fluid, and 

D = the cross-wind body dimension. 

Another definition of the Scruton number for a circular cylinder is, 

f f i  r  
Scl = — (Equation D.2) 

pD 

This value will differ from the value returned from Equation D.l by the factor of 

constant 4x. 

D.2. Scruton Number 

Two Scruton numbers were calculated for each rectangular specimen using the 

mass per unit length, the density of air, and the product of representative cross-

section dimensions. First, the Scruton number was calculated for the rectangular 
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cylinders according to Equation D.2. The Scruton number for the rectangular 

cylinders was also calculated according to the following equation, 

Sc2 = (Equation D.3) 
pDL 

The values returned from both equations are tabulated in Table D.l through D.8. 
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Table D.l. Scraton number, L/D = 2.0 

Model 
Mass 

slugs 

Damping 

% critical 

Se 

Based on D2 

Sc 

Based on D*L 

20.0 0.0899 0.18 0.4893 0.2447 

20.2 0.1376 0.13 0.5413 0.2707 

20.4 0.1694 0.17 0.8710 0.4355 

20.6 0.2127 0.17 1.0940 0.5470 

20.8 0.2442 0.16 1.1821 0.5911 

Table D.2. Scraton number, L/D = 3.0 

Model 
Mass 

slugs 

Damping 

% critical 

Sc 

Based on D2 

Sc 

Based on D*L 

30.0 0.1021 0.16 0.4941 0.1647 

30.2 0.1442 0.17 0.7415 0.2472 

30.4 0.1859 0.17 0.9563 0.3188 

30.6 0.2366 0.14 1.0021 0.3340 

30.8 0.2499 0.14 1.0585 0.3528 
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Table D.3. Scruton number, L/D = 4.0 

Model 
Mass 

slugs 

Damping 

% critical 

Sc 

Based on D2 

Sc 

Based on D*L 

40.0 0.1121 0.11 0.3731 0.0933 

40.2 0.1527 0.15 0.6929 0.1732 

40.4 0.1932 0.19 1.1104 0.2776 

40.6 0.2170 0.15 0.9846 0.2461 

40.8 0.2537 0.15 1.1514 0.2879 

Table D.4. Scruton number, L/D = 5.0 

Model 
Mass 

slugs 

Damping 

% critical 

Sc 

Based on D2 

Sc 

Based on D*L 

50.0 0.1255 0.22 0.8350 0.1670 

50.2 0.1696 0.22 1.1289 0.2258 

50.4 0.2186 0.20 1.3227 0.2645 

50.6 0.2511 0.27 2.0513 0.4103 

50.8 0.3022 0.18 1.6458 0.3292 
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Table D.5. Scraton number, L/D = 5.5 

Model 
Mass 

slugs 

Damping 

% critical 

Sc 

Based on D2 

Sc 

Based on D*L 

55.0 0.1365 0.24 0.9910 0.1802 

55.2 0.1777 0.24 1.2900 0.2345 

55.4 0.2127 0.21 1.3515 0.2703 

55.6 0.2581 0.19 1.4834 0.2697 

55.8 0.2984 0.22 1.9862 0.3611 

Table D.6. Scraton number, L/D = 6.0 

Model 
Mass 

slugs 

Damping 

% critical 

Sc 

Based on D2 

Sc 

Based on D*L 

60.0 0.1365 0.24 0.9910 0.1652 

60.2 0.1944 0.28 1.6466 0.2744 

60.4 0.2127 0.28 1.8020 0.3003 

60.6 0.2433 0.29 2.1349 0.3558 

60.8 0.3514 0.33 3.5076 0.5846 
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Table D.7. Scraton number, L/D = 6.5 

Model 
Mass 

slugs 

Damping 

% critical 

Sc 

Based on D2 

Sc 

Based on D*L 

65.0 0.1422 0.28 1.2042 0.1853 

65.2 0.1813 0.25 1.3710 0.2109 

65.4 0.2361 0.27 1.9287 0.2967 

65.6 0.2621 0.25 1.9824 0.3050 

65.8 0.3136 0.23 2.1821 0.3357 

Table D.8. Scraton number, L/D = 7.0 

Model 
Mass 

slugs 

Damping 

% critical 

Sc 

Based on D2 

Sc 

Based on D*L 

70.0 0.1509 0.32 1.4607 0.2087 

70.2 0.1888 0.28 1.5717 0.2245 

70.4 0.2165 0.20 1.3100 0.1871 

70.6 0.2165 0.21 1.7675 0.2525 

70.8 0.3136 0.21 1.9924 0.2846 
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APPENDIX E 

WIND SPEED AND AMPLITUDE DATA 

E.l. Wind speed and amplitude data. 

The wind speed and amplitude data that were displayed by the signal analyzer 

and recorded are tabulated in Table E.l through Table E.40 for each model 

tested. The data includes the fan speed in Hz, the wind speed in ft/s, the 

vibration amplitude in mV, the amplitude in inches, the reduced velocity, the 

reduced amplitude and the Reynolds number of the air flow. 



www.manaraa.com

189 

Table E.l. Experimental data, Model 20.0. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 

inches 
Reduced 

velocity 

Reduced 

amplitude 

Reynolds 

number 

1.50 6.19 0 0.000 1.92 0.0000 1.31 E+04 

1.60 6.69 0 0.000 2.07 0.0000 1.422+04 

1.70 7.20 0 0.000 2.23 0.0000 1.53E+04 

1.80 7.71 0 0.000 2.39 0.0000 1.642+04 

1.90 8.22 0 0.000 2.55 0.0000 1.742+04 

2.00 8.73 0 0.000 2.70 0.0000 1.852+04 

2.10 9.23 0 0.000 2.86 0.0000 1.962+04 

2.20 9.74 0 0.000 3.02 0.0000 2.07E+04 

2.30 10.25 0 0.000 3.18 0.0000 2.182+04 

2.40 10.76 0 0.000 3.33 0.0000 2.282+04 

2.50 11.26 33 0.024 3.49 0.0059 2.39E+04 

2.60 11.77 60 0.043 3.65 0.0107 2.50E+04 

2.70 12.28 80 0.057 3.81 0.0143 2.61 E+04 

2.80 12.79 125 0.089 3.96 0.0224 2.712+04 

2.90 13.29 150 0.107 4.12 0.0268 2.822+04 

3.00 13.80 193 0.138 4.28 0.0345 2.932+04 

3.10 14.31 223 0.160 4.43 0.0399 3.042+04 

3.20 14.82 262 0.187 4.59 0.0469 3.152+04 

3.30 15.32 321 0.230 4.75 0.0574 3.252+04 

3.40 15.83 373 0.267 4.91 0.0667 3.362+04 

3.50 16.34 430 0.308 5.06 0.0769 3.472+04 

3.60 16.85 493 0.353 5.22 0.0882 3.582+04 

3.70 17.35 556 0.398 5.38 0.0994 3.682+04 

3.80 17.86 596 0.426 5.54 0.1066 3.792+04 

3.90 18.37 635 0.454 5.69 0.1136 3.902+04 

4.00 18.88 651 0.466 5.85 0.1164 4.012+04 

4.10 19.38 659 0.471 6.01 0.1179 4.122+04 

4.20 19.89 643 0.460 6.16 0.1150 4.222+04 

4.30 20.40 597 0.427 6.32 0.1068 4.332+04 
4.40 20.91 15 0.011 6.48 0.0027 4.44E+04 

4.50 21.41 15 0.011 6.64 0.0027 4.55E+04 

4.60 21.92 15 0.011 6.79 0.0027 4.65E+04 

4.70 22.43 15 0.011 6.95 0.0027 4.76E+04 

4.80 22.94 20 0.014 7.11 0.0036 4.872+04 

4.90 23.44 20 0.014 7.27 0.0036 4.982+04 
5.00 23.95 25 0.018 7.42 0.0045 5.092+04 
5.10 24.46 25 0.018 7.58 0.0045 5.192+04 

5.20 24.97 30 0.021 7.74 0.0054 5.302+04 
5.30 25.48 25 0.018 7.89 0.0045 5.412+04 
5.40 25.98 30 0.021 8.05 0.0054 5.522+04 
5.50 26.49 0 0.000 8.21 0.0000 5.622+04 

5.60 27.00 0 0.000 8.37 0.0000 5.732+04 

5.70 27.51 0 0.000 8.52 0.0000 5.842+04 

5.80 28.01 0 0.000 8.68 0.0000 5.952+04 
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Table E.l. Continued. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

5.90 28.52 0 0.000 8.84 0.0000 6.06E+04 

6.00 29.03 0 0.000 9.00 0.0000 6.16E+04 

6.10 29.54 0 0.000 9.15 0.0000 6.27E+04 

6.20 30.04 0 0.000 9.31 0.0000 6.38E+04 

6.30 30.55 0 0.000 9.47 0.0000 6.49E+04 

6.40 31.06 50 0.036 9.63 0.0089 6.59E+04 

6.50 31.57 70 0.050 9.78 0.0125 6.70E+04 

6.60 32.07 70 0.050 9.94 0.0125 6.81 E+04 

6.70 32.58 70 0.050 10.10 0.0125 6.92E+04 

6.80 33.09 70 0.050 10.25 0.0125 7.03E+04 

6.90 33.60 70 0.050 10.41 0.0125 7.13E+04 

7.00 34.10 70 0.050 10.57 0.0125 7.24E+04 

7.10 34.61 80 0.057 10.73 0.0143 7.35E+04 

7.20 35.12 80 0.057 10.88 0.0143 7.46E+04 

7.30 35.63 100 0.072 11.04 0.0179 7.56E+04 

7.40 36.13 105 0.075 11.20 0.0188 7.67E+04 

7.50 36.64 110 0.079 11.36 0.0197 7.78E+04 

7.60 37.15 125 0.089 11.51 0.0224 7.89E+04 

7.70 37.66 150 0.107 11.67 0.0268 8.00E+04 

7.80 38.16 150 0.107 11.83 0.0268 8.10E+04 

7.90 38.67 175 0.125 11.98 0.0313 8.21 E+04 

8.00 39.18 200 0.143 12.14 0.0358 8.32E+04 

8.10 39.69 200 0.143 12.30 0.0358 8.43E+04 

8.20 40.20 200 0.143 12.46 0.0358 8.53E+04 

8.40 41.21 244 0.175 12.77 0.0436 8.75E+04 

8.60 42.23 294 0.210 13.09 0.0526 8.97E+04 

8.80 43.24 298 0.213 13.40 0.0533 9.18E+04 

9.00 44.26 320 0.229 13.71 0.0572 9.40E+04 

9.20 45.27 344 0.246 14.03 0.0615 9.61 E+04 

9.40 46.29 350 0.250 14.34 0.0626 9.83E+04 

9.60 47.30 376 0.269 14.66 0.0673 1.00E+05 

9.80 48.32 414 0.296 14.97 0.0740 1 03E+05 

10.00 49.33 481 0.344 15.29 0.0860 1.05E+05 

10.20 50.35 509 0.364 15.60 0.0910 1.07E+05 

10.40 51.36 500 0.358 15.92 0.0894 1.09E+05 
10.60 52.38 581 0.416 16.23 0.1039 1.11E+O5 
10.80 53.39 600 0.429 16.55 0.1073 1.13E+05 

11.00 54.41 630 0.451 16.86 0.1127 1.16E+05 

11.60 57.45 733 0.524 17.80 0.1311 1.22E+05 

11.80 58.47 901 0.645 18.12 0.1612 1.24E+05 
12.00 59.48 905 0.647 18.43 0.1619 1.26E+05 
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Table E.2. Experimental data, Model 20.2. 

Fan Speed Wiind velocity Amplitude Amplitude Reduced Reduced Reynolds 
Hz ft/s mV inches velocity amplitude number 

1.50 6.19 0.00 0.000 2.35 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 2.55 0.0000 1.42 E+04 

1.70 7.20 0.00 0.000 2.74 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 2.93 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 3.13 0.0000 1.74E+04 

2.00 8.73 0.00 0.000 3.32 0.0000 1.85E+04 

2.10 9.23 0.00 0.000 3.51 0.0000 1.96E+04 

2.20 9.74 43.00 0.031 3.71 0.0077 2.07E+04 

2.30 10.25 85.00 0.061 3.90 0.0152 2.18E+04 

2.40 10.76 125.00 0.089 4.09 0.0224 2.28E+04 

2.50 11.26 163.00 0.117 4.29 0.0292 2.39E+04 

2.60 11.77 200.00 0.143 4.48 0.0358 2.50E+04 

2.70 12.28 276.00 0.197 4.67 0.0494 2.61 E+04 

2.80 12.79 340.00 0.243 4.87 0.0608 2.71 E+04 

2.90 13.29 361.00 0.258 5.06 0.0646 2.82E+04 

3.00 13.80 461.00 0.330 5.25 0.0825 2.93E+04 

3.10 14.31 513.00 0.367 5.45 0.0918 3.04E+04 

3.20 14.82 545.00 0.390 5.64 0.0975 3.15E+04 

3.30 15.32 584.00 0.418 5.83 0.1045 3.25E+04 

3.40 15.83 621.00 0.444 6.02 0.1111 3.36E+04 

3.50 16.34 627.00 0.449 6.22 0.1121 3.47E+04 

3.60 16.85 15.00 0.011 6.41 0.0027 3.58E+04 

3.80 17.86 0.00 0.000 6.80 0.0000 3.79E+04 

3.90 18.37 0.00 0.000 6.99 0.0000 3.90E+04 

4.00 18.88 0.00 0.000 7.18 0.0000 4.01 E+04 

4.20 19.89 0.00 0.000 7.57 0.0000 4.22E+04 
4.40 20.91 20.00 0.014 7.96 0.0036 4.44E+04 
4.60 21.92 20.00 0.014 8.34 0.0036 4.65E+04 

4.80 22.94 25.00 0.018 8.73 0.0045 4.87E+04 
5.00 23.95 25.00 0.018 9.12 0.0045 5.09E+04 
5.50 26.49 40.00 0.029 10.08 0.0072 5.62E+04 
6.00 29.03 70.00 0.050 11.05 0.0125 6.16E+04 

6.20 30.04 85.00 0.061 11.43 0.0152 6.38E+04 

6.40 31.06 125.00 0.089 11.82 0.0224 6.59E+04 

6.60 32.07 150.00 0.107 12.21 0.0268 6.81 E+04 
6.80 33.09 175.00 0.125 12.59 0.0313 7.03E+04 
7.00 34.10 217.00 0.155 12.98 0.0388 7.24E+04 
7.20 35.12 244.00 0.175 13.36 0.0436 7.46E+04 

7.40 36.13 295.00 0.211 13.75 0.0528 7.67E+04 
7.60 37.15 345.00 0.247 14.14 0.0617 7.89E+04 
7.80 38.16 399.00 0.285 14.52 0.0714 8.10E+04 

8.00 39.18 411.00 0.294 14.91 0.0735 8.32E+04 
8.20 40.20 503.00 0.360 15.30 0.0900 8.53E+04 
8.40 41.21 530.00 0.379 15.68 0.0948 8.75E+04 
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Table E.2. Continued. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 

amplitude 

Reynolds 
number 

8.60 42.23 597.00 0.427 16.07 0.1068 8.97E+04 

8.80 43.24 617.00 0.441 16.46 0.1104 9.18E+04 

9.00 44.26 633.00 0.453 16.84 0.1132 9.40E+04 

9.20 45.27 690.00 0.494 17.23 0.1234 9.61 E+04 

9.40 46.29 691.00 0.494 17.61 0.1236 9.83E+04 

9.60 47.30 717.00 0.513 18.00 0.1282 1.00E+05 

9.80 48.32 809.00 0.579 18.39 0.1447 1.03E+05 

10.00 49.33 867.00 0.620 18.77 0.1551 1.05E+05 

10.50 51.87 900.00 0.644 19.74 0.1610 1.10E+05 

11.00 54.41 1000.00 0.715 20.71 0.1789 1.16E+05 

11.50 56.95 1170.00 0.837 21.67 0.2093 1.21E+05 

12.00 59.48 1310.00 0.937 22.64 0.2343 1.26E+05 
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Table E.3. Experimental data, Model 20.4. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.80 7.71 0.00 0.000 3.33 0.0000 1.642+04 

1.90 8.22 0.00 0.000 3.55 0.0000 1.74E+04 

2.00 8.73 80.00 0.057 3.77 0.0143 1.85E+04 

2.10 9.23 107.00 0.077 3.99 0.0191 1.96E+04 

2.20 9.74 155.00 0.111 4.21 0.0277 2.07E+04 

2.30 10.25 225.00 0.161 4.43 0.0402 2.18E+04 

2.40 10.76 290.00 0.207 4.65 0.0519 2.28E+04 

2.50 11.26 360.00 0.258 4.87 0.0644 2.39E+04 

2.60 11.77 426.00 0.305 5.08 0.0762 2.50E+04 

2.70 12.28 481.00 0.344 5.30 0.0860 2.61 E+04 

2.80 12.79 549.00 0.393 5.52 0.0982 2.71 E+04 

2.90 13.29 592.00 0.424 5.74 0.1059 2.82E+04 

3.00 13.80 604.00 0.432 5.96 0.1080 2.93E+04 

3.10 14.31 573.00 0.410 6.18 0.1025 3.04E+04 

3.20 14.82 0.00 0.000 6.40 0.0000 3.15E+04 

3.50 16.34 15.00 0.011 7.06 0.0027 3.47E+04 

4.00 18.88 15.00 0.011 8.15 0.0027 4.01 E+04 

4.50 21.41 20.00 0.014 9.25 0.0036 4.55E+04 

5.00 23.95 30.00 0.021 10.35 0.0054 5.09E+04 

5.50 26.49 70.00 0.050 11.44 0.0125 5.62E+04 

6.00 29.03 130.00 0.093 12.54 0.0233 6.16E+04 

6.50 31.57 300.00 0.215 13.64 0.0537 6.70E+04 

7.00 34.10 400.00 0.286 14.73 0.0715 7.24E+04 

7.50 36.64 524.00 0.375 15.83 0.0937 7.78E+04 

8.00 39.18 700.00 0.501 16.92 0.1252 8.32E+04 

8.50 41.72 800.00 0.572 18.02 0.1431 8.86E+04 

9.00 44.26 980.00 0.701 19.12 0.1753 9.40E+04 

9.50 46.79 1100.00 0.787 20.21 0.1967 9.93E+04 

10.00 49.33 1150.00 0.823 21.31 0.2057 1.05E+05 
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Table E.4. Experimental data, Model 20.6. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 

inches 
Reduced 

velocity 
Reduced 
amplitude 

Reynolds 

number 

1.60 6.69 0.00 0.000 3.20 0.0000 1.42E+04 

1.70 7.20 0.00 0.000 3.45 0.0000 1.53E+O4 

1.80 7.71 0.00 0.000 3.69 0.0000 1.64E+04 

1.90 8.22 104.00 0.074 3.93 0.0186 1.74E+04 

2.00 8.73 159.00 0.114 4.17 0.0284 1.85E+04 

2.10 9.23 216.00 0.155 4.42 0.0386 1.96E+04 

2.20 9.74 288.00 0.206 4.66 0.0515 2.07E+04 

2.30 10.25 366.00 0.262 4.90 0.0655 2.18E+04 

2.40 10.76 444.00 0.318 5.14 0.0794 2.28E+04 

2.50 11.26 504.00 0.361 5.39 0.0901 2.39E+04 

2.60 11.77 550.00 0.393 5.63 0.0984 2.50E+04 

2.70 12.28 575.00 0.411 5.87 0.1028 2.61 E+04 

2.80 12.79 570.00 0.408 6.12 0.1020 2.71 E+04 

2.90 13.29 0.00 0.000 6.36 0.0000 2.82E+04 

3.00 13.80 0.00 0.000 6.60 0.0000 2.93E+04 

3.50 16.34 0.00 0.000 7.82 0.0000 3.47E+04 

4.00 18.88 15.00 0.011 9.03 0.0027 4.01 E+04 

4.50 21.41 25.00 0.018 10.24 0.0045 4.55E+04 

5.00 23.95 60.00 0.043 11.46 0.0107 5.09E+04 

5.50 26.49 150.00 0.107 12.67 0.0268 5.62E+04 

6.00 29.03 400.00 0.286 13.89 0.0715 6.16E+04 

6.50 31.57 400.00 0.286 15.10 0.0715 6.70E+04 

7.00 34.10 597.00 0.427 16.31 0.1068 7.24E+04 

7.50 36.64 734.00 0.525 17.53 0.1313 7.78E+04 

8.00 39.18 883.00 0.632 18.74 0.1579 8.32E+04 

8.50 41.72 1040.00 0.744 19.96 0.1860 8.86E+04 
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Table E.5. Experimental data, Model 20.8. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 

mV 
Amplitude 

inches 
Reduced 

velocity 

Reduced 

amplitude 

Reynolds 

number 

1.60 6.69 0.00 0.000 3.48 0.0000 1.42E+04 

1.70 7.20 60.00 0.043 3.74 0.0107 1.53E+04 

1.80 7.71 100.00 0.072 4.01 0.0179 1.64E+04 

1.90 8.22 175.00 0.125 4.27 0.0313 1.74E+04 

2.00 8.73 262.00 0.187 4.53 0.0469 1.85E+04 

2.10 9.23 322.00 0.230 4.80 0.0576 1.96E+04 

2.20 9.74 396.00 0.283 5.06 0.0708 2.07E+04 

2.30 10.25 479.00 0.343 5.32 0.0857 2.18E+04 

2.40 10.76 525.00 0.376 5.59 0.0939 2.28E+04 

2.50 11.26 548.00 0.392 5.85 0.0980 2.39E+04 

2.60 11.77 511.00 0.366 6.12 0.0914 2.50E+04 

2.70 12.28 0.00 0.000 6.38 0.0000 2.61 E+04 

2.80 12.79 0.00 0.000 6.64 0.0000 2.71 E+04 

2.90 13.29 0.00 0.000 6.91 0.0000 2.82E+04 

3.00 13.80 10.00 0.007 7.17 0.0018 2.93E+04 

3.50 16.34 15.00 0.011 8.49 0.0027 3.47E+04 

4.00 18.88 30.00 0.021 9.81 0.0054 4.01 E+04 

4.50 21.41 70.00 0.050 11.13 0.0125 4.55E+04 

5.00 23.95 125.00 0.089 12.44 0.0224 5.09E+04 

5.50 26.49 300.00 0.215 13.76 0.0537 5.62E+04 

6.00 29.03 400.00 0.286 15.08 0.0715 6.16E+04 

6.50 31.57 632.00 0.452 16.40 0.1130 6.70E+04 

7.00 34.10 800.00 0.572 17.72 0.1431 7.24E+04 

7.50 36.64 940.00 0.673 19.04 0.1681 7.78E+04 

8.00 39.18 1030.00 0.737 20.36 0.1842 8.32E+04 

8.50 41.72 1080.00 0.773 21.67 0.1932 8.86E+04 
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Table E.6. Experimental data, Model 30.0. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.40 5.68 0.00 0.000 1.87 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 2.04 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 2.20 0.0000 1.42E+04 

1.70 7.20 0.00 0.000 2.37 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 2.54 0.0000 1.64E+04 

1.90 8.22 46.00 0.033 2.70 0.0082 1.74E+04 

2.00 8.73 57.00 0.041 2.87 0.0102 1.85E+04 

2.10 9.23 66.00 0.047 3.04 0.0118 1.96E+04 

2.20 9.74 68.00 0.049 3.21 0.0122 2.07E+04 

2.30 10.25 0.00 0.000 3.37 0.0000 2.18E+04 

2.40 10.76 0.00 0.000 3.54 0.0000 2.28E+04 

2.60 11.77 0.00 0.000 3.87 0.0000 2.50E+04 

2.80 12.79 0.00 0.000 4.21 0.0000 2.71 E+04 

3.00 13.80 16.00 0.011 4.54 0.0029 2.93E+04 

3.20 14.82 24.00 0.017 4.88 0.0043 3.15E+04 

3.30 15.32 32.00 0.023 5.04 0.0057 3.25E+04 

3.40 15.83 41.00 0.029 5.21 0.0073 3.36E+04 

3.50 16.34 59.00 0.042 5.38 0.0106 3.47E+04 

3.60 16.85 125.00 0.089 5.54 0.0224 3.58E+04 

3.70 17.35 223.00 0.160 5.71 0.0399 3.68E+04 

3.80 17.86 277.00 0.198 5.88 0.0495 3.79E+04 

3.90 18.37 317.00 0.227 6.05 0.0567 3.90E+04 

4.00 18.88 357.00 0.255 6.21 0.0639 4.01 E+04 

4.10 19.38 398.00 0.285 6.38 0.0712 4.12E+04 

4.20 19.89 411.00 0.294 6.55 0.0735 4.22E+04 

4.30 20.40 396.00 0.283 6.71 0.0708 4.33E+04 

4.40 20.91 387.00 0.277 6.88 0.0692 4.44E+04 

4.50 21.41 386.00 0.276 7.05 0.0690 4.55E+04 

4.60 21.92 360.00 0.258 7.21 0.0644 4.65E+04 

4.70 22.43 359.00 0.257 7.38 0.0642 4.76E+04 

4.80 22.94 327.00 0.234 7.55 0.0585 4.87E+04 
4.90 23.44 80.00 0.057 7.72 0.0143 4.98E+04 

5.00 23.95 50.00 0.036 7.88 0.0089 5.09E+04 
5.10 24.46 40.00 0.029 8.05 0.0072 5.19E+04 

5.20 24.97 25.00 0.018 8.22 0.0045 5.30E+04 
5.30 25.48 0.00 0.000 8.38 0.0000 5.41 E+04 
5.40 25.98 0.00 0.000 8.55 0.0000 5.52E+04 

5.50 26.49 0.00 0.000 8.72 0.0000 5.62E+04 
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Table E.7. Experimental data, Model 30.2. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.40 0.0000 1.21 E+04 

1.50 0.0000 1.31 E+04 

1.60 0.0063 1.42E+04 

1.70 0.0100 1.53E+04 

1.80 0.0122 1.64E+04 

1.90 0.0113 1.74E+04 

2.00 0.0000 1.85E+04 

2.10 0.0000 1.96E+04 

2.20 0.0000 2.07E+04 

2.30 0.0000 2.18E+04 

2.40 0.0000 2.28E+04 

2.50 0.0018 2.39E+04 

2.60 0.0032 2.50 E+04 

2.70 0.0036 2.61 E+04 

2.80 0.0036 2.71 E+04 

2.90 0.0063 2.82E+04 

3.00 0.0089 2.93E+04 

3.10 0.0197 3.04E+04 

3.20 0.0388 3.15E+04 

3.30 0.0553 3.25E+04 

3.40 0.0630 3.36E+04 

3.50 0.0699 3.47E+04 

3.60 0.0730 3.58E+04 

3.70 0.0740 3.68E+04 

3.80 0.0708 3.79E+04 

3.90 0.0671 3.90E+04 

4.00 0.0639 4.01 E+04 

4.10 0.0601 4.12E+04 

4.20 0.0125 4.22E+04 

4.30 0.0054 4.33E+04 
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Table E.8. Experimental data, Model 30.4. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.40 5.68 0.00 0.000 2.55 0.0000 1.21 E+04 

1.50 6.19 48.00 0.034 2.77 0.0086 1.31 E+04 

1.60 6.69 62.00 0.044 3.00 0.0111 1.42E+04 

1.70 7.20 50.00 0.036 3.23 0.0089 1.53E+04 

1.80 7.71 0.00 0.000 3.46 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 3.69 0.0000 1.742+04 

2.00 8.73 0.00 0.000 3.91 0.0000 1.85E+04 

2.10 9.23 0.00 0.000 4.14 0.0000 1.96E+04 

2.20 9.74 0.00 0.000 4.37 0.0000 2.072+04 

2.30 10.25 10.00 0.007 4.60 0.0018 2.182+04 

2.40 10.76 12.00 0.009 4.82 0.0021 2.282+04 

2.50 11.26 18.00 0.013 5.05 0.0032 2.392+04 

2.60 11.77 25.00 0.018 5.28 0.0045 2.502+04 

2.70 12.28 50.00 0.036 5.51 0.0089 2.612+04 

2.80 12.79 172.00 0.123 5.73 0.0308 2.712+04 

2.90 13.29 260.00 0.186 5.96 0.0465 2.822+04 

3.00 13.80 321.00 0.230 6.19 0.0574 2.932+04 

3.10 14.31 372.00 0.266 6.42 0.0665 3.04E+04 

3.20 14.82 393.00 0.281 6.64 0.0703 3.15E+04 

3.30 15.32 396.00 0.283 6.87 0.0708 3.25E+04 

3.40 15.83 377.00 0.270 7.10 0.0674 3.36E+04 

3.50 16.34 357.00 0.255 7.33 0.0639 3.47E+04 

3.60 16.85 336.00 0.240 7.56 0.0601 3.582+04 

3.70 17.35 70.00 0.050 7.78 0.0125 3.682+04 

3.80 17.86 40.00 0.029 8.01 0.0072 3.792+04 

3.90 18.37 0.00 0.000 8.24 0.0000 3.902+04 

4.00 18.88 0.00 0.000 8.47 0.0000 4.01 E+04 
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Table E.9. Experimental data, Model 30.6. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.20 4.66 0.00 0.000 2.31 0.0000 9.90E+03 

1.30 5.17 0.00 0.000 2.56 0.0000 1.10E+04 

1.40 5.68 42.00 0.030 2.81 0.0075 1.21 E+04 

1.50 6.19 55.00 0.039 3.07 0.0098 1.31 E+04 

1.60 6.69 10.00 0.007 3.32 0.0018 1.42E+04 

1.70 7.20 0.00 0.000 3.57 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 3.82 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 4.07 0.0000 1.74E+04 

2.00 8.73 0.00 0.000 4.32 0.0000 1.85E+04 

2.10 9.23 10.00 0.007 4.57 0.0018 1.96E+04 

2.20 9.74 12.00 0.009 4.83 0.0021 2.07E+04 

2.30 10.25 12.00 0.009 5.08 0.0021 2.18E+04 

2.40 10.76 25.00 0.018 5.33 0.0045 2.28E+04 

2.50 11.26 80.00 0.057 5.58 0.0143 2.39E+04 

2.60 11.77 203.00 0.145 5.83 0.0363 2.50E+04 

2.70 12.28 296.00 0.212 6.08 0.0529 2.61 E+04 

2.80 12.79 335.00 0.240 6.33 0.0599 2.71 E+04 

2.90 13.29 377.00 0.270 6.59 0.0674 2.82E+04 

3.00 13.80 361.00 0.258 6.84 0.0646 2.93E+04 

3.10 14.31 352.00 0.252 7.09 0.0630 3.04E+04 

3.20 14.82 322.00 0.230 7.34 0.0576 3.15E+04 

3.30 15.32 70.00 0.050 7.59 0.0125 3.25E+04 

3.40 15.83 40.00 0.029 7.84 0.0072 3.36E+04 

3.50 16.34 0.00 0.000 8.09 0.0000 3.47E+04 

3.60 16.85 0.00 0.000 8.35 0.0000 3.58E+04 
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Table E.10. Experimental data, Model 30.8. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.20 4.66 5.00 0.004 2.50 0.0009 9.90E+03 

1.30 5.17 10.00 0.007 2.77 0.0018 1.10E+04 

1.40 5.68 25.00 0.018 3.05 0.0045 1.21 E+04 

1.50 6.19 10.00 0.007 3.32 0.0018 1.31 E+04 

1.60 6.69 0.00 0.000 3.59 0.0000 1.42E+04 

1.70 7.20 0.00 0.000 3.86 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 4.13 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 4.41 0.0000 1.74E+04 

2.00 8.73 10.00 0.007 4.68 0.0018 1.85E+04 

2.10 9.23 10.00 0.007 4.95 0.0018 1.96E+04 

2.20 9.74 10.00 0.007 5.22 0.0018 2.07E+04 

2.30 10.25 40.00 0.029 5.49 0.0072 2.18E+04 

2.40 10.76 180.00 0.129 5.77 0.0322 2.28E+04 

2.50 11.26 268.00 0.192 6.04 0.0479 2.39E+04 

2.60 11.77 309.00 0.221 6.31 0.0553 2.50E+04 

2.70 12.28 307.00 0.220 6.58 0.0549 2.61 E+04 

2.80 12.79 305.00 0.218 6.86 0.0546 2.71 E+04 

2.90 13.29 273.00 0.195 7.13 0.0488 2.82E+04 

3.00 13.80 70.00 0.050 7.40 0.0125 2.93E+04 

3.10 14.31 50.00 0.036 7.67 0.0089 3.04E+04 

3.20 14.82 20.00 0.014 7.94 0.0036 3.15E+04 

3.30 15.32 15.00 0.011 8.22 0.0027 3.25E+04 

3.40 15.83 0.00 0.000 8.49 0.0000 3.36E+04 

3.50 16.34 0.00 0.000 8.76 0.0000 3.47E+04 

3.60 16.85 0.00 0.000 9.03 0.0000 3.58E+04 
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Table E.l 1. Experimental data, Model 40.0. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.50 6.19 0.00 0.000 2.14 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 2.31 0.0000 1.42E+04 

1.70 7.20 0.00 0.000 2.49 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 2.66 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 2.84 0.0000 1.74E+04 

2.00 8.73 0.00 0.000 3.01 0.0000 1.85E+04 

2.10 9.23 0.00 0.000 3.19 0.0000 1.96E+04 

2.20 9.74 0.00 0.000 3.36 0.0000 2.07E+04 

2.30 10.25 33.00 0.024 3.54 0.0059 2.18E+04 

2.40 10.76 64.00 0.046 3.71 0.0114 2.28E+04 

2.50 11.26 88.00 0.063 3.89 0.0157 2.39E+04 

2.60 11.77 104.00 0.074 4.06 0.0186 2.50E+04 

2.70 12.28 134.00 0.096 4.24 0.0240 2.61 E+04 

2.80 12.79 132.00 0.094 4.41 0.0236 2.71 E+04 

2.90 13.29 113.00 0.081 4.59 0.0202 2.82E+04 

3.00 13.80 84.00 0.060 4.76 0.0150 2.93E+04 

3.10 14.31 20.00 0.014 4.94 0.0036 3.04E+04 

3.20 14.82 0.00 0.000 5.12 0.0000 3.15E+04 

3.30 15.32 0.00 0.000 5.29 0.0000 3.25E+04 

3.40 15.83 10.00 0.007 5.47 0.0018 3.36E+04 

3.50 16.34 15.00 0.011 5.64 0.0027 3.47E+04 

3.60 16.85 15.00 0.011 5.82 0.0027 3.58E+04 

3.70 17.35 18.00 0.013 5.99 0.0032 3.68E+04 

3.80 17.86 23.00 0.016 6.17 0.0041 3.79E+04 

3.90 18.37 28.00 0.020 6.34 0.0050 3.90E+04 

4.00 18.88 42.00 0.030 6.52 0.0075 4.01 E+04 

4.10 19.38 60.00 0.043 6.69 0.0107 4.12E+04 
4.20 19.89 75.00 0.054 6.87 0.0134 4.22E+04 

4.30 20.40 80.00 0.057 7.04 0.0143 4.33E+04 
4.40 20.91 100.00 0.072 7.22 0.0179 4.44E+04 

4.50 21.41 110.00 0.079 7.39 0.0197 4.55E+04 
4.60 21.92 125.00 0.089 7.57 0.0224 4.65E+04 

4.70 22.43 125.00 0.089 7.74 0.0224 4.76E+04 

4.80 22.94 142.00 0.102 7.92 0.0254 4.87E+04 

4.90 23.44 163.00 0.117 8.09 0.0292 4.98E+04 
5.00 23.95 180.00 0.129 8.27 0.0322 5.09E+04 
5.10 24.46 190.00 0.136 8.44 0.0340 5.19E+04 
5.20 24.97 196.00 0.140 8.62 0.0351 5.30E+04 

5.30 25.48 209.00 0.150 8.80 0.0374 5.41 E+04 
5.40 25.98 209.00 0.150 8.97 0.0374 5.52E+04 

5.50 26.49 226.00 0.162 9.15 0.0404 5.62E+04 
5.60 27.00 237.00 0.170 9.32 0.0424 5.73E+04 

5.70 27.51 249.00 0.178 9.50 0.0445 5.84E+04 

5.80 28.01 239.00 0.171 9.67 0.0427 5.95E+04 
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Table E.ll. Continued. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

5.90 28.52 240.00 0.172 9.85 0.0429 6.06E+04 

6.00 29.03 240.00 0.172 10.02 0.0429 6.16E+04 

6.10 29.54 228.00 0.163 10.20 0.0408 6.27E+04 

6.20 30.04 210.00 0.150 10.37 0.0376 6.38E+04 

6.30 30.55 110.00 0.079 10.55 0.0197 6.49E+04 

6.40 31.06 60.00 0.043 10.72 0.0107 6.59E+04 

6.50 31.57 35.00 0.025 10.90 0.0063 6.70E+04 

6.60 32.07 25.00 0.018 11.07 0.0045 6.81 E+04 

6.70 32.58 20.00 0.014 11.25 0.0036 6.92E+04 

6.80 33.09 15.00 0.011 11.42 0.0027 7.03E+04 

6.90 33.60 10.00 0.007 11.60 0.0018 7.13E+04 

7.00 34.10 0.00 0.000 11.77 0.0000 7.24E+04 
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Table E.12. Experimental data, Model 40.2. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.50 6.19 0.00 0.000 2.49 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 2.70 0.0000 1.42 E+04 

1.70 7.20 0.00 0.000 2.90 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 3.11 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 3.31 0.0000 1.74E+04 

2.00 8.73 22.00 0.016 3.52 0.0039 1.85E+04 

2.10 9.23 62.00 0.044 3.72 0.0111 1.96E+04 

2.20 9.74 88.00 0.063 3.93 0.0157 2.07E+04 

2.30 10.25 112.00 0.080 4.13 0.0200 2.18E+04 

2.40 10.76 128.00 0.092 4.34 0.0229 2.28E+04 

2.50 11.26 120.00 0.086 4.54 0.0215 2.39E+04 

2.60 11.77 87.00 0.062 4.75 0.0156 2.50E+04 

2.70 12.28 0.00 0.000 4.95 0.0000 2.61 E+04 

2.80 12.79 0.00 0.000 5.15 0.0000 2.71 E+04 

2.90 13.29 0.00 0.000 5.36 0.0000 2.82E+04 

3.00 13.80 0.00 0.000 5.56 0.0000 2.93E+04 

3.10 14.31 0.00 0.000 5.77 0.0000 3.04E+04 

3.20 14.82 0.00 0.000 5.97 0.0000 3.15E+04 

3.30 15.32 10.00 0.007 6.18 0.0018 3.25E+04 

3.40 15.83 26.00 0.019 6.38 0.0047 3.36E+04 

3.50 16.34 34.00 0.024 6.59 0.0061 3.47E+04 

3.60 16.85 54.00 0.039 6.79 0.0097 3.58E+04 

3.70 17.35 62.00 0.044 7.00 0.0111 3.68E+04 

3.80 17.86 88.00 0.063 7.20 0.0157 3.79E+04 

3.90 18.37 99.00 0.071 7.41 0.0177 3.90E+04 

4.00 18.88 107.00 0.077 7.61 0.0191 4.01 E+04 

4.10 19.38 126.00 0.090 7.81 0.0225 4.12E+04 

4.20 19.89 143.00 0.102 8.02 0.0256 4.22E+04 

4.30 20.40 160.00 0.114 8.22 0.0286 4.33E+04 

4.40 20.91 170.00 0.122 8.43 0.0304 4.44E+04 

4.50 21.41 190.00 0.136 8.63 0.0340 4.55E+04 

4.60 21.92 200.00 0.143 8.84 0.0358 4.65E+04 

4.70 22.43 218.00 0.156 9.04 0.0390 4.76E+04 

4.80 22.94 226.00 0.162 9.25 0.0404 4.87E+04 
4.90 23.44 242.00 0.173 9.45 0.0433 4.98E+04 
5.00 23.95 243.00 0.174 9.66 0.0435 5.09E+04 
5.10 24.46 243.00 0.174 9.86 0.0435 5.19E+04 
5.20 24.97 233.00 0.167 10.07 0.0417 5.30E+04 
5.30 25.48 205.00 0.147 10.27 0.0367 5.41 E+04 
5.40 25.98 155.00 0.111 10.48 0.0277 5.52E+04 

5.50 26.49 50.00 0.036 10.68 0.0089 5.62E+04 
5.60 27.00 35.00 0.025 10.88 0.0063 5.73E+04 
5.70 27.51 25.00 0.018 11.09 0.0045 5.84 E+04 

5.80 28.01 15.00 0.011 11.29 0.0027 5.95E+04 
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Table E.12. Continued. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

5.90 28.52 10.00 0.007 11.50 0.0018 6.06E+04 

6.00 29.03 0.00 0.000 11.70 0.0000 6.16E+04 
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Table E.13. Experimental data, Model 40.4. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.50 6.19 0.00 0.000 2.83 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.06 0.0000 1.42 E+04 

1.70 7.20 0.00 0.000 3.29 0.0000 1.53E+04 

1.80 7.71 10.00 0.007 3.52 0.0018 1.64E+04 

1.90 8.22 50.00 0.036 3.76 0.0089 1.74E+04 

2.00 8.73 85.00 0.061 3.99 0.0152 1.85E+04 

2.10 9.23 115.00 0.082 4.22 0.0206 1.96E+04 

2.20 9.74 125.00 0.089 4.45 0.0224 2.07E+04 

2.30 10.25 95.00 0.068 4.69 0.0170 2.18E+04 

2.40 10.76 10.00 0.007 4.92 0.0018 2.28E+04 

2.50 11.26 0.00 0.000 5.15 0.0000 2.39E+04 

2.60 11.77 0.00 0.000 5.38 0.0000 2.50E+04 

2.70 12.28 10.00 0.007 5.61 0.0018 2.61 E+04 

2.80 12.79 10.00 0.007 5.85 0.0018 2.71 E+04 

2.90 13.29 15.00 0.011 6.08 0.0027 2.82E+04 

3.00 13.80 15.00 0.011 6.31 0.0027 2.93E+04 

3.10 14.31 20.00 0.014 6.54 0.0036 3.04E+04 

3.20 14.82 40.00 0.029 6.77 0.0072 3.15E+04 

3.30 15.32 55.00 0.039 7.01 0.0098 3.25E+04 

3.40 15.83 80.00 0.057 7.24 0.0143 3.36E+04 

3.50 16.34 94.00 0.067 7.47 0.0168 3.47E+04 

3.60 16.85 107.00 0.077 7.70 0.0191 3.58E+04 

3.70 17.35 127.00 0.091 7.93 0.0227 3.68E+04 

3.80 17.86 146.00 0.104 8.17 0.0261 3.79E+04 

3.90 18.37 160.00 0.114 8.40 0.0286 3.90E+04 

4.00 18.88 182.00 0.130 8.63 0.0326 4.01 E+04 

4.10 19.38 199.00 0.142 8.86 0.0356 4.12E+04 

4.20 19.89 209.00 0.150 9.09 0.0374 4.22E+04 

4.30 20.40 214.00 0.153 9.33 0.0383 4.33E+04 
4.40 20.91 230.00 0.165 9.56 0.0411 4.44E+04 

4.50 21.41 230.00 0.165 9.79 0.0411 4.55E+04 

4.60 21.92 223.00 0.160 10.02 0.0399 4.65E+04 

4.70 22.43 205.00 0.147 10.25 0.0367 4.76E+04 

4.80 22.94 107.00 0.077 10.49 0.0191 4.87E+04 

4.90 23.44 30.00 0.021 10.72 0.0054 4.98E+04 
5.00 23.95 30.00 0.021 10.95 0.0054 5.09E+04 
5.10 24.46 25.00 0.018 11.18 0.0045 5.19E+04 
5.20 24.97 10.00 0.007 11.41 0.0018 5.30E+04 

5.30 25.48 0.00 0.000 11.65 0.0000 5.41 E+04 
5.40 25.98 0.00 0.000 11.88 0.0000 5.52E+04 

5.50 26.49 0.00 0.000 12.11 0.0000 5.62E+04 

5.60 27.00 0.00 0.000 12.34 0.0000 5.73E+04 

5.70 27.51 0.00 0.000 12.57 0.0000 5.84E+04 

5.80 28.01 0.00 0.000 12.81 0.0000 5.95E+04 
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Table E.13. Continued. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

5.90 28.52 0.00 0.000 13.04 0.0000 6.06E+04 

6.00 29.03 0.00 0.000 13.27 0.0000 6.16E+04 
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Table E.14. Experimental data, Model 40.6. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.40 5.68 0.00 0.000 2.83 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 3.09 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.34 0.0000 1.42E+04 

1.70 7.20 25.00 0.018 3.59 0.0045 1.53E+04 

1.80 7.71 70.00 0.050 3.84 0.0125 1.64E+04 

1.90 8.22 105.00 0.075 4.10 0.0188 1.74E+04 

2.00 8.73 121.00 0.087 4.35 0.0216 1.85E+04 

2.10 9.23 110.00 0.079 4.60 0.0197 1.96E+04 

2.20 9.74 20.00 0.014 4.86 0.0036 2.07E+04 

2.30 10.25 0.00 0.000 5.11 0.0000 2.18E+04 

2.40 10.76 0.00 0.000 5.36 0.0000 2.28E+04 

2.50 11.26 0.00 0.000 5.62 0.0000 2.39E+04 

2.60 11.77 10.00 0.007 5.87 0.0018 2.50E+04 

2.70 12.28 10.00 0.007 6.12 0.0018 2.61 E+04 

2.80 12.79 15.00 0.011 6.38 0.0027 2.71 E+04 

2.90 13.29 15.00 0.011 6.63 0.0027 2.82E+04 

3.00 13.80 25.00 0.018 6.88 0.0045 2.93E+04 

3.10 14.31 50.00 0.036 7.13 0.0089 3.04E+04 

3.20 14.82 71.00 0.051 7.39 0.0127 3.15E+04 

3.30 15.32 97.00 0.069 7.64 0.0173 3.25E+04 

3.40 15.83 114.00 0.082 7.89 0.0204 3.36E+04 

3.50 16.34 134.00 0.096 8.15 0.0240 3.47E+04 

3.60 16.85 143.00 0.102 8.40 0.0256 3.58E+04 

3.70 17.35 170.00 0.122 8.65 0.0304 3.68E+04 

3.80 17.86 180.00 0.129 8.91 0.0322 3.79E+04 

3.90 18.37 184.00 0.132 9.16 0.0329 3.90E+04 

4.00 18.88 188.00 0.135 9.41 0.0336 4.01 E+04 

4.10 19.38 186.00 0.133 9.67 0.0333 4.12E+04 

4.20 19.89 182.00 0.130 9.92 0.0326 4.22E+04 

4.30 20.40 133.00 0.095 10.17 0.0238 4.33E+04 

4.40 20.91 50.00 0.036 10.42 0.0089 4.44E+04 

4.50 21.41 25.00 0.018 10.68 0.0045 4.55E+04 

4.60 21.92 10.00 0.007 10.93 0.0018 4.65E+04 

4.70 22.43 0.00 0.000 11.18 0.0000 4.76E+04 

4.80 22.94 0.00 0.000 11.44 0.0000 4.87E+04 
4.90 23.44 0.00 0.000 11.69 0.0000 4.98E+04 
5.00 23.95 0.00 0.000 11.94 0.0000 5.09E+04 
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Table E.l5. Experimental data, Model 40.8. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.40 5.68 0.00 0.000 3.08 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 3.35 0.0000 1.31 E+04 

1.60 6.69 10.00 0.007 3.63 0.0018 1.42 E+04 

1.70 7.20 68.00 0.049 3.90 0.0122 1.53E+04 

1.80 7.71 103.00 0.074 4.17 0.0184 1.64E+04 

1.90 8.22 119.00 0.085 4.45 0.0213 1.74E+04 

2.00 8.73 104.00 0.074 4.72 0.0186 1.85E+04 

2.10 9.23 15.00 0.011 5.00 0.0027 1.96E+04 

2.20 9.74 10.00 0.007 5.27 0.0018 2.07E+04 

2.30 10.25 0.00 0.000 5.55 0.0000 2.18E+04 

2.40 10.76 0.00 0.000 5.82 0.0000 2.28E+04 

2.50 11.26 10.00 0.007 6.10 0.0018 2.39E+04 

2.60 11.77 10.00 0.007 6.37 0.0018 2.50E+04 

2.70 12.28 15.00 0.011 6.65 0.0027 2.61 E+04 

2.80 12.79 22.00 0.016 6.92 0.0039 2.71 E+04 

2.90 13.29 42.00 0.030 7.20 0.0075 2.82E+04 

3.00 13.80 69.00 0.049 7.47 0.0123 2.93E+04 

3.10 14.31 86.50 0.062 7.75 0.0155 3.04E+04 

3.20 14.82 101.00 0.072 8.02 0.0181 3.15E+04 

3.30 15.32 123.00 0.088 8.30 0.0220 3.25E+04 

3.40 15.83 143.00 0.102 8.57 0.0256 3.36E+04 

3.50 16.34 156.00 0.112 8.85 0.0279 3.47E+04 

3.60 16.85 159.00 0.114 9.12 0.0284 3.58E+04 

3.70 17.35 164.00 0.117 9.40 0.0293 3.68E+04 

3.80 17.86 169.00 0.121 9.67 0.0302 3.79E+04 
3.90 18.37 139.00 0.099 9.95 0.0249 3.90E+04 
4.00 18.88 84.00 0.060 10.22 0.0150 4.01 E+04 

4.10 19.38 20.00 0.014 10.50 0.0036 4.12E+04 

4.20 19.89 0.00 0.000 10.77 0.0000 4.22E+04 
4.30 20.40 0.00 0.000 11.05 0.0000 4.33E+04 

4.40 20.91 0.00 0.000 11.32 0.0000 4.44E+04 

4.50 21.41 0.00 0.000 11.60 0.0000 4.55E+04 

4.60 21.92 0.00 0.000 11.87 0.0000 4.65E+04 
4.70 22.43 0.00 0.000 12.15 0.0000 4.76E+04 

4.80 22.94 0.00 0.000 12.42 0.0000 4.87E+04 
4.90 23.44 0.00 0.000 12.70 0.0000 4.98E+04 
5.00 23.95 0.00 0.000 12.97 0.0000 5.09E+04 
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Table E.16. Experimental data, Model 50.0. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.50 6.19 0.00 0.000 2.25 0.0000 1.31E+O4 

1.60 6.69 0.00 0.000 2.43 0.0000 1.422+04 

1.70 7.20 0.00 0.000 2.62 0.0000 1.53E+04 

1.80 7.71 16.00 0.011 2.80 0.0029 1.64E+O4 

1.90 8.22 25.00 0.018 2.99 0.0045 1.74E+04 

2.00 8.73 16.00 0.011 3.17 0.0029 1.85E+04 

2.10 9.23 0.00 0.000 3.36 0.0000 1.96E+04 

2.20 9.74 0.00 0.000 3.54 0.0000 2.07E+04 

2.30 10.25 0.00 0.000 3.73 0.0000 2.18E+04 

2.40 10.76 0.00 0.000 3.91 0.0000 2.28E+04 

2.50 11.26 10.00 0.007 4.09 0.0018 2.39E+04 

2.60 11.77 10.00 0.007 4.28 0.0018 2.50E+04 

2.70 12.28 103.00 0.074 4.46 0.0184 2.61 E+04 

2.80 12.79 148.00 0.106 4.65 0.0265 2.71 E+04 

2.90 13.29 180.00 0.129 4.83 0.0322 2.82E+04 

3.00 13.80 169.00 0.121 5.02 0.0302 2.93E+04 

3.10 14.31 103.00 0.074 5.20 0.0184 3.04E+04 

3.20 14.82 92.00 0.066 5.39 0.0165 3.15E+04 

3.30 15.32 33.00 0.024 5.57 0.0059 3.25E+04 

3.40 15.83 15.00 0.011 5.76 0.0027 3.36E+04 

3.50 16.34 15.00 0.011 5.94 0.0027 3.47E+04 

3.60 16.85 15.00 0.011 6.12 0.0027 3.58E+04 

3.70 17.35 0.00 0.000 6.31 0.0000 3.68E+04 

3.80 17.86 0.00 0.000 6.49 0.0000 3.79E+04 

3.90 18.37 0.00 0.000 6.68 0.0000 3.90E+04 

4.00 18.88 0.00 0.000 6.86 0.0000 4.01 E+04 
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Table E.17. Experimental data, Model 50.2. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.40 5.68 0.00 0.000 2.41 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 2.63 0.0000 1.31 E+04 

1.60 6.69 16.00 0.011 2.84 0.0029 1.42 E+04 

1.70 7.20 23.00 0.016 3.06 0.0041 1.53E+04 

1.80 7.71 10.00 0.007 3.28 0.0018 1.64E+04 

1.90 8.22 0.00 0.000 3.49 0.0000 1.74E+04 

2.00 8.73 0.00 0.000 3.71 0.0000 1.85E+04 

2.10 9.23 0.00 0.000 3.92 0.0000 1.96E+04 

2.20 9.74 0.00 0.000 4.14 0.0000 2.07E+04 

2.30 10.25 0.00 0.000 4.35 0.0000 2.18E+04 

2.40 10.76 110.00 0.079 4.57 0.0197 2.28E+04 

2.50 11.26 166.00 0.119 4.79 0.0297 2.39E+04 

2.60 11.77 180.00 0.129 5.00 0.0322 2.50E+04 

2.70 12.28 127.00 0.091 5.22 0.0227 2.61 E+04 

2.80 12.79 15.00 0.011 5.43 0.0027 2.71 E+04 

2.90 13.29 25.00 0.018 5.65 0.0045 2.82E+04 

3.00 13.80 15.00 0.011 5.86 0.0027 2.93E+04 

3.10 14.31 15.00 0.011 6.08 0.0027 3.04E+04 

3.20 14.82 15.00 0.011 6.30 0.0027 3.15E+04 

3.30 15.32 10.00 0.007 6.51 0.0018 3.25E+04 

3.40 15.83 10.00 0.007 6.73 0.0018 3.36E+04 

3.50 16.34 0.00 0.000 6.94 0.0000 3.47E+04 

3.60 16.85 0.00 0.000 7.16 0.0000 3.58E+04 

3.70 17.35 0.00 0.000 7.37 0.0000 3.68E+04 
3.80 17.86 0.00 0.000 7.59 0.0000 3.79E+04 

3.90 18.37 0.00 0.000 7.80 0.0000 3.90E+04 
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Table E.18. Experimental data, Model 50.4. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.20 4.66 0.00 0.000 2.20 0.0000 9.90E+03 

1.30 5.17 0.00 0.000 2.44 0.0000 1.10E+04 

1.40 5.68 0.00 0.000 2.68 0.0000 1.21 E+04 

1.50 6.19 16.00 0.011 2.92 0.0029 1.31 E+04 

1.60 6.69 10.00 0.007 3.16 0.0018 1.42 E+04 

1.70 7.20 0.00 0.000 3.40 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 3.64 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 3.88 0.0000 1.74E+04 

2.00 8.73 0.00 0.000 4.12 0.0000 1.85E+04 

2.10 9.23 0.00 0.000 4.36 0.0000 1.96E+04 

2.20 9.74 95.00 0.068 4.60 0.0170 2.07E+04 

2.30 10.25 130.00 0.093 4.84 0.0233 2.18E+04 

2.40 10.76 168.00 0.120 5.08 0.0300 2.28E+04 

2.50 11.26 125.00 0.089 5.32 0.0224 2.39E+04 

2.60 11.77 35.00 0.025 5.56 0.0063 2.50E+04 

2.70 12.28 15.00 0.011 5.80 0.0027 2.61 E+04 

2.80 12.79 11.00 0.008 6.04 0.0020 2.71 E+04 

2.90 13.29 0.00 0.000 6.28 0.0000 2.82E+04 

3.00 13.80 0.00 0.000 6.52 0.0000 2.93E+04 
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Table E.19. Experimental data, Model 50.6. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.20 4.66 0.00 0.000 2.39 0.0000 9.90E+03 

1.30 5.17 0.00 0.000 2.65 0.0000 1.10E+04 

1.40 5.68 0.00 0.000 2.91 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 3.17 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.43 0.0000 1.42 E+04 

1.70 7.20 0.00 0.000 3.69 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 3.95 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 4.21 0.0000 1.74E+04 

2.00 8.73 10.00 0.007 4.47 0.0018 1.85E+04 

2.10 9.23 145.00 0.104 4.73 0.0259 1.96E+04 

2.20 9.74 164.00 0.117 4.99 0.0293 2.07E+04 

2.30 10.25 125.00 0.089 5.25 0.0224 2.18E+04 

2.40 10.76 22.00 0.016 5.51 0.0039 2.28E+04 

2.50 11.26 10.00 0.007 5.77 0.0018 2.39E+04 

2.60 11.77 8.00 0.006 6.03 0.0014 2.50E+04 

2.70 12.28 0.00 0.000 6.29 0.0000 2.61 E+04 

2.80 12.79 0.00 0.000 6.55 0.0000 2.71 E+04 

2.90 13.29 0.00 0.000 6.81 0.0000 2.82E+04 

3.00 13.80 0.00 0.000 7.08 0.0000 2.93E+04 
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Table E.20. Experimental data, Model 50.8. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.20 4.66 0.00 0.000 2.60 0.0000 9.90E+03 

1.30 5.17 0.00 0.000 2.88 0.0000 1.10E+04 

1.40 5.68 0.00 0.000 3.17 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 3.45 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.73 0.0000 1.42E+04 

1.70 7.20 0.00 0.000 4.02 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 4.30 0.0000 1.64E+04 

1.90 8.22 107.00 0.077 4.58 0.0191 1.74E+04 

2.00 8.73 164.00 0.117 4.87 0.0293 1.85E+04 

2.10 9.23 154.00 0.110 5.15 0.0275 1.96E+04 

2.20 9.74 18.00 0.013 5.43 0.0032 2.07E+04 

2.30 10.25 0.00 0.000 5.72 0.0000 2.18E+04 

2.40 10.76 0.00 0.000 6.00 0.0000 2.28E+04 

2.50 11.26 0.00 0.000 6.28 0.0000 2.39E+04 

2.60 11.77 0.00 0.000 6.57 0.0000 2.50E+04 

2.70 12.28 0.00 0.000 6.85 0.0000 2.61 E+04 

2.80 12.79 0.00 0.000 7.13 0.0000 2.71 E+04 

2.90 13.29 0.00 0.000 7.41 0.0000 2.82E+04 

3.00 13.80 0.00 0.000 7.70 0.0000 2.93E+04 
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Table E.21. Experimental data, Model 55.0. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.80 7.71 0.00 0.000 2.89 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 3.08 0.0000 1.74E+04 

2.00 8.73 25.00 0.018 3.28 0.0045 1.85E+04 

2.10 9.23 25.00 0.018 3.47 0.0045 1.96E+04 

2.20 9.74 10.00 0.007 3.66 0.0018 2.07E+04 

2.30 10.25 0.00 0.000 3.85 0.0000 2.18E+04 

2.40 10.76 0.00 0.000 4.04 0.0000 2.28E+04 

2.50 11.26 0.00 0.000 4.23 0.0000 2.39E+04 

2.60 11.77 15.00 0.011 4.42 0.0027 2.50E+04 

2.70 12.28 30.00 0.021 4.61 0.0054 2.61 E+04 

2.80 12.79 120.00 0.086 4.80 0.0215 2.71 E+04 

2.90 13.29 140.00 0.100 4.99 0.0250 2.82E+04 

3.00 13.80 140.00 0.100 5.18 0.0250 2.93E+04 

3.10 14.31 82.00 0.059 5.37 0.0147 3.04E+04 

3.20 14.82 42.00 0.030 5.56 0.0075 3.15E+04 

3.30 15.32 20.00 0.014 5.75 0.0036 3.25E+04 

3.40 15.83 15.00 0.011 5.94 0.0027 3.36E+04 

3.50 16.34 0.00 0.000 6.13 0.0000 3.47E+04 

3.60 16.85 0.00 0.000 6.32 0.0000 3.58E+04 

3.70 17.35 0.00 0.000 6.51 0.0000 3.68E+04 

3.80 17.86 0.00 0.000 6.71 0.0000 3.79E+04 
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Table E.22. Experimental data, Model 55.2. 

Fan Speed 

Hz 
Wiind velocity 

ft/s 
Amplitude 

mV 
Amplitude 

inches 
Reduced 

velocity 

Reduced 

amplitude 

Reynolds 

number 

1.60 6.69 0.00 0.000 2.87 0.0000 1.42E+O4 

1.70 7.20 0.00 0.000 3.09 0.0000 1.532+04 

1.80 7.71 25.00 0.018 3.31 0.0045 1.642+04 

1.90 8.22 10.00 0.007 3.52 0.0018 1.742+04 

2.00 8.73 0.00 0.000 3.74 0.0000 1.852+04 

2.10 9.23 0.00 0.000 3.96 0.0000 1.962+04 

2.20 9.74 0.00 0.000 4.18 0.0000 2.072+04 

2.30 10.25 0.00 0.000 4.39 0.0000 2.182+04 

2.40 10.76 15.00 0.011 4.61 0.0027 2.282+04 

2.50 11.26 140.00 0.100 4.83 0.0250 2.392+04 

2.60 11.77 110.00 0.079 5.05 0.0197 2.502+04 

2.70 12.28 100.00 0.072 5.26 0.0179 2.612+04 

2.80 12.79 30.00 0.021 5.48 0.0054 2.712+04 

2.90 13.29 10.00 0.007 5.70 0.0018 2.822+04 

3.00 13.80 0.00 0.000 5.92 0.0000 2.932+04 
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Table E.23. Experimental data, Model 55.4. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 

mV 
Amplitude 

inches 
Reduced 

velocity 

Reduced 

amplitude 

Reynolds 

number 

1.40 5.68 0.00 0.000 2.72 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 2.96 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.20 0.0000 1.42E+04 

1.70 7.20 10.00 0.007 3.45 0.0018 1.53E+04 

1.80 7.71 0.00 0.000 3.69 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 3.93 0.0000 1.74E+04 

2.00 8.73 0.00 0.000 4.17 0.0000 1.85E+04 

2.10 9.23 0.00 0.000 4.42 0.0000 1.96E+04 

2.20 9.74 25.00 0.018 4.66 0.0045 2.07E+04 

2.30 10.25 106.00 0.076 4.90 0.0190 2.18E+04 

2.40 10.76 119.00 0.085 5.14 0.0213 2.28E+04 

2.50 11.26 55.00 0.039 5.39 0.0098 2.39E+04 

2.60 11.77 0.00 0.000 5.63 0.0000 2.50E+04 

2.70 12.28 0.00 0.000 5.87 0.0000 2.61 E+04 

2.80 12.79 0.00 0.000 6.12 0.0000 2.71 E+04 
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Table E.24. Experimental data, Model 55.6. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.20 4.66 0.00 0.000 2.45 0.0000 9.90E+03 

1.30 5.17 0.00 0.000 2.71 0.0000 1.10E+04 

1.40 5.68 0.00 0.000 2.98 0.0000 1.21 E+04 

1.50 6.19 10.00 0.007 3.25 0.0018 1.31 E+04 

1.60 6.69 10.00 0.007 3.51 0.0018 1.42E+04 

1.70 7.20 0.00 0.000 3.78 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 4.05 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 4.31 0.0000 1.74E+04 

2.00 8.73 18.00 0.013 4.58 0.0032 1.85E+04 

2.10 9.23 110.00 0.079 4.84 0.0197 1.96E+04 

2.20 9.74 122.00 0.087 5.11 0.0218 2.07E+04 

2.30 10.25 70.00 0.050 5.38 0.0125 2.18E+04 

2.40 10.76 0.00 0.000 5.64 0.0000 2.28E+04 

2.50 11.26 0.00 0.000 5.91 0.0000 2.39E+04 

2.60 11.77 0.00 0.000 6.18 0.0000 2.50E+04 
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Table E.25. Experimental data, Model 55.8. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.20 4.66 0.00 0.000 2.61 0.0000 9.90E+03 

1.30 5.17 0.00 0.000 2.89 0.0000 1.10E+04 

1.40 5.68 5.00 0.004 3.18 0.0009 1.21 E+04 

1.50 6.19 0.00 0.000 3.46 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.75 0.0000 1.42E+04 

1.70 7.20 0.00 0.000 4.03 0.0000 1.53E+04 

1.80 7.71 8.00 0.006 4.31 0.0014 1.64E+04 

1.90 8.22 30.00 0.021 4.60 0.0054 1.74E+04 

2.00 8.73 108.00 0.077 4.88 0.0193 1.85E+04 

2.10 9.23 85.00 0.061 5.17 0.0152 1.96E+04 

2.20 9.74 0.00 0.000 5.45 0.0000 2.07E+04 

2.30 10.25 0.00 0.000 5.74 0.0000 2.18E+04 

2.40 10.76 0.00 0.000 6.02 0.0000 2.28E+04 

2.50 11.26 0.00 0.000 6.30 0.0000 2.39E+04 

2.60 11.77 0.00 0.000 6.59 0.0000 2.50E+04 
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Table E.26. Experimental data, Model 60.0. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.70 7.20 0.00 0.000 2.70 0.0000 1.532+04 

1.80 7.71 0.00 0.000 2.89 0.0000 1.642+04 

1.90 8.22 0.00 0.000 3.08 0.0000 1.742+04 

2.00 8.73 0.00 0.000 3.28 0.0000 1.852+04 

2.10 9.23 24.00 0.017 3.47 0.0043 1.962+04 

2.20 9.74 33.00 0.024 3.66 0.0059 2.072+04 

2.30 10.25 31.00 0.022 3.85 0.0055 2.182+04 

2.40 10.76 13.00 0.009 4.04 0.0023 2.282+04 

2.50 11.26 10.00 0.007 4.23 0.0018 2.392+04 

2.60 11.77 10.00 0.007 4.42 0.0018 2.502+04 

2.70 12.28 18.00 0.013 4.61 0.0032 2.612+04 

2.80 12.79 51.30 0.037 4.80 0.0092 2.712+04 

2.90 13.29 83.20 0.060 4.99 0.0149 2.822+04 

3.00 13.80 68.00 0.049 5.18 0.0122 2.932+04 

3.10 14.31 32.00 0.023 5.37 0.0057 3.042+04 

3.20 14.82 12.00 0.009 5.56 0.0021 3.152+04 

3.30 15.32 0.00 0.000 5.75 0.0000 3.252+04 

3.40 15.83 0.00 0.000 5.94 0.0000 3.362+04 

3.50 16.34 0.00 0.000 6.13 0.0000 3.472+04 

3.60 16.85 0.00 0.000 6.32 0.0000 3.582+04 
3.70 17.35 0.00 0.000 6.51 0.0000 3.682+04 

3.80 17.86 0.00 0.000 6.71 0.0000 3.792+04 

3.90 18.37 0.00 0.000 6.90 0.0000 3.902+04 

4.00 18.88 0.00 0.000 7.09 0.0000 4.012+04 

4.20 19.89 0.00 0.000 7.47 0.0000 4.222+04 

4.40 20.91 0.00 0.000 7.85 0.0000 4.442+04 

4.60 21.92 0.00 0.000 8.23 0.0000 4.652+04 

4.80 22.94 0.00 0.000 8.61 0.0000 4.872+04 

5.00 23.95 0.00 0.000 8.99 0.0000 5.092+04 

5.20 24.97 0.00 0.000 9.37 0.0000 5.302+04 
5.40 25.98 0.00 0.000 9.75 0.0000 5.52E+04 
5.60 27.00 0.00 0.000 10.14 0.0000 5.732+04 

5.80 28.01 0.00 0.000 10.52 0.0000 5.952+04 

6.00 29.03 0.00 0.000 10.90 0.0000 6.162+04 
6.20 30.04 0.00 0.000 11.28 0.0000 6.382+04 
6.40 31.06 0.00 0.000 11.66 0.0000 6.59E+04 
6.60 32.07 0.00 0.000 12.04 0.0000 6.812+04 

6.80 33.09 0.00 0.000 12.42 0.0000 7.032+04 

7.00 34.10 0.00 0.000 12.80 0.0000 7.242+04 
7.20 35.12 0.00 0.000 13.18 0.0000 7.462+04 
7.40 36.13 0.00 0.000 13.56 0.0000 7.672+04 
7.60 37.15 0.00 0.000 13.95 0.0000 7.892+04 
7.80 38.16 0.00 0.000 14.33 0.0000 8.10E+04 
8.00 39.18 0.00 0.000 14.71 0.0000 8.322+04 
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Table E.26. Continued. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

8.20 40.20 0.00 0.000 15.09 0.0000 8.53E+04 

8.40 41.21 0.00 0.000 15.47 0.0000 8.75E+04 

8.60 42.23 0.00 0.000 15.85 0.0000 8.97E+04 

8.80 43.24 0.00 0.000 16.23 0.0000 9.18E+04 

9.00 44.26 0.00 0.000 16.61 0.0000 9.40E+04 

9.20 45.27 0.00 0.000 16.99 0.0000 9.61 E+04 

9.40 46.29 0.00 0.000 17.38 0.0000 9.83E+04 

9.60 47.30 0.00 0.000 17.76 0.0000 1.00E+05 

9.80 48.32 0.00 0.000 18.14 0.0000 1.03E+05 

10.00 49.33 0.00 0.000 18.52 0.0000 1.05E+05 
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Table E.27. Experimental data, Model 60.2. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.70 7.20 0.00 0.000 3.14 0.0000 1.53E+04 

1.80 7.71 10.00 0.007 3.37 0.0018 1.64E+04 

1.90 8.22 30.00 0.021 3.59 0.0054 1.74E+04 

2.00 8.73 30.00 0.021 3.81 0.0054 1.85E+04 

2.10 9.23 8.00 0.006 4.03 0.0014 1.96E+04 

2.20 9.74 8.00 0.006 4.25 0.0014 2.07E+04 

2.30 10.25 12.00 0.009 4.47 0.0021 2.18E+04 

2.40 10.76 65.00 0.047 4.70 0.0116 2.28E+04 

2.50 11.26 80.00 0.057 4.92 0.0143 2.39E+04 

2.60 11.77 60.00 0.043 5.14 0.0107 2.50E+04 

2.70 12.28 12.00 0.009 5.36 0.0021 2.61 E+04 

2.80 12.79 10.00 0.007 5.58 0.0018 2.71 E+04 

2.90 13.29 0.00 0.000 5.80 0.0000 2.82E+04 

3.00 13.80 0.00 0.000 6.03 0.0000 2.93E+04 
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Table E.28. Experimental data, Model 60.4 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.50 6.19 0.00 0.000 2.96 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.20 0.0000 1.42E+04 

1.70 7.20 21.00 0.015 3.45 0.0038 1.53E+04 

1.80 7.71 30.00 0.021 3.69 0.0054 1.64E+04 

1.90 8.22 12.00 0.009 3.93 0.0021 1.74E+04 

2.00 8.73 0.00 0.000 4.17 0.0000 1.85E+04 

2.10 9.23 0.00 0.000 4.42 0.0000 1.96E+04 

2.20 9.74 15.00 0.011 4.66 0.0027 2.07E+04 

2.30 10.25 72.00 0.052 4.90 0.0129 2.18E+04 

2.40 10.76 38.00 0.027 5.14 0.0068 2.28E+04 

2.50 11.26 15.00 0.011 5.39 0.0027 2.39E+04 

2.60 11.77 0.00 0.000 5.63 0.0000 2.50E+04 

2.70 12.28 0.00 0.000 5.87 0.0000 2.61 E+04 

2.80 12.79 0.00 0.000 6.12 0.0000 2.71 E+04 
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Table E.29. Experimental data, Model 60.6. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.40 5.68 0.00 0.000 2.97 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 3.24 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.51 0.0000 1.42E+04 

1.70 7.20 20.00 0.014 3.77 0.0036 1.53E+04 

1.80 7.71 0.00 0.000 4.04 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 4.30 0.0000 1.74E+04 

2.00 8.73 10.00 0.007 4.57 0.0018 1.85E+04 

2.10 9.23 22.00 0.016 4.83 0.0039 1.96E+04 

2.20 9.74 73.00 0.052 5.10 0.0131 2.07E+04 

2.30 10.25 10.00 0.007 5.37 0.0018 2.18E+04 

2.40 10.76 0.00 0.000 5.63 0.0000 2.28E+04 

2.50 11.26 0.00 0.000 5.90 0.0000 2.39E+04 

2.60 11.77 0.00 0.000 6.16 0.0000 2.50E+04 

2.70 12.28 0.00 0.000 6.43 0.0000 2.61 E+04 
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Table E.30. Experimental data, Model 60.8. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.20 4.66 0.00 0.000 2.67 0.0000 9.90E+03 

1.30 5.17 0.00 0.000 2.96 0.0000 1.10E+04 

1.40 5.68 0.00 0.000 3.25 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 3.54 0.0000 1.31 E+04 

1.60 6.69 10.00 0.007 3.83 0.0018 1.42E+04 

1.70 7.20 0.00 0.000 4.12 0.0000 1.53E+04 

1.80 7.71 0.00 0.000 4.41 0.0000 1.64E+04 

1.90 8.22 10.00 0.007 4.70 0.0018 1.74E+04 

2.00 8.73 62.00 0.044 4.99 0.0111 1.85E+04 

2.10 9.23 10.00 0.007 5.29 0.0018 1.96E+04 

2.20 9.74 10.00 0.007 5.58 0.0018 2.07E+04 

2.30 10.25 0.00 0.000 5.87 0.0000 2.18E+04 

2.40 10.76 0.00 0.000 6.16 0.0000 2.28E+04 

2.50 11.26 0.00 0.000 6.45 0.0000 2.39E+04 
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Table E.31. Experimental data, Model 65.0. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

2.00 8.73 0.00 0.000 3.38 0.0000 1.85E+04 

2.10 9.23 0.00 0.000 3.58 0.0000 1.96E+04 

2.20 9.74 30.00 0.021 3.77 0.0054 2.07E+04 

2.30 10.25 47.00 0.034 3.97 0.0084 2.18E+04 

2.40 10.76 52.00 0.037 4.17 0.0093 2.28E+04 

2.50 11.26 44.00 0.031 4.36 0.0079 2.39E+04 

2.60 11.77 27.00 0.019 4.56 0.0048 2.50E+04 

2.70 12.28 20.00 0.014 4.76 0.0036 2.61 E+04 

2.80 12.79 21.00 0.015 4.95 0.0038 2.71 E+04 

2.90 13.29 21.00 0.015 5.15 0.0038 2.82E+04 

3.00 13.80 20.00 0.014 5.35 0.0036 2.93E+04 

3.10 14.31 12.00 0.009 5.54 0.0021 3.04E+04 

3.20 14.82 12.00 0.009 5.74 0.0021 3.15E+04 

3.30 15.32 10.00 0.007 5.94 0.0018 3.25E+04 

3.40 15.83 10.00 0.007 6.13 0.0018 3.36E+04 

3.50 16.34 10.00 0.007 6.33 0.0018 3.47E+04 

3.60 16.85 0.00 0.000 6.53 0.0000 3.58E+04 

3.70 17.35 0.00 0.000 6.72 0.0000 3.68E+04 
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Table E.32. Experimental data, Model 65.2. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 

number 

1.80 7.71 0.00 0.000 3.40 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 3.62 0.0000 1.74E+04 

2.00 8.73 36.00 0.026 3.84 0.0064 1.85E+04 

2.10 9.23 47.00 0.034 4.07 0.0084 1.96E+04 

2.20 9.74 41.00 0.029 4.29 0.0073 2.07E+04 

2.30 10.25 16.00 0.011 4.52 0.0029 2.18E+04 

2.40 10.76 20.00 0.014 4.74 0.0036 2.28E+04 

2.50 11.26 25.00 0.018 4.96 0.0045 2.39E+04 

2.60 11.77 25.00 0.018 5.19 0.0045 2.50E+04 

2.70 12.28 15.00 0.011 5.41 0.0027 2.61 E+04 

2.80 12.79 6.00 0.004 5.63 0.0011 2.71 E+04 

2.90 13.29 0.00 0.000 5.86 0.0000 2.82E+04 

3.00 13.80 0.00 0.000 6.08 0.0000 2.93E+04 
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Table E.33. Experimental data, Model 65.4. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.60 6.69 0.00 0.000 3.28 0.0000 1.42 E+04 

1.70 7.20 0.00 0.000 3.53 0.0000 1.53E+04 

1.80 7.71 30.00 0.021 3.77 0.0054 1.64E+04 

1.90 8.22 37.00 0.026 4.02 0.0066 1.74E+04 

2.00 8.73 32.00 0.023 4.27 0.0057 1.85E+04 

2.10 9.23 10.00 0.007 4.52 0.0018 1.96E+04 

2.20 9.74 17.00 0.012 4.77 0.0030 2.07E+04 

2.30 10.25 33.00 0.024 5.02 0.0059 2.18E+04 

2.40 10.76 20.00 0.014 5.27 0.0036 2.28E+04 

2.50 11.26 14.00 0.010 5.51 0.0025 2.39E+04 

2.60 11.77 0.00 0.000 5.76 0.0000 2.50E+04 

2.70 12.28 0.00 0.000 6.01 0.0000 2.61 E+04 
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Table E.34. Experimental data, Model 65.6. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 

velocity 

Reduced 
amplitude 

Reynolds 

number 

1.40 5.68 0.00 0.000 3.01 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 3.28 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.55 0.0000 1.42E+04 

1.70 7.20 31.00 0.022 3.82 0.0055 1.53E+04 

1.80 7.71 40.00 0.029 4.08 0.0072 1.64 E+04 

1.90 8.22 31.00 0.022 4.35 0.0055 1.74E+04 

2.00 8.73 19.00 0.014 4.62 0.0034 1.85E+04 

2.10 9.23 20.00 0.014 4.89 0.0036 1.96E+04 

2.20 9.74 16.00 0.011 5.16 0.0029 2.07E+04 

2.30 10.25 14.00 0.010 5.43 0.0025 2.18E+04 

2.40 10.76 10.00 0.007 5.70 0.0018 2.28E+04 

2.50 11.26 0.00 0.000 5.97 0.0000 2.39E+04 

2.60 11.77 0.00 0.000 6.24 0.0000 2.50E+04 
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Table E.35. Experimental data, Model 65.8. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.30 5.17 0.00 0.000 2.96 0.0000 1.10E+04 

1.40 5.68 0.00 0.000 3.25 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 3.54 0.0000 1.31 E+04 

1.60 6.69 33.00 0.024 3.83 0.0059 1.42E+04 

1.70 7.20 31.00 0.022 4.12 0.0055 1.53E+04 

1.80 7.71 10.00 0.007 4.41 0.0018 1.64E+04 

1.90 8.22 24.00 0.017 4.70 0.0043 1.74E+04 

2.00 8.73 16.00 0.011 4.99 0.0029 1.85E+04 

2.10 9.23 13.00 0.009 5.28 0.0023 1.96E+04 

2.20 9.74 10.00 0.007 5.57 0.0018 2.07E+04 

2.30 10.25 0.00 0.000 5.86 0.0000 2.18E+04 
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Table E.36. Experimental data, Model 70.0. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

2.00 8.73 0.00 0.000 3.43 0.0000 1.85E+04 

2.10 9.23 0.00 0.000 3.63 0.0000 1.96E+04 

2.20 9.74 0.00 0.000 3.83 0.0000 2.07E+04 

2.30 10.25 45.40 0.032 4.03 0.0081 2.18E+04 

2.40 10.76 66.30 0.047 4.23 0.0119 2.28E+04 

2.50 11.26 77.70 0.056 4.43 0.0139 2.39E+04 

2.60 11.77 72.90 0.052 4.63 0.0130 2.50E+04 

2.70 12.28 25.60 0.018 4.83 0.0046 2.61 E+04 

2.80 12.79 21.60 0.015 5.03 0.0039 2.71 E+04 

2.90 13.29 0.00 0.000 5.23 0.0000 2.82E+04 

3.00 13.80 0.00 0.000 5.43 0.0000 2.93E+04 
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Table E.37. Experimental data, Model 70.2. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.80 7.71 0.00 0.000 3.43 0.0000 1.64E+04 

1.90 8.22 0.00 0.000 3.65 0.0000 1.742+04 

2.00 8.73 0.00 0.000 3.88 0.0000 1.85E+04 

2.10 9.23 60.10 0.043 4.10 0.0107 1.96E+04 

2.20 9.74 76.20 0.055 4.33 0.0136 2.07E+04 

2.30 10.25 80.60 0.058 4.55 0.0144 2.18E+04 

2.40 10.76 28.20 0.020 4.78 0.0050 2.28E+04 

2.50 11.26 9.89 0.007 5.01 0.0018 2.39E+04 

2.60 11.77 0.00 0.000 5.23 0.0000 2.50E+04 

2.70 12.28 0.00 0.000 5.46 0.0000 2.61 E+04 

2.80 12.79 0.00 0.000 5.68 0.0000 2.71 E+04 
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Table E.38. Experimental data, Model 70.4. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.60 6.69 0.00 0.000 3.30 0.0000 1.42E+04 

1.70 7.20 0.00 0.000 3.55 0.0000 1.53E+04 

1.80 7.71 44.00 0.031 3.80 0.0079 1.64E+04 

1.90 8.22 38.80 0.028 4.05 0.0069 1.74E+04 

2.00 8.73 67.00 0.048 4.30 0.0120 1.85E+04 

2.10 9.23 72.00 0.052 4.55 0.0129 1.96E+04 

2.20 9.74 26.00 0.019 4.80 0.0047 2.07E+04 

2.30 10.25 15.00 0.011 5.05 0.0027 2.18E+04 

2.40 10.76 10.00 0.007 5.30 0.0018 2.28E+04 

2.50 11.26 0.00 0.000 5.55 0.0000 2.39E+04 

2.60 11.77 0.00 0.000 5.80 0.0000 2.50E+04 
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Table E.39. Experimental data, Model 70.6. 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.40 5.68 0.00 0.000 3.04 0.0000 1.21 E+04 

1.50 6.19 0.00 0.000 3.31 0.0000 1.31 E+04 

1.60 6.69 0.00 0.000 3.58 0.0000 1.42E+04 

1.70 7.20 0.00 0.000 3.85 0.0000 1.53E+04 

1.80 7.71 45.00 0.032 4.13 0.0080 1.64E+04 

1.90 8.22 64.10 0.046 4.40 0.0115 1.74E+04 

2.00 8.73 38.00 0.027 4.67 0.0068 1.85E+04 

2.10 9.23 16.00 0.011 4.94 0.0029 1.96E+04 

2.20 9.74 0.00 0.000 5.21 0.0000 2.07E+04 

2.30 10.25 0.00 0.000 5.48 0.0000 2.18E+04 

2.40 10.76 0.00 0.000 5.76 0.0000 2.28E+04 
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Table E.40. Experimental data, Model 70.8 

Fan Speed 
Hz 

Wiind velocity 
ft/s 

Amplitude 
mV 

Amplitude 
inches 

Reduced 
velocity 

Reduced 
amplitude 

Reynolds 
number 

1.20 4.66 0.00 0.000 2.67 0.0000 9.90E+03 

1.30 5.17 0.00 0.000 2.96 0.0000 1.10E+04 

1.40 5.68 0.00 0.000 3.25 0.0000 1.21E+04 

1.50 6.19 0.00 0.000 3.54 0.0000 1.31E+04 

1.60 6.69 5.00 0.004 3.83 0.0009 1.42E+04 

1.70 7.20 45.00 0.032 4.12 0.0080 1.53E+04 

1.80 7.71 60.40 0.043 4.41 0.0108 1.64E+04 

1.90 8.22 51.30 0.037 4.70 0.0092 1.74E+04 

2.00 8.73 16.00 0.011 4.99 0.0029 1.85E+04 

2.10 9.23 10.00 0.007 5.28 0.0018 1.96E+04 

2.20 9.74 0.00 0.000 5.57 0.0000 2.07E+04 
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APPENDIX F 

ELECTRONIC DATA 

F.l. Wind speed and amplitude data. 

The electronic files recorded by the data acquisition system are tabulated in 

Table F.l. The information listed in the table includes the file name, the aspect 

ratio, the number of clamps, the fan speed, the sampling rate, and the length of 

record. 
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Table F.l. Electronic Data, Model 20.0. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 
seconds 

20 0 02 5 2.0 0 2.5 500 30 

20 0 02 6 2.0 0 2.6 500 30 

20 0 02 7 2.0 0 2.7 500 30 

20 0 02 8 2.0 0 2.8 500 30 

20 0 02 9 2.0 0 2.9 500 30 

20 0 03 0 2.0 0 3.0 500 30 

20 0 03 1 2.0 0 3.1 500 30 

20 0 03 2 2.0 0 3.2 500 30 

20 0 03 3 2.0 0 3.3 500 30 
20 0 03 4 2.0 0 3.4 500 30 

20 0 03 5 2.0 0 3.5 500 30 

20 0 03 6 2.0 0 3.6 500 30 
20 0 03 7 2.0 0 3.7 500 30 

20 0 03 8 2.0 0 3.8 500 30 

20_0_03_9 2.0 0 3.9 500 30 

20 0 04 0 2.0 0 4.0 500 30 

20_0_04_1 2.0 0 4.1 500 30 

20 0 04 2 2.0 0 4.2 500 30 

20 0 04 3 2.0 0 4.3 500 30 
20 0 04 4 2.0 0 4.4 500 30 
20 0 04 5 2.0 0 4.5 500 30 

20 0 04 6 2.0 0 4.6 500 30 
20 0 04 7 2.0 0 4.7 500 30 
20 0 04 8 2.0 0 4.8 500 30 
20 0 04 9 2.0 0 4.9 500 30 

20_0_05_0 2.0 0 5.0 500 30 

20 0 05 1 2.0 0 5.1 500 30 
20_0_05_2 2.0 0 5.2 500 30 
20 0 05 3 2.0 0 5.3 500 30 
20_0_05_4 2.0 0 5.4 500 30 
20 0 05 5 2.0 0 5.5 500 30 
20_0_05_6 2.0 0 5.6 500 30 
20_0_05_7 2.0 0 5.7 500 30 

20 0 05 8 2.0 0 5.8 500 30 
20 0 05 9 2.0 0 5.9 500 30 
20 0 06 0 2.0 0 6.0 500 30 
20 0 06 1 2.0 0 6.1 500 30 
20 0 06 2 2.0 0 6.2 500 30 
20_0_06_3 2.0 0 6.3 500 30 
20_0_06_4 2.0 0 6.4 500 30 
20_0_06_5 2.0 0 6.5 500 30 
20 0 06 6 2.0 0 6.6 500 30 
20_0_06_7 2.0 0 6.7 500 30 
20 0 06 8 2.0 0 6.8 500 30 
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Table F.l. Continued. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

20 0 06 9 2.0 0 6.9 500 30 
20 0 07 0 2.0 0 7.0 500 30 
20 0 07 1 2.0 0 7.1 500 30 
20 0 07 2 2.0 0 7.2 500 30 

20 0 07 3 2.0 0 7.3 500 30 

20 0 07 4 2.0 0 7.4 500 30 
20 0 07 5 2.0 0 7.5 500 30 

20_0_07_6 2.0 0 7.6 500 30 

20 0 07 7 2.0 0 7.7 500 30 
20_0_07_8 2.0 0 7.8 500 30 

20 0 07 9 2.0 0 7.9 500 30 

20 0 08 0 2.0 0 8.0 500 30 
20 0 08 1 2.0 0 8.1 500 30 

20 0 08 2 2.0 0 8.2 500 30 

20 0 08 4 2.0 0 8.4 500 30 
20 0 08 6 2.0 0 8.6 500 30 
20 0 08 8 2.0 0 8.8 500 30 

20 0 09 0 2.0 0 9.0 500 30 

20 0 09 2 2.0 0 9.2 500 30 

20 0 09 4 2.0 0 9.4 500 30 

20 0 09 6 2.0 0 9.6 500 30 
20 0 09 8 2.0 0 9.8 500 30 
20 0 10 0 2.0 0 10.0 500 30 
20 0 10 2 2.0 0 10.2 500 30 
20 0 10 4 2.0 0 10.4 500 30 
20_0_10_6 2.0 0 10.6 500 30 
20 0 10 8 2.0 0 10.8 500 30 
20 0 11 0 2.0 0 11.0 500 30 
20_0_11_2 2.0 0 11.2 500 30 
20 0 11 4 2.0 0 11.4 500 30 
20_0_11_6 2.0 0 11.6 500 30 
20_0_11_8 2.0 0 11.8 500 30 
20_0_12_0 2.0 0 12.0 500 30 
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Table F.2. Electronic data, Model 20.2. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

20_2_02_2 2.0 2 2.2 500 30 

20_2_02_3 2.0 2 2.3 500 30 

20 2 02 4 2.0 2 2.4 500 30 

20 2 02 5 2.0 2 2.5 500 30 
20 2 02 6 2.0 2 2.6 500 30 
20_2_02_7 2.0 2 2.7 500 30 
20 2 02 8 2.0 2 2.8 500 30 

20 2 02 9 2.0 2 2.9 500 30 

20 2 03 0 2.0 2 3.0 500 30 
20_2_03_1 2.0 2 3.1 500 30 

20_2_03_2 2.0 2 3.2 500 30 

20 2 03 3 2.0 2 3.3 500 30 

20_2_03_4 2.0 2 3.4 500 30 

20 2 03 5 2.0 2 3.5 500 30 
20_2_03_6 2.0 2 3.6 500 30 
20_2_03_7 2.0 2 3.7 500 30 
20_2_03_8 2.0 2 3.8 500 30 
20_2_06_0 2.0 2 6.0 500 30 
20 2 06 2 2.0 2 6.2 500 30 
20_2_06_4 2.0 2 6.4 500 30 
20_2_06_6 2.0 2 6.6 500 30 
20_2_06_8 2.0 2 6.8 500 30 

20_2_07_0 2.0 2 7.0 500 30 

20_2_07_2 2.0 2 7.2 500 30 
20_2_07_4 2.0 2 7.4 500 30 
20 2 07 6 2.0 2 7.6 500 30 
20_2_07_8 2.0 2 7.8 500 30 
20 2 08 0 2.0 2 8.0 500 30 
20_2_08_2 2.0 2 8.2 500 30 
20_2_08_4 2.0 2 8.4 500 10 
20_2_08_6 2.0 2 8.6 500 10 
20_2_08_8 2.0 2 8.8 500 10 
20_2_09_0 2.0 2 9.0 500 10 
20_2_09_2 2.0 2 9.2 500 10 
20_2_09_4 2.0 2 9.4 500 10 
20_2_09_6 2.0 2 9.6 500 10 
20 2 09 8 2.0 2 9.8 500 10 
20_2_10_0 2.0 2 10.0 500 10 
20_2_10_5 2.0 2 10.5 500 10 
20_2_11_0 2.0 2 11.0 500 10 
20_2_11_5 2.0 2 11.5 500 10 
20 2 12 0 2.0 2 12.0 500 10 
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Table F.3. Electronic data, Model 20.4. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

20 4 02 0 2.0 4 2.0 500 30 

20 4 02 1 2.0 4 2.1 500 30 

20 4 02 2 2.0 4 2.2 500 30 

20 4 02 3 2.0 4 2.3 500 30 

20 4 02 4 2.0 4 2.4 500 30 
20 4 02 5 2.0 4 2.5 500 30 

20_4_02_6 2.0 4 2.6 500 30 
20_4_02_7 2.0 4 2.7 500 30 
20 4 02 8 2.0 4 2.8 500 30 
20 4 02 9 2.0 4 2.9 500 30 

20_4_03_0 2.0 4 3.0 500 30 
20 4 03 1 2.0 4 3.1 500 30 
20_4_03_2 2.0 4 3.2 500 30 

20_4_03_5 2.0 4 3.5 500 10 

20_4_04_0 2.0 4 4.0 500 10 

20 4 04 5 2.0 4 4.5 500 10 

20 4 05 0 2.0 4 5.0 500 10 
20_4_05_5 2.0 4 5.5 500 10 
20 4 06 0 2.0 4 6.0 500 10 
20_4_06_5 2.0 4 6.5 500 10 
20_4_07_0 2.0 4 7.0 500 10 
20_4_07_5 2.0 4 7.5 500 10 
20_4_08_0 2.0 4 8.0 500 10 
20_4_08_5 2.0 4 8.5 500 10 
20_4_09_0 2.0 4 9.0 500 10 
20_4_09_5 2.0 4 9.5 500 10 
20_4_10_0 2.0 4 10.0 500 10 
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Table F.4. Electronic data, Model 20.6. 

File name 
Aspect ratio 

L/D 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

20 6 01 9A 2.0 6 1.9 500 30 

20 6 01 9B 2.0 6 1.9 500 30 
20 6 02 0 2.0 6 2.0 500 30 

20 6 02 1 2.0 6 2.1 500 30 
20 6 02 2 2.0 6 2.2 500 30 

20 6 02 3 2.0 6 2.3 500 30 
20 6 02 4 2.0 6 2.4 500 30 
20_6_02_5 2.0 6 2.5 500 30 
20 6 02 6 2.0 6 2.6 500 30 
20_6_02_7 2.0 6 2.7 500 30 
20 6 02 8 2.0 6 2.8 500 30 

20 6 02 9 2.0 6 2.9 500 30 
20_6_03_0 2.0 6 3.0 500 30 
20_6_03_5 2.0 6 3.5 500 10 

20 6 04 0 2.0 6 4.0 500 10 
20_6_04_5 2.0 6 4.5 500 10 
20_6_05_0 2.0 6 5.0 500 10 
20 6 05 5 2.0 6 5.5 500 10 

20_6_06_0 2.0 6 6.0 500 10 
20_6_06_5 2.0 6 6.5 500 10 
20_6_07_0 2.0 6 7.0 500 10 

20 6 07 5 2.0 6 7.5 500 10 

20_6_08_0 2.0 6 8.0 500 10 
20 6 08 5 2.0 6 8.5 500 10 
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Table F.5. Electronic data, Model 20.8. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

20 8 01 7 2.0 8 1.7 500 30 

20 8 01 8 2.0 8 1.8 500 30 

20_8_01_9 2.0 8 1.9 500 30 

20 8 02 0 2.0 8 2.0 500 30 

20 8 02 1 2.0 8 2.1 500 30 

20 8 02 2 2.0 8 2.2 500 30 

20 8 02 3 2.0 8 2.3 500 30 
20 8 02 4 2.0 8 2.4 500 30 

20 8 02 5 2.0 8 2.5 500 30 
20 8 02 6 2.0 8 2.6 500 30 
20 8 02 7 2.0 8 2.7 500 30 
20_8_03_0 2.0 8 3.0 500 30 
20_8_03_5 2.0 8 3.5 500 10 

20 8 04 0 2.0 8 4.0 500 10 

20_8_04_5 2.0 8 4.5 500 10 
20_8_05_0 2.0 8 5.0 500 10 
20_8_05_5 2.0 8 5.5 500 10 

20_8_06_0 2.0 8 6.0 500 10 
20_8_06_5 2.0 8 6.5 500 10 
20_8_07_0 2.0 8 7.0 500 10 
20 8 07 5 2.0 8 7.5 500 10 
20_8_08_0 2.0 8 8.0 500 10 
20 8 08 5 2.0 8 8.5 500 10 
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Table F.6. Electronic data, Model 30.0. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 

Hz 
Record length 

seconds 

30 0 01 8 3.0 0 1.8 500 30 

30 0 01 9 3.0 0 1.9 500 30 

30 0 02 0 3.0 0 2.0 500 30 
30 0 02 1 3.0 0 2.1 500 30 
30_0_02_2 3.0 0 2.2 500 30 
30 0 02 3 3.0 0 2.3 500 30 
30 0 03 2 3.0 0 3.2 500 30 
30_0_03_3 3.0 0 3.3 500 30 

30 0 03 4 3.0 0 3.4 500 30 

30_0_03_5 3.0 0 3.5 500 30 

30 0 03 6 3.0 0 3.6 500 30 

30 0 03 7 3.0 0 3.7 500 30 
30 0 03 8 3.0 0 3.8 500 30 
30 0 03 9 3.0 0 3.9 500 30 
30 0 04 0 3.0 0 4.0 500 30 
30 0 04 1 3.0 0 4.1 500 30 
30_0_04_2 3.0 0 4.2 500 30 
30 0 04 3 3.0 0 4.3 500 30 
30 0 04 4 3.0 0 4.4 500 30 
30_0_04_5 3.0 0 4.5 500 30 
30_0_04_6 3.0 0 4.6 500 30 
30_0_04_7 3.0 0 4.7 500 30 
30_0_04_8 3.0 0 4.8 500 30 
30 0 04 9 3.0 0 4.9 500 30 
30_0_05_0 3.0 0 5.0 500 30 
30_0_05_1 3.0 0 5.1 500 30 

30_0_RunUp 3.0 0 4.2 500 60 
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Table F.7. Electronic data, Model 30.2. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 
seconds 

30_2_01_6 3.0 2 1.6 500 30 

30 2 01 7 3.0 2 1.7 500 30 

30_2_01_8 3.0 2 1.8 500 30 
30_2_01_9 3.0 2 1.9 500 30 

30_2_02_0 3.0 2 2.0 500 30 
30 2 02 6 3.0 2 2.6 500 30 

30_2_02_7 3.0 2 2.7 500 30 
30_2_02_8 3.0 2 2.8 500 30 
30 2 02 9 3.0 2 2.9 500 30 
30 2 03 0 3.0 2 3.0 500 30 

30 2 03 1 3.0 2 3.1 500 30 

30 2 03 2 3.0 2 3.2 500 30 
30_2_03_3 3.0 2 3.3 500 30 
30_2_03_4 3.0 2 3.4 500 30 
30 2 03 5 3.0 2 3.5 500 30 

30_2_03_6 3.0 2 3.6 500 30 
30 2 03 7 3.0 2 3.7 500 30 
30 2 03 8 3.0 2 3.8 500 30 
30_2_03_9 3.0 2 3.9 500 30 
30_2_04_0 3.0 2 4.0 500 30 
30_2_04_1 3.0 2 4.1 500 30 
30_2_04_2 3.0 2 4.2 500 30 
30_2_04_3 3.0 2 4.3 500 30 

30_2_RunUp 3.0 2 3.7 500 30 
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Table F.8. Electronic data, Model 30.4. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 

Hz 
Record length 

seconds 

30 4 01 5 3.0 4 1.5 500 30 
30_4_01_6 3.0 4 1.6 500 30 

30 4 01 7 3.0 4 1.7 500 30 

30 4 01 8 3.0 4 1.8 500 30 

30 4 02 3 3.0 4 2.3 500 30 

30 4 02 4 3.0 4 2.4 500 30 

30 4 02 5 3.0 4 2.5 500 30 

30_4_02_6 3.0 4 2.6 500 30 

30 4 02 7 3.0 4 2.7 500 30 

30 4 02 8 3.0 4 2.8 500 30 

30 4 02 9 3.0 4 2.9 500 30 

30 4 03 0 3.0 4 3.0 500 30 
30_4_03_1 3.0 4 3.1 500 30 
30_4_03_2 3.0 4 3.2 500 30 
30_4_03_3 3.0 4 3.3 500 30 
30_4_03_4 3.0 4 3.4 500 30 
30_4_03_5 3.0 4 3.5 500 30 
30_4_03_6 3.0 4 3.6 500 30 
30_4_03_7 3.0 4 3.7 500 30 
30_4_03_8 3.0 4 3.8 500 30 

30_4_RunUp 3.0 4 3.3 500 30 
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Table F.9. Electronic data, Model 30.6. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 

Hz 
Record length 

seconds 

30 6 01 4 3.0 6 1.4 500 30 

30 6 01 5 3.0 6 1.5 500 30 

30 6 01 6 3.0 6 1.6 500 30 
30 6 02 3 3.0 6 2.3 500 30 

30 6 02 4 3.0 6 2.4 500 30 

30 6 02 5 3.0 6 2.5 500 30 
30 6 02 6 3.0 6 2.6 500 30 
30 6 02 7 3.0 6 2.7 500 30 
30_6_02_8 3.0 6 2.8 500 30 

30_6_02_9 3.0 6 2.9 500 30 

30_6_03_0 3.0 6 3.0 500 30 

30_6_03_1 3.0 6 3.1 500 30 

30 6 03 2 3.0 6 3.2 500 30 

30_6_03_3 3.0 6 3.3 500 30 
30_6_03_4 3.0 6 3.4 500 30 
30_6_03_5 3.0 6 3.5 500 30 

30_6_RunUp 3.0 6 2.9 500 30 
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Table F. 10. Electronic data, Model 30.8. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 
seconds 

30 8 01 4 3.0 8 1.4 500 30 

30 8 01 5 3.0 8 1.5 500 30 

30 8 02 2 3.0 8 2.2 500 30 

30_8_02_3 3.0 8 2.3 500 30 

30_8_02_4 3.0 8 2.4 500 30 

30 8 02 5 3.0 8 2.5 500 30 

30_8_02_6 3.0 8 2.6 500 30 
30 8 02 7 3.0 8 2.7 500 30 
30_8_02_8 3.0 8 2.8 500 30 
30 8 02 9 3.0 8 2.9 500 30 

30 8 03 OA 3.0 8 3.0 500 30 

30_8_03_0B 3.0 8 3.0 500 30 
30_8_03_1 3.0 8 3.1 500 30 
30_8_03_2 3.0 8 3.2 500 30 
30_8_03_3 3.0 8 3.3 500 30 

30_8_RunUp 3.0 8 2.6 500 30 
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Table F. 11. Electronic data, Model 40.0. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

40_0_02_3A 4.0 0 2.3 500 30 

40_0_02_3B 4.0 0 2.3 500 30 

40 0 02 4A 4.0 0 2.4 500 30 

40 0 02 46 4.0 0 2.4 500 30 

40 0 02 5A 4.0 0 2.5 500 30 

40 0 02 5B 4.0 0 2.5 500 30 

40 0 02 6A 4.0 0 2.6 500 30 

40_0_02_6B 4.0 0 2.6 500 30 

40 0 02 7A 4.0 0 2.6 500 30 

40_0_02_7B 4.0 0 2.6 500 30 

40_0_02_8A 4.0 0 2.6 500 30 

40_0_02_8B 4.0 0 2.6 500 30 

40 0 02 9A 4.0 0 2.6 500 30 
40 0 02 9B 4.0 0 2.6 500 30 

40 0 03 OA 4.0 0 2.6 500 30 

40 0 03 OB 4.0 0 2.6 500 30 

40_0_03_1 A 4.0 0 2.6 500 30 

40_0_03_1B 4.0 0 2.6 500 30 

40_0_03_6A 4.0 0 3.6 500 30 

40 0 03 6B 4.0 0 3.6 500 30 

40 0 03 7A 4.0 0 3.7 500 30 
40_0_03_7B 4.0 0 3.7 500 30 

40_0_03_8A 4.0 0 3.8 500 30 

40_0_03_8B 4.0 0 3.8 500 30 
40_0_03_9A 4.0 0 3.9 500 30 
40_0_03_9B 4.0 0 3.9 500 30 
40_0_04_0A 4.0 0 4.0 500 30 
40_0_04_0B 4.0 0 4.0 500 30 
40_0_04_1A 4.0 0 4.1 500 30 
40_0_04_1B 4.0 0 4.1 500 30 
40 0 04 2A 4.0 0 4.2 500 30 
40_0_04_2B 4.0 0 4.2 500 30 
40_0_04_3A 4.0 0 4.3 500 30 

40_0_04_3B 4.0 0 4.3 500 30 
40_0_04_4A 4.0 0 4.4 500 30 
40_0_04_4B 4.0 0 4.4 500 30 
40_0_04_5A 4.0 0 4.5 500 30 
40_0_04_5B 4.0 0 4.5 500 30 
40_0_04_6A 4.0 0 4.6 500 30 
40_0_04_6B 4.0 0 4.6 500 30 
40_0_04_7A 4.0 0 4.7 500 30 
40_0_04_7B 4.0 0 4.7 500 30 
40 0 04 8A 4.0 0 4.8 500 30 
40 0 04 8B 4.0 0 4.8 500 30 
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Table F.11. Continued. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 
seconds 

40 0 04 9A 4.0 0 4.9 500 30 

40_0_04_9B 4.0 0 4.9 500 30 

40 0 05 OA 4.0 0 5.0 500 30 

40 0 05 OB 4.0 0 5.0 500 30 

40 0 05 1A 4.0 0 5.1 500 30 

40 0 05 18 4.0 0 5.1 500 30 

40_0_05_2A 4.0 0 5.2 500 30 

40 0 05 2B 4.0 0 5.2 500 30 

40 0 05 3A 4.0 0 5.3 500 30 

40 0 05 3B 4.0 0 5.3 500 30 

40_0_05_4A 4.0 0 5.4 500 30 

40 0 05 4B 4.0 0 5.4 500 30 

40_0__05_5A 4.0 0 5.5 500 30 

40 0 05 5B 4.0 0 5.5 500 30 

40_0_05_6A 4.0 0 5.6 500 30 

40_0_05_6B 4.0 0 5.6 500 30 
40_0_05_7A 4.0 0 5.7 500 30 
40_0_05_7B 4.0 0 5.7 500 30 

40 0 05 8A 4.0 0 5.8 500 30 
40_0_05_8B 4.0 0 5.8 500 30 
40_0_05_9A 4.0 0 5.9 500 30 

40_0_05_9B 4.0 0 5.9 500 30 

40_0_06_0A 4.0 0 6.0 500 30 

40_0_06_0B 4.0 0 6.0 500 30 

40 0 06 1A 4.0 0 6.1 500 30 
40_0_06_1B 4.0 0 6.1 500 30 
40_0_06_2A 4.0 0 6.2 500 30 
40_0_06_2B 4.0 0 6.2 500 30 
40_0_06_3A 4.0 0 6.3 500 30 
40_0_06_3B 4.0 0 6.3 500 30 
40_0_06_4A 4.0 0 6.4 500 30 
40 0 06 4B 4.0 0 6.4 500 30 

40_0_06_5A 4.0 0 6.5 500 30 

40_0_06_5B 4.0 0 6.5 500 30 
40_0_06_6A 4.0 0 6.6 500 30 
40_0_06_6B 4.0 0 6.6 500 30 
40_0_06_7A 4.0 0 6.7 500 10 
40_0_06_7B 4.0 0 6.7 500 10 
40 0 06 8A 4.0 0 6.8 500 10 
40_0_06_8B 4.0 0 6.8 500 10 
40_0_RunUp 4.0 0 5.7 500 30 
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Table F. 12. Electronic data, Model 40.2. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

40 2 02 OA 4.0 2 2.0 500 10 

40 2 02 OB 4.0 2 2.0 500 10 

40_2_02_1A 4.0 2 2.1 500 10 

40 2 02 1B 4.0 2 2.1 L 500 10 

40 2 02 2A 4.0 2 2.2 500 10 

40 2 02 2B 4.0 2 2.2 500 10 

40 2 02 3A 4.0 2 2.3 500 10 

40_2_02_3B 4.0 2 2.3 500 10 

40 2 02 4A 4.0 2 2.4 500 10 

40 2 02 4B 4.0 2 2.4 500 10 

40 2 02 5A 4.0 2 2.5 500 10 

40 2 02 5B 4.0 2 2.5 500 10 

40_2_02_6A 4.0 2 2.6 500 10 

40 2 02 6B 4.0 2 2.6 500 10 

40 2 02 6C 4.0 2 2.6 500 30 

40_2_03_3A 4.0 2 3.3 500 10 
40 2 03 3B 4.0 2 3.3 500 10 
40_2_03_4A 4.0 2 3.4 500 10 

40 2 03 4B 4.0 2 3.4 500 10 

40 2 03 5A 4.0 2 3.5 500 10 
40_2_03_5B 4.0 2 3.5 500 10 
40_2_03_6A 4.0 2 3.6 500 10 
40_2_03_6B 4.0 2 3.6 500 10 
40_2_03_7A 4.0 2 3.7 500 10 

40_2_03_7B 4.0 2 3.7 500 10 

40_2_03_8A 4.0 2 3.8 500 10 
40 2 03 8B 4.0 2 3.8 500 10 

40_2_03_9A 4.0 2 3.9 500 10 

40 2 03 9B 4.0 2 3.9 500 10 

40_2_04_0A 4.0 2 4.0 500 10 
40_2_04_0B 4.0 2 4.0 500 10 
40_2_04_1A 4.0 2 4.1 500 10 
40_2_04_1B 4.0 2 4.1 500 10 
40_2_04_2A 4.0 2 4.2 500 10 
40_2_04_2B 4.0 2 4.2 500 10 
40_2_04_3A 4.0 2 4.3 500 10 
40_2_04_3B 4.0 2 4.3 500 10 
40_2_04_4A 4.0 2 4.4 500 10 
40_2__04_4B 4.0 2 4.4 500 10 
40_2_04_5A 4.0 2 4.5 500 10 
40_2_04_5B 4.0 2 4.5 500 10 
40_2_04_6A 4.0 2 4.6 500 10 
40_2_04_6B 4.0 2 4.6 500 10 
40 2 04 7A 4.0 2 4.7 500 10 
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Table F. 12. Continued. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

40_2_04_7B 4.0 2 4.7 500 10 

40_2_04_8A 4.0 2 4.8 500 10 

40 2 04 8B 4.0 2 4.8 500 10 

40_2_04_9A 4.0 2 4.9 500 10 

40 2 04 9B 4.0 2 4.9 500 10 

40_2_05_0A 4.0 2 5.0 500 10 

40_2_05_0B 4.0 2 5.0 500 10 

40 2 05 1A 4.0 2 5.1 500 10 

40_2_05_1B 4.0 2 5.1 500 10 

40 2 05 2A 4.0 2 5.2 500 10 

40_2_05_2B 4.0 2 5.2 500 10 

40 2 05 3A 4.0 2 5.3 500 10 

40 2 05 3B 4.0 2 5.3 500 10 

40_2_05_4A 4.0 2 5.4 500 10 
40 2 05 4B 4.0 2 5.4 500 10 
40_2_05_5A 4.0 2 5.5 500 10 

40_2_05_5B 4.0 2 5.5 500 10 

40_2_05_6A 4.0 2 5.6 500 10 
40 2 05 6B 4.0 2 5.6 500 10 
40_2_05_7A 4.0 2 5.7 500 10 
40_2_05_7B 4.0 2 5.7 500 10 
40_2_RunUp 4.0 2 5.0 500 30 
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Table F.13. Electronic data, Model 40.4. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

40 4 01 9A 4.0 4 1.9 500 10 

40 4 01 9B 4.0 4 1.9 500 10 

40 4 02 OA 4.0 4 2.0 500 10 

40 4 02 OB 4.0 4 2.0 500 10 

40 4 02 1A 4.0 4 2.1 500 10 

40 4 02 1B 4.0 4 2.1 500 10 

40_4_02_2A 4.0 4 2.2 500 10 

40 4 02 2B 4.0 4 2.2 500 10 

40_4_02_3A 4.0 4 2.3 500 10 

40_4_02_3B 4.0 4 2.3 500 10 

40 4 02 4A 4.0 4 2.4 500 10 

40_4__02_4B 4.0 4 2.4 500 10 

40 4 02 9A 4.0 4 2.9 500 10 

40 4 02 9B 4.0 4 2.9 500 10 

40 4 03 OA 4.0 4 3.0 500 30 

40 4 03 OB 4.0 4 3.0 500 10 

40_4_03_1A 4.0 4 3.1 500 10 

40_4_03_1B 4.0 4 3.1 500 30 

40 4 03 2A 4.0 4 3.2 500 10 
40_4_03_2B 4.0 4 3.2 500 30 
40_4_03_3A 4.0 4 3.3 500 10 
40_4_03_3B 4.0 4 3.3 500 30 
40_4_03_4A 4.0 4 3.4 500 10 

40_4_03_4B 4.0 4 3.4 500 30 
40_4_03_5A 4.0 4 3.5 500 10 

40_4_03_5B 4.0 4 3.5 500 30 
40_4_03_6A 4.0 4 3.6 500 10 
40 4 03 6B 4.0 4 3.6 500 30 

40_4_03_7A 4.0 4 3.7 500 10 
40_4_03_7B 4.0 4 3.7 500 30 
40_4_03_8A 4.0 4 3.8 500 10 
40_4_03_8B 4.0 4 3.8 500 30 
40 4 03 9A 4.0 4 3.9 500 10 
40_4_03_9B 4.0 4 3.9 500 30 
40_4_04_0A 4.0 4 4.0 500 10 
40_4_04_0B 4.0 4 4.0 500 30 
40_4_04_1 A 4.0 4 4.1 500 10 
40 4 04 1B 4.0 4 4.1 500 30 
40_4_04_2A 4.0 4 4.2 500 10 
40_4_04_2B 4.0 4 4.2 500 30 
40_4_04_3A 4.0 4 4.3 500 10 
40_4_04_3B 4.0 4 4.3 500 30 
40_4_04_4A 4.0 4 4.4 500 10 
40 4 04 4B 4.0 4 4.4 500 30 
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Table F. 13. Continued. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

40_4_04_5A 4.0 4 4.5 500 10 

40 4 04 5B 4.0 4 4.5 500 30 
40_4_04_6A 4.0 4 4.6 500 10 
40_4_04_6B 4.0 4 4.6 500 30 

40_4_04_7A 4.0 4 4.7 500 10 

40_4_04_7B 4.0 4 4.7 500 30 

40 4 04 8A 4.0 4 4.8 500 10 

40_4_04_8B 4.0 4 4.8 500 30 

40_4_04_9A 4.0 4 4.9 500 10 

40_4_04_9B 4.0 4 4.9 500 30 

40_4_05_0A 4.0 4 5.0 500 10 

40_4_05_0B 4.0 4 5.0 500 30 

40_4_05_1A 4.0 4 5.1 500 10 
40_4_05_1B 4.0 4 5.1 500 30 
40_4_RunUp 4.0 4 4.4 500 30 
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Table F.14. Electronic data, Model 40.6. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 

Hz 
Record length 

seconds 

40_6_01_8A 4.0 6 1.8 500 10 

40_6_01_8B 4.0 6 1.8 500 30 

40 6 01 9A 4.0 6 1.9 500 10 

40 6 01 9B 4.0 6 1.9 500 30 

40_6_02_0 4.0 6 2.0 500 30 

40 6 02 1 4.0 6 2.1 500 30 

40 6 02 2 4.0 6 2.2 500 30 

40_6_02_8 4.0 6 2.8 500 30 
40 6 02 9 4.0 6 2.9 500 30 

40 6 03 0 4.0 6 3.0 500 30 

40 6 03 1 4.0 6 3.1 500 30 

40 6 03 2 4.0 6 3.2 500 30 

40 6 03 3 4.0 6 3.3 500 30 

40 6 03 4 4.0 6 3.4 500 30 

40 6 03 5 4.0 6 3.5 500 30 
40_6_03_6 4.0 6 3.6 500 30 

40_6_03_7 4.0 6 3.7 500 30 

40 6 03 8 4.0 6 3.8 500 30 
40 6 03 9 4.0 6 3.9 500 30 
40_6_04_0 4.0 6 4.0 500 30 

40_6_04_1 4.0 6 4.1 500 30 

40_6_04_2 4.0 6 4.2 500 30 
40_6_04_3 4.0 6 4.3 500 30 
40 6 04 4 4.0 6 4.4 500 30 
40_6_04_5 4.0 6 4.5 500 30 

40_6_04_6 4.0 6 4.6 500 30 

40_6_RunUp 4.0 6 4.0 500 60 
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Table F.15. Electronic data, Model 40.8. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

40_8_01_8 4.0 8 1.8 500 30 

40 8 01 9 4.0 8 1.9 500 30 

40 8 02 0 4.0 8 2.0 500 30 

40 8 02 1 4.0 8 2.1 500 30 

40 8 02 2 4.0 8 2.2 500 30 

40 8 02 7 4.0 8 2.7 500 30 

40_8_02_8 4.0 8 2.8 500 30 

40 8 02 9 4.0 8 2.9 500 30 

40 8 03 0 4.0 8 3.0 500 30 

40 8 03 1 4.0 8 3.1 500 30 

40 8 03 2 4.0 8 3.2 500 30 
40_8_03_3 4.0 8 3.3 500 30 

4O_8_O3_4 4.0 8 3.4 500 30 

40 8 03 5 4.0 8 3.5 500 30 
40 8 03 6 4.0 8 3.6 500 30 

40_8_03_7 4.0 8 3.7 500 30 

40_8_03_8 4.0 8 3.8 500 30 

40_8_03_9 4.0 8 3.9 500 30 

40 8 04 0 4.0 8 4.0 500 30 
40 8 04 1 4.0 8 4.1 500 30 
40_8_04_2 4.0 8 4.2 500 30 

40_8_RunUp 4.0 8 3.8 500 180 
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Table F. 16. Electronic data, Model 50.0. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

50_0_01_8A 5.0 0 1.8 500 10 

50 0 01 8B 5.0 0 1.8 500 10 

50 0 01 9A 5.0 0 1.9 500 10 

50 0 01 9B 5.0 0 1.9 500 10 

50 0 02 OA 5.0 0 2.0 500 10 

50 0 02 0B 5.0 0 2.0 500 10 

50 0 02 7A 5.0 0 2.7 500 10 

50_0_02_7B 5.0 0 2.7 500 10 

50 0 02 8A 5.0 0 2.8 500 10 

50 0 02 8B 5.0 0 2.8 500 10 

50_0_02_9A 5.0 0 2.9 500 10 

50 0 02 9B 5.0 0 2.9 500 10 

50 0 03 OA 5.0 0 3.0 500 10 

50_0_03_0B 5.0 0 3.0 500 10 

50 0 03 1A 5.0 0 3.1 500 10 

50_0_03_1B 5.0 0 3.1 500 10 

50_0_03_2A 5.0 0 3.2 500 10 
50_0_03_2B 5.0 0 3.2 500 10 
50 0 03 3A 5.0 0 3.3 500 10 

50_0_03_3B 5.0 0 3.3 500 10 
50_0_03_4A 5.0 0 3.4 500 10 

50_0_03_4B 5.0 0 3.4 500 10 
50_0_RunUp 5.0 0 2.0 500 30 
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Table F.17. Electronic data, Model 50.2. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

50 2 01 6A 5.0 2 1.6 500 10 
50 2 01 6B 5.0 2 1.6 500 10 

50_2_01_7A 5.0 2 1.7 500 10 

50 2 01 7B 5.0 2 1.7 500 10 

50 2 01 8A 5.0 2 1.8 500 10 

50_2_01_8B 5.0 2 1.8 500 10 

50 2 02 4A 5.0 2 2.4 500 10 

50 2 02 4B 5.0 2 2.4 500 10 

50_2_02_5A 5.0 2 2.5 500 10 

50 2 02 5B 5.0 2 2.5 500 10 

50 2 02 6A 5.0 2 2.6 500 10 
50_2_02_6B 5.0 2 2.6 500 10 
50 2 02 7A 5.0 2 2.7 500 10 

50_2_02_7B 5.0 2 2.7 500 10 

50_2_02_8A 5.0 2 2.8 500 30 
50_2_02_8B 5.0 2 2.8 500 30 
50 2 02 9A 5.0 2 2.9 500 30 

50_2_02_9B 5.0 2 2.9 500 30 

50_2_03_0A 5.0 2 3.0 500 30 
50_2_03_0B 5.0 2 3.0 500 30 
50_2_RunUp 5.0 2 2.6 500 30 
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Table F.18. Electronic data, Model 50.4. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 
seconds 

50 4 01 5A 5.0 4 1.5 500 10 

50 4 01 5B 5.0 4 1.5 500 10 

50_4_01_6A 5.0 4 1.6 500 10 

50 4 01 6B 5.0 4 1.6 500 10 

50 4 02 2A 5.0 4 2.2 500 30 

50_4_02_2B 5.0 4 2.2 500 30 

50 4 02 3A 5.0 4 2.3 500 10 

50 4 02 3B 5.0 4 2.3 500 10 

50_4_02_4A J 5.0 4 2.4 500 10 

50 4 02 4B 5.0 4 2.4 500 10 

50 4 02 5A 5.0 4 2.5 500 10 

50_4_02_5B 5.0 4 2.5 500 10 

50 4 02 6A 5.0 4 2.6 500 30 
50 4 02 6B 5.0 4 2.6 500 30 

50 4 02 7A 5.0 4 2.7 500 10 

50 4 02 7B 5.0 4 2.7 500 10 
50_4_RunUp 5.0 4 2.4 500 30 
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Table F. 19. Electronic data, Model 50.6. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

50_6_02_0A 5.0 6 2.0 500 10 

50 6 02 0B 5.0 6 2.0 500 10 

50_6_02_1A 5.0 6 2.1 500 10 

50 6 02 1B 5.0 6 2.1 500 10 

50 6 02 2A 5.0 6 2.2 500 10 

50_6_02_2B 5.0 6 2.2 500 10 

50 6 02 3A 5.0 6 2.3 500 10 

50 6 02 3B 5.0 6 2.3 500 10 
50_6_02_4A 5.0 6 2.4 500 10 
50 6 02 4B 5.0 6 2.4 500 10 

50_6_RunUp 5.0 6 2.2 500 30 
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Table F.20. Electronic data, Model 50.8. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 
seconds 

50 8 01 9A 5.0 8 1.9 500 10 

50 8 01 9B 5.0 8 1.9 500 10 

50_8_02_0A 5.0 8 2.0 500 10 

50 8 02 0B 5.0 8 2.0 500 10 

50 8 02 1A 5.0 8 2.1 500 10 

50 8 02 1B 5.0 8 2.1 500 10 

50_8_02_2A 5.0 8 2.2 500 10 

50 8 02 2B 5.0 8 2.2 500 10 

50_8_RunUp 5.0 8 2.0 500 30 
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Table F.21. Electronic data, Model 55.0. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

50 0 01 8A 5.5 0 1.8 500 10 

50 0 01 8B 5.5 0 1.8 500 10 

50 0 01 9A 5.5 0 1.9 500 10 

50 0 01 9B 5.5 0 1.9 500 10 

55 0 02 OA 5.5 0 2.0 500 10 

55 0 02 OB 5.5 0 2.0 500 10 

55 0 02 1A 5.5 0 2.1 500 10 

55_0_02_1B 5.5 0 2.1 500 10 

55 0 02 7A 5.5 0 2.7 500 10 

50 0 02 7B 5.5 0 2.7 500 10 

55 0 02 8A 5.5 0 2.8 500 10 

55 0 02 8B 5.5 0 2.8 500 10 

55 0 02 9A 5.5 0 2.9 500 10 

55 0 02 9B 5.5 0 2.9 500 10 

55 0 03 OA 5.5 0 3.0 500 10 

55 0 03 OB 5.5 0 3.0 500 10 

55_0_03_1A 5.5 0 3.1 500 10 
55_0_03_1B 5.5 0 3.1 500 10 

55_0_03_2A 5.5 0 3.2 500 10 

55_0_03_2B 5.5 0 3.2 500 10 

55_0_03_2C 5.5 0 3.2 500 10 

55 0 03 3A 5.5 0 3.3 500 10 

55_0_03_3B 5.5 0 3.3 500 10 

55_0_03_4A 5.5 0 3.4 500 10 

55 0 03 4B 5.5 0 3.4 500 10 
55_0_RunUp 5.5 0 2.8 500 30 
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Table F.22. Electronic data, Model 55.2. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

55 2 01 8A 5.5 2 1.8 500 10 

55 2 01 8B 5.5 2 1.8 500 10 

55 2 01 9A 5.5 2 1.9 500 10 

55 2 01 9B 5.5 2 1.9 500 10 

55 2 02 4A 5.5 2 2.4 500 10 

55 2 02 4B 5.5 2 2.4 500 10 

55 2 02 5A 5.5 2 2 . 5  500 10 
55 2 02 5B 5.5 2 2.5 500 10 

55 2 02 6A 5.5 2 2.6 500 10 

55_2_02_6B 5.5 2 2.6 500 10 

55_2_02_7A 5.5 2 2.7 500 10 

55 2 02 7B 5.5 2 2.7 500 10 

55_2_02_8A 5.5 2 2.8 500 10 

55_2_02_8B 5.5 2 2.8 500 10 

55_2_02_9A 5.5 2 2.9 500 10 

55 2 02 9B 5.5 2 2.9 500 10 
55_2_RunUp 5.5 2 2.6 500 30 
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Table F.23. Electronic data, Model 55.4. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

55 4 02 2A 5.5 4 2.2 500 10 

55_4_02_2B 5.5 4 2.2 500 10 
55 4 02 3A 5.5 4 2.3 500 10 

55 4 02 3B 5.5 4 2.3 500 10 

55_4_02_4A 5.5 4 2.4 500 10 

55_4_02_4B 5.5 4 2.4 500 10 

55_4_02_5A 5.5 4 2.5 500 10 

55_4_02_5B 5.5 4 2.5 500 10 

55_4_RunUp 5.5 4 2.4 500 30 
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Table F.24. Electronic data, Model 55.6. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

55 6 02 OA 5.5 6 2.0 500 10 

55 6 02 OB 5.5 6 2.0 500 10 

55_6_02_1A 5.5 6 2.1 500 10 

55 6 02 1B 5.5 6 2.1 500 10 

55 6 02 2A 5.5 6 2.2 500 10 

55_6_02_2B 5.5 6 2.2 500 10 

55 6 02 3A 5.5 6 2.3 500 10 

55 6 02 3B 5.5 6 2.3 500 10 

55_6_RunUp 5.5 6 2.2 500 30 
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Table F.25. Electronic data, Model 55.8. 

File name 
Aspect ratio 

LZD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

55_8_01_9A 5.5 8 1.9 500 30 

55 8 01 9B 5.5 8 1.9 500 30 
55_8_02_0A 5.5 8 2.0 500 10 

55 8 02 0B 5.5 8 2.0 500 10 

55 8 02 1A 5.5 8 2.1 500 30 

55_8_02_1B 5.5 8 2.1 500 30 

55_8_RunUp 5.5 8 2.0 500 30 
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Table F.26. Electronic data, Model 60.0. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

60 0 02 1A 6.0 0 2.1 500 10 

60_0_02_1B 6.0 0 2.1 500 10 

60 0 02 2A 6.0 0 2.2 500 10 

60_0_02_2B 6.0 0 2.2 500 10 

60_0_02_3A 6.0 0 2.3 500 10 

60 0 02 3B 6.0 0 2.3 500 10 

60_0_02_4A 6.0 0 2.4 500 10 

60 0 02 4B 6.0 0 2.4 500 10 

60 0 02 5A 6.0 0 2.5 500 10 

60_0_02_5B 6.0 0 2.5 500 10 

60 0 02 6A 6.0 0 2.6 500 10 

60_0_02_6B 6.0 0 2.6 500 10 

60 0 02 7A 6.0 0 2.7 500 10 

60 0 02 7B 6.0 0 2.7 500 10 

60 0 02 8A 6.0 0 2.8 500 10 

60_0_02_8B 6.0 0 2.8 500 10 

60_0_02_9A 6.0 0 2.9 500 10 

60_0_02_9B 6.0 0 2.9 500 10 

60_0_03_0A 6.0 0 3.0 500 10 
60_0_03_0B 6.0 0 3.0 500 10 
60_0_03_1A 6.0 0 3.1 500 10 

60 0 03 1B 6.0 0 3.1 500 10 

60 0 03 2A 6.0 0 3.2 500 10 

60_0_03_2B 6.0 0 3.2 500 10 
60_0_09_0A 6.0 0 9.0 500 10 
60_0_09_0B 6.0 0 9.0 500 10 
60_0_09_2A 6.0 0 9.2 500 10 

60_0_09_2B 6.0 0 9.2 500 10 
60_0_09_4A 6.0 0 9.4 500 10 
60_0_09_4B 6.0 0 9.4 500 10 
60_0_RunUp 6.0 0 2.2 500 30 
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Table F.27. Electronic data, Model 60.2. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

60 2 01 8A 6.0 2 1.8 500 10 

60_2_01_8B 6.0 2 1.8 500 10 

60_2_01_9A 6.0 2 1.9 500 10 

60_2_01_9B 6.0 2 1.9 500 10 

60 2 02 OA 6.0 2 2.0 500 10 

60 2 02 0B 6.0 2 2.0 500 10 

60_2_02_1A 6.0 2 2.1 500 10 

60 2 02 1B 6.0 2 2.1 500 10 

60 2 02 3B 6.0 2 2.3 500 10 

60 2 02 3B 6.0 2 2.3 500 10 

60 2 02 4A 6.0 2 2.4 500 10 

60 2 02 4B 6.0 2 2.4 500 10 

60 2 02 5A 6.0 2 2.5 500 10 

60_2_02_5B 6.0 2 2.5 500 10 

60_2_02_6A 6.0 2 2.6 500 10 

60_2_02_6B 6.0 2 2.6 500 10 
60 2 02 7A 6.0 2 2.7 500 10 
60_2_02_7B 6.0 2 2.7 500 10 
60_2_02_8A 6.0 2 2.8 500 10 
60_2_02_8B 6.0 2 2.8 500 10 

60_2_RunUp 6.0 2 2.6 500 30 
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Table F.28. Electronic data, Model 60.4. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 
seconds 

60 4 01 7A 6.0 4 1.7 500 10 

60 4 01 7B 6.0 4 1.7 500 10 

60 4 01 8A 6.0 4 1.8 500 10 

60 4 01 8B 6.0 4 1.8 500 10 

60 4 01 9A 6.0 4 1.9 500 10 

60 4 01 9B 6.0 4 1.9 500 10 

60 4 02 OA 6.0 4 2.0 500 10 

60_4_02_0B 6.0 4 2.0 500 10 

60_4_02_1A 6.0 4 2.1 500 10 

60_4_02_1B 6.0 4 2.1 500 10 

60 4 02 2A 6.0 4 2.2 500 10 

60_4_02_2B 6.0 4 2.2 500 10 

60 4 02 3A 6.0 4 2.3 500 10 

60_4_02_3B 6.0 4 2.3 500 10 
60 4 02 4A 6.0 4 2.4 500 10 

60_4_02_4B 6.0 4 2.4 500 10 

60_4_02__5A 6.0 4 2.5 500 10 

60 4 02 5B 6.0 4 2.5 500 10 

60_4_RunUp 6.0 4 2.4 500 30 
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Table F.29. Electronic data, Model 60.6. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

60_6_01_7A 6.0 6 1.7 500 10 

60 6 01 7B 6.0 6 1.7 500 10 

60 6 02 1A 6.0 6 2.1 500 10 

60 6 02 1B 6.0 6 2.1 500 10 

60 6 02 2A 6.0 6 2.2 500 10 

60 6 02 2B 6.0 6 2.2 500 10 

60_6_RunUp 6.0 6 2.1 500 30 
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Table F. 30. Electronic data, Model 60.8. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

60_8_01_9A 6.0 8 1.9 500 10 

60 8 01 9B 6.0 8 1.9 500 10 

60_8_02_0A 6.0 8 2.0 500 10 

60 8 02 0B 6.0 8 2.0 500 10 

60_8_02_1A 6.0 8 2.1 500 10 

60_8_02_1B 6.0 8 2.1 500 10 

60_8_RunUp 6.0 8 2.0 500 30 
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Table F.31. Electronic data, Model 65.0. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

65 0 02 2A 6.5 0 2.2 500 10 

65 0 02 2B 6.5 0 2.2 500 10 

65_0_02_3A 6.5 0 2.3 500 10 

65_0_02_3B 6.5 0 2.3 500 10 

65 0 02 4A 6.5 0 2.4 500 10 

65 0 02 4B 6.5 0 2.4 500 10 

65 0 02 5A 6.5 0 2.5 500 10 

65 0 02 5B 6.5 0 2.5 500 10 

65 0 02 6A 6.5 0 2.6 500 10 

65_0_02_6B 6.5 0 2.6 500 10 

65 0 02 7A 6.5 0 2.7 500 10 

65 0 02 7B 6.5 0 2.7 500 10 

65_0_02_8A 6.5 0 2.8 500 10 

65 0 02 8B 6.5 0 2.8 500 10 

65_0_02_9A 6.5 0 2.9 500 10 

65 0 02 9B 6.5 0 2.9 500 10 

65_0_03_0A 6.5 0 3.0 500 10 
65_0_03_0B 6.5 0 3.0 500 10 
65_0_RunUp 6.5 0 2.4 500 30 
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Table F.32. Electronic data, Model 65.2. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 
seconds 

65 2 01 9A 6.5 2 1.9 500 10 

65_2_01_9B 6.5 2 1.9 500 10 

65_2_02_0A 6.5 2 2.0 500 10 

65 2 02 0B 6.5 2 2.0 500 10 
65 2 02 1A 6.5 2 2.1 500 10 

65_2_02_1B 6.5 2 2.1 500 10 

65 2 02 2B 6.5 2 2.2 500 10 

65_2_02_2B 6.5 2 2.2 500 10 

65 2 02 3B 6.5 2 2.3 500 10 
65 2 02 3B 6.5 2 2.3 500 10 

65_2_02_4A 6.5 2 2.4 500 10 

65_2_02_4B 6.5 2 2.4 500 10 

65_2_02_5A 6.5 2 2..5 500 10 

65 2 02 5B 6.5 2 2.5 500 10 
65 2 02 6A 6.5 2 2.6 500 10 
65_2_02_6B 6.5 2 2.6 500 10 
65_2_02_7A 6.5 2 2.7 500 10 

65_2_02_7B 6.5 2 2.7 500 10 
65 2 02 8A 6.5 2 2.8 500 10 

65_2_02_8B 6.5 2 2.8 500 10 
65_2_RunUp 6.5 2 2.1 500 30 
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Table F.33. Electronic data, Model 65.4. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

65_4_01_7A 6.5 4 1.7 500 10 

65_4_01_7B 6.5 4 1.7 500 10 

65_4_01_8A 6.5 4 1.8 500 10 

65 4 01 8B 6.5 4 1.8 500 10 

65 4 01 9A 6.5 4 1.9 500 10 

65 4 01 9B 6.5 4 1.9 500 10 

65 4 02 OA 6.5 4 2.0 500 10 

65 4 02 0B 6.5 4 2.0 500 10 

65 4 02 1A 6.5 4 2.1 500 10 

65 4 02 1B 6.5 4 2.1 500 10 

65 4 02 2A 6.5 4 2.2 500 10 

65_4_02_2B 6.5 4 2.2 500 10 

65 4 02 3A 6.5 4 2.3 500 10 

65 4 02 3B 6.5 4 2.3 500 10 

65_4_02_4A 6.5 4 2.4 500 10 

65 4 02 4B 6.5 4 2.4 500 10 

65_4_02_5A 6.5 4 2.5 500 10 

65_4_02_5B 6.5 4 2.5 500 10 
65 4 02 6B 6.5 4 2.5 500 10 
65 4 02 6B 6.5 4 2.5 500 10 
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Table F.34. Electronic data, Model 65.6. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

65 6 01 7A 6.5 6 1.7 500 10 

65 6 01 7B 6.5 6 1.7 500 10 

65 6 01 8A 6.5 6 1.8 500 10 

65_6_01_8B 6.5 6 1.8 500 10 

65_6_01_9A 6.5 6 1.9 500 10 

65_6_01_9B 6.5 6 1.9 500 10 

65_6_02_0A 6.5 6 2.0 500 10 

65 6 02 0B 6.5 6 2.0 500 10 
65 6 02 1A 6.5 6 2.1 500 10 

65_6_02_1B 6.5 6 2.1 500 10 

65 6 02 2A 6.5 6 2.2 500 10 

65 6 02 2B 6.5 6 2.2 500 10 

65_6_02_3A 6.5 6 2.2 500 10 

65_6_02_3B 6.5 6 2.2 500 10 
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Table F.35. Electronic data, Model 65.8. 

File name 
Aspect ratio 

L/D 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 
seconds 

65 8 01 5A 6.5 8 1.5 500 10 

65_8_01_5B 6.5 8 1.5 500 10 

65_8_01_6A 6.5 8 1.6 500 10 

65 8 01 6B 6.5 8 1.6 500 10 

65 8 01 7A 6.5 8 1.7 500 10 

65 8 01 7B 6.5 8 1.7 500 10 

65 8 01 8A 6.5 8 1.8 500 10 

65 8 01 8B 6.5 8 1.8 500 10 

65 8 01 9A 6.5 8 1.9 500 10 
65_8_01_9B 6.5 8 1.9 500 10 

65_8_02_0A 6.5 8 2.0 500 10 

65_8_02_0B 6.5 8 2.0 500 10 

65 8 02 1A 6.5 8 2.1 500 10 

65 8 02 1B 6.5 8 2.1 500 10 
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Table F.36. Electronic data, Model 70.0. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

70_0_02_3A 7.0 0 2.3 500 10 

70_0_02_3B 7.0 0 2.3 500 10 

70 0 02 4A 7.0 0 2.4 500 10 
70_0_02_4B 7.0 0 2.4 500 10 

70_0_02_5A 7.0 0 2.5 500 10 

70_0_02_5B 7.0 0 2.5 500 10 

70 0 02 6A 7.0 0 2.6 500 10 

70_0_02_6B 7.0 0 2.6 500 10 

70_0_02_7A 7.0 0 2.7 500 10 

70_0_02_7B 7.0 0 2.7 500 10 

70_0_02_8A 7.0 0 2.8 500 10 

70 0 02 8B 7.0 0 2.8 500 10 

70_0_Runllp 7.0 0 2.5 500 30 
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Table F.37. Electronic data, Model 70.2. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

70 2 02 OA 7.0 2 2.0 500 10 

70 2 02 OB 7.0 2 2.0 500 10 
70 2 02 1A 7.0 2 2.1 500 10 

70 2 02 1B 7.0 2 2.1 500 10 

70_2_02_2B 7.0 2 2.2 500 10 

70 2 02 2B 7.0 2 2.2 500 10 

70 2 02 3B 7.0 2 2.3 500 10 

70 2 02 3B 7.0 2 2.3 500 10 

70 2 02 4A 7.0 2 2.4 500 10 

70 2 02 4B 7.0 2 2.4 500 10 

70 2 02 5A 7.0 2 2 . 5  500 10 

70_2_02_5B 7.0 2 2.5 500 10 
70_2_RunUp 7.0 2 2.3 500 30 
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Table F.38. Electronic data, Model 70.4. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

70 4 01 8A 7.0 4 1.8 500 10 

70_4_01_8B 7.0 4 1.8 500 10 

70_4_01_9A 7.0 4 1.9 500 10 

70_4_01_9B 7.0 4 1.9 500 10 

70 4 02 OA 7.0 4 2.0 500 10 

70_4_02_0B 7.0 4 2.0 500 10 

70 4 02 1A 7.0 4 2.1 500 10 
70_4_02_1B 7.0 4 2.1 500 10 

70_4_02_2A 7.0 4 2.2 500 10 

70_4_02_2B 7.0 4 2.2 500 10 

70 4 02 3A 7.0 4 2.3 500 10 
70_4_02_3B 7.0 4 2.3 500 10 
70_4_RunUp 7.0 4 2.1 500 10 
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Table F.39. Electronic data, Model 70.6. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 

Hz 
Sampling rate 

Hz 
Record length 

seconds 

70_6_01_7A 7.0 6 1.7 500 10 

70_6_01_7B 7.0 6 1.7 500 10 

70_6_01_8A 7.0 6 1.8 500 10 
70 6 01 8B 7.0 6 1.8 500 10 

70_6_01_9A 7.0 6 1.9 500 10 

70_6_01_9B 7.0 6 1.9 500 10 

70 6 02 OA 7.0 6 2.0 500 10 

70 6 02 0B 7.0 6 2.0 500 10 

70 6 02 1A 7.0 6 2.1 500 10 

70_6_02_1B 7.0 6 2.1 500 10 
70_6_02_2A 7.0 6 2.2 500 10 

70 6 02 2B 7.0 6 2.2 500 10 

70_6_RunUp 7.0 6 1.9 500 30 
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Table F.40. Electronic data, Model 70.8. 

File name 
Aspect ratio 

UD 
# of clamps 

Fan speed 
Hz 

Sampling rate 
Hz 

Record length 

seconds 

70_8_01_6A 7.0 8 1.6 500 10 

70_8_01_6B 7.0 8 1.6 500 10 

70 8 01 7A 7.0 8 1.7 500 10 

70_8_01_7B 7.0 8 1.7 500 10 

70_8_01_8A 7.0 8 1.8 500 10 

70_8_01_8B 7.0 8 1.8 500 10 

70 8 01 9A 7.0 8 1.9 500 10 

70 8 01 9B 7.0 8 1.9 500 10 

70 8 02 OA 7.0 8 2.0 500 10 

70_8_02_0B 7.0 8 2.0 500 10 

70_8_RunUp 7.0 8 1.8 500 30 
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