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CHAPTER 1 

INTRODUCTION 

An atmospheric boundary layer wind profile currently forms the basis for 

calculating wind loads on structures. However, downbursts are responsible for 

design wind speeds in many parts of the world. 

Downbursts general'ly occur when a strong downdraft co'llides with the 

surface of the earth and diverges, producing a wind profile that shows a peak 

velocity close to the ground. Downburst winds are considerably more correlated 

at the gust front than boundary layer winds. 

In the past, researchers have used both numerical and physical methods 

to simulate downbursts. Physical modeling has typically been achieved with a 

wall jet. However, the majority of previous research has only investigated 

stationary wall jets, and the loads downbursts produced on structures remain 

relatively unexplored. 

An inverted wall jet cable of translational movement, entitled the Moving 

Jet Wind Tunnel, produced the downburst simulation in the current study. The 

aim of this study consisted of assessing the W 1ind loads created on a cubic 

structure immersed in a downburst wind field, and the affect of jet translational 

speed on these loads. 

The following chapter contains a literature review summanzmg 

downbursts and their simulation, pressures on a cubic structure, and accelerating 

flow. Chapter 3 provides details of the Moving Jet Wind Tunnel and other 

apparatus used in the study, and Chapter 4 describes the experimental 

procedure. Chapter 5 presents a discussion of the results of the study. Finally, 

Chapter 6 describes conclusions drawn from this study and provides 

recommendations regarding the direction of future research in this area. 
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2.1.1 Discovery 

CHAPTER 2 

SCIENTIFIC BACKGROUND 

2.1 The Downburst 

During April 3-4, 1974, an event known as the Tornado Super Outbreak 

produced a total of 148 tornadoes across 13 states in the United States of 

America (Fujita, 1985). Investigators rated six of these were rated at F5 

intensity. Up to 15 tornadoes were on the ground simultaneously at the peak of 

activity. The cumulative length of damage paths from the outbreak was 

approximately 4180km, although at least 15°/o of this showed damage patterns 

reflecting the action of diverg,ing, rather than circulating, winds. 

On June 24, 1975, an aircraft making its approach for landing crashed just 

short of runway 22-L at the northern end of John F. Kennedy International 

Airport, in New York City (Fujita, 1977). The crash occurred because the tailwind 

velocity increased rapidly as the airliner made its landing from the north, despite 

relatively calm conditions a short time earlier. Si'multaneous to the crash, a large 

storm approached from the same direction as the plane. A rapidly diverging flow 

of air caused the increase in speed. 

T. Theodore Fujita, a Professor of Meteorology from the University of 

Chicago, investigated both of these incidents. He posed the theory that intense 

downdrafts (descending columns of dense cold air) that had collided with the 

ground at high velocity and rapidly diverged caused both the JFK Airport crash 

and the diverging damage patterns observed in the Tornado Super Outbreak. 

He entitled these events "downbursts" (Fujita, 1977). Figure 2.1 shows an 

interpretation of the diverging flow of a downburst. 
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Figure 2.1: The diverging flow of a microburst (Caracena, Holle and Doswell, 
1990) 

2.1.2 Classification of Downbursts 

Fujita (1985) divided downbursts into two categories based on spatial 

scale: microbursts and macrobursts. A macroburst is a downburst greater than 

4km in diameter (a mesoscale event) and lasting up to half an hour. A 

microburst is a downburst that possesses a diameter smaller than 4km (a 

misoscale event) and is less than 5 minutes long. Researchers have devoted 

more attention to microbursts, which are typically more intense than macrobursts. 

Fujita (1985), further classified microbursts based on other characteristics, 

including: 

• wet versus dry-Based on whether precipitation falls during the microburst. 

• stationary versus traveling-Based on whether the downburst has an 

exactly vertical descent, or retains horizontal momentum from the parent 

storm. 
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• 

• 

• 

radial versus twisting-Based on whether the descending column of air 

shows rotation. 

midair versus surface-Based on whether the microburst diverges prior to 

or after contact with the ground. 

outflow versus rotor-Based on the structure of the vortices forming at the 

leading edge of the diverging flow. 

2.1.3 JAWS and NIMROD 

Following the release of Fujita's report on the JFK aircraft crash in 1976, 

several major studies into microbursts quickly commenced. 

NIMROD, the Northern Illinois Meteorological Research on Downbursts 

(Fujita, 1985), constituted the first major study of these events. A triangular 

monitoring area with 60km base lines and vertices at O'Hare International 

Airport, Yorkville, and Monee, just west of Chicago, defined the study area. 

Three Doppler radars in conjunction with 26 Portable Area Mesonet (PAM) 

stations gathered data during the study. 

Fifty confirmed microbursts occurred within NIMROD study area between 

May 28 and July 1, 1978. Unfortunately, the length of the network baselines 

presented problems during low-level measurements. Despite these proble.ms, 

this study garnered unique and invaluable information. 

JAWS, the Joint Airport Weather Study, took place in the Denver, 

Colorado area in 1982 (Fujita, McCarthy, and Wilson, 1982). The goal of JAWS 

consisted of identifying downbursts 1 to 4 km in size that lasted between 2 and 

20 minutes. Over a 53-day period between May 17 and August 8, researchers 

documented 186 of these microbursts with the aid 3 Doppler radars and 27 PAM 

stations in a .more concentrated area than the NIMROD project utilized. JAWS 

also used two research aircraft, three rawisonde units, and a lightning detection 

system. 

Examples of similar studies carried out since the conclus'ion of JAWS 

include the Microburst and Severe Thunderstorm. (MIST) project near Huntsville, 
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Alabama in 1986 (Fujita, 1990), and the C'lassify, Locate and Avoid Wind Shear 

(CLAWS) project, conducted ,in the Denver, Colorado area also in 1986 

(Hjelmfelt, 1988). These studies have helped to form the foundation of 

knowledge for a relatively young area of research. 

2.1.4 Thunderstorm and Outflow Life Cycles 

The life cycle of thunderstorms, shown in Figure 2.2, has three stages 

(Magano. 1980): 

1. Cumulus Stage, 

2. Mature Stage, 

3. Dissipating Stage. 

During the cumulus stage, severa,I smaller cumuli clouds comb1ine to form 

a single cell, which is a region of relatively strong updrafts containing suspended 

precipitation. Air converges into the cell at all levels of penetration. The 

temperature in the cell at this stage is greater than the ambient temperature. At 

this stage of the storm condensation and freezing of precipitation produce the 

first radar echo. 

----...;.,_:· . 

40,000 _!_t._ - - - - - - - - -

; , 

Figure 2.2: The life cycle of a thunderstorm, consisting of the Cumulus (left), 
:Mature (middle) and Dissipating (right) stages (Battan, 1961 ). 

The first descent of rain from the base of the system marks the mature 

stage. The presence of rain indicates that the precipitation particles have grown 
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past the stage where the updraft is sufficient to keep them suspended, resulting 

,in the formation of downdrafts. 

The dissipating stage is the end of a cells life cycle. At this point 

updrafting has stopped and the downdraft has spread over the entire cell. The 

cell remains colder than its local environment while there is still some downdraft 

and rain, but it is effectively "draining." 

Note that the three-step life cycle is a major simpHfication of a real storm, 

which may contain many cells at different stages of evolution. 

Convectiion is the primary mechanism that produces updrafts. Convection 

starts when air close to the ground is heated. The temperature increase causes 

the ground level air parcels to expand. An expanded air parcel is less dense 

than its surrounding environment, and rises due to buoyancy. As the parcel 

rises, it continues to expand in the new lower pressure environment and cools 

adiabatically. In an unstable atmosphere, air temperature decrease with altitude 

(lapse rate) is greater than the adiabatic lapse rate. Under such conditions, the 

rising air remains warmer than its surrounding environment, therefore 

maintaining a lower density and continuing to ascend. 

Evaporation and water loading are two of the factors responsible for the 

formation of a microburst (Srivastava, 1987). As the parcel of air ascends, 

moisture within the parcel condenses to form precipitation particles. As these 

particles continue to grow, the updraft is less able to sustain their weight. Upon 

reaching a critical size, the precipitation particles begin to descend again. They 

may fall through the parent updraft or some other ,locat 1ion within the cell. 

Precipitation melts and evaporates as it descends, cooling and increasing 

the density of air in the immediate vicinity of the downdraft. The cooled air mass 

containing the precipitation becomes negatively buoyant, and accelerates 

towards the ground. As the downdraft proceeds, the precipitation continues to 

cool, while the descending air mass undergoes compressional warming. 

"Wet" and "dry" microbursts occur in a slightly different manner. While 

evaporation causes dry microbursts, initial buoyancy generally governs their 
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intensity, as the denser air moves with a reasonably unimpeded descent. 

Continuing evaporation and water loading tend to drive wet microbursts (Doswell, 

1994). 

Wakimoto (1982) proposed four stages of thunderstorm outflow, 

commenC'ing as the parent downdraft descends beneath the base of the clouds 

(Figure 2.3). These are: 

1. Formative Stage, 

2. Early Mature Stage, 

3. Late Mature Stage, 

4. Dissipating Stage. 

MATURE THUNDERSTORM STAGE I 
FORMATIVE STAGE 

DISSIPATING THUNDERSTORM STAGE II 
i--------,r--r--,-----...,-----£ARLY MATURE· STAGE 

o.s 

Okm 

DISSIPATING THUNDERSTORM 

I 
I 
I 

I 

I 

NO THUNDERSTORM 

STAGE III 
LATE MATURE STAGE 

STAGE IV 
DISSIPATING STAGE 

/~, ... --- _, --- -- ---------- --- Y? ) 

10 20 40 

Figure 2.3: The four stages of thunderstorm outflow (Wakimoto, 1982) 
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Rain and cold air first penetrate the base of the cell during the formative 

stage of the outflow. This stage of outflow coincides with the mature stage of the 

storm. 

Flow begins to diverge and a horizontal vortex containing embedded 

precipitation, known as a precipitation roll, forms during the early mature stage of 

the outflow. This stage of the outflow occurs as the thunderstorm begins to 

dissipate. 

Flow is advancing away from the storm and is similar to a developed 

density current by the late mature stage of the outflow (Figure 2.4). The 

descending air source is almost depleted at this stage. 

HIGH 

COLD AIR ~ 

GUST FRONT 
BOUNDARY 

{FROM THUNDERSTORM) . . ................... ~ \NOSE 
.............. °}>' . . . .. . . . _.)UNDER~URRtNr ~ 1~ 

. (HIGH 
TURBULENCE 

WARM AIR 

Figure 2.4: The structure of the front of the diverging flow (Goff, 1975) 

The descending air source has been exhausted when the outflow reaches 

the dissipating (final) stage. Flow has now traveled a long distance from the 

point of origin. The depth of the gust front shrinks and its structure weakens 

during this stage. 

8 



Note that while the precipitation roll does not develop until after impact, 

vorticity at the interface between the dense descending air and the ambient fluid 

generates a ring vortex that surrounds the downdraft prior to colliding with the 

ground (Alahyari and Longmire, 1995). The ring vortex diverges after impact 

(Figure 2.5). 

. ..... 

RING VORTEX 

Figure 2.5: Schematic of a ring vortex at the gust front of a microburst (Fujita, 
1985) 

Note that others had observed downbursts prior to Fujita. In 1961, in his 

book entitled The Nature of Violent Storms, Louis Battan described what he calls 

plow winds: 

A very noticeable feature signaling the approach of a thunderstorm is the 
gustiness of the surface wind and the associated fall of temperature. 
These events can be explained as consequences of the thunderstorm 
downdraft. Air from high regions of the cloud descends because the 
precipitation particles evaporate and cool it. When it reaches the ground, 
it spreads outward. The descending air also retains a certain amount of 
the horizontal motion it had when it was in the higher layers of the cloud 
where the winds were strong. Near the ground its speed still exceeds that 
of the surrounding air. The gusty winds, which sometimes exceed 50 
miles per hour, are capable of causing considerable property damage. (p. 
71) 
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2.2 Investigation of the Characteristics of Downbursts 

2.2.1 Wind Speed Profile and Turbulence Intensity: 

A non-linear increase in wind speed as altitude increase characterizes the 

boundary layer flows modeled in ASCE7-98 (1998) and AS1170.2 (1989). 

However, this is contrary to a downburst flow. 

Peak wind speeds during a downburst tend to occur approximately 80m 

above ground level (Figure 2.6). The magnitude of the velocity decreases above 

and below this height. These peak speeds occur between 1.5 and 2 times the 

radius of the parent downdraft from the center of the downburst, where the depth 

of the diverging flow is narrowest. 

The parent downdraft of a downburst possesses a relatively uniform 

velocity profile containing very little turbu 1lence prior to impact with the ground. 

This downdraft is approximately 1.8km in diameter in the most intense events. 

Hjelmfelt (1988) identified these dimensions as typical for the most intense 

microbursts in the JAWS project. 

At large distances from the downburst center the wind speed profile 

resembles a boundary layer profile. However, winds speeds are weU below the 

peak values closer to the center of impact. 
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SCHEMATIC JAWS MICROBURST STRUCTURE 
AT MAXIMUM INTENSITY 
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Figure 2.6: Hjelmfelt's velocity profile of a typical microburst (Hjelmfelt, 1988) 

Letchford and Mans (1999) at the University of Queensland physically 

simulated a downburst wind field using an axial flow fan generated wall jet. Their 

simulation produced mean wind speed profiles shown in Figure 2.7. Hjelmfelt's 

(1988) comparisons of full-scale observations to wall jet wind speed profiles have 

verified the validity of this form of simulation. 
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Comparison of profiles to AS1170.2 Table 4.2.5.1 
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Figure 2.7: Comparison of non-dimensionalised wind speeds for a 
simulated stationary microburst and the developed boundary layer profile as 

modeled in AS1170.2 - 1989 (Chay, 1999) 

Meteorologists have undertaken many of the previous numerical 

simulations. Therefore, downburst genesis has been the focus of most of these 

studies. However, TASS, the Terminal Area Simulation System (Proctor, 1988), 

attempts to numerically replicate the ground level wind field of a downburst. 

TASS produces a three-dimensional, axisymmetric, time dependent 

simulation incorporating as many as eleven different equations (three for 

momentum, one for pressure deviation, one for potential temperature, and six 

coupled equations for continuity of water substance). Figure 2.8 displays the 

TASS wind speed profile taken at the location of maximum horizontal velocity. 

Proctor showed that reasonable agreement exists between the results of TASS 
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and NIMROD. However, the TASS wind speed profile appears to underestimate 

lower level winds. 

Selvam and Holmes (1992) used a two-dimensional, incompressible 

Navier-Stokes equation to model a downburst with a diameter of 1 km (Figure 

2.9). They used this model to investigate the effect of topography on downburst 

wind speeds, and provide a comparison with the Australian wind loading code 

(AS 1170.2). Section 2.2.4 includes a discussion of the results of their study. 

Crandell, Farkas and Lyons (2000) performed full-scale low-level wind 

speed measurements at an industrial park in Maryland. The maximum 3-second 

gust wind speed they observed decreased as height above ground leve,I increase 

from 10m to 57m (29.?m/s at 10m and 26.6m/s at 57m). These results are 

1indicative of a s 1maller outflow than Hjel 1mfelt observed in JAWS, and highlight the 

difference between this type of W'ind event and an atmospheric boundary layer. 

The peak 3-second wind speeds occurred 1 Om above ground level during 

the outflow Crandell et a'I. (2000) observed. However, they could not adequately 

describe wind speed profile of the event due to the vertical distribution of 

instruments (3m, 1 Om, and 57m above ground level). Maximum wind speeds in 

the outflow most likely occurred between the 1 Om and 57m anemometers. Also, 

the study did not describe the relative location of the tower to the storm, making it 

impossible to determine if sampling occurred at the most intense region of the 

outflow. The study did not examine the transient wind speed time histories of the 

outflow, and mean speeds and the turbulence intensities Crandell et al. 

presented have little meaning because of an unsuitably large averaging time. 
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TASS Wind Speed Profile at Maximum Velocity 
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Figure 2.8: Wind speed profile from TASS at maximum velocity (Proctor, 1988) 
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Figure 2.9: Non-dimensional velocity profile at one diameter for the downburst 
center of divergence, as Selvam and Holmes (1992) numerically simulated. 
Elevation is non-dimensionalised against the height at which VNmax=0.5 

(gamma). 
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A ring vortex occurs at the leading edge of a downburst's diverging flow. 

This vortex is capab,le of ,extremely high wind speeds due to the rotation about a 

horizontal axis, although tends to advance at a slower rate than the diverging 

flow. The ring vortex may cause the absolute maximum wind speeds of a 

down burst flow. 

Alahyari and Longmire (1995) simulated a downburst using a density 

current, although excluded temperature effects from their study. They found that 

the fastest outflow velocities occurred in the ring vortex propagating at the front 

of the flow and occurred shortly after impact at a distance of 1.1 times the 

downdraft radius from the center of the downburst. Orf and Anderson (1998) 

obtained similar results in a numerical simulation. Unfortunately, Alahyari and 

Longmire's based their study on a 63.frmm diameter downdraft, which 

corresponds to a scale of approximately 1 :30000. 

The fastest wind speeds ever recorded in a microburst occurred at 

Andrews Air force Base on August 1, 1983, a mere 7 minutes after the landing of 

Air Force One (Figure 2.10). This event reached 67m/s, or 150 mph. Such 

intense downbursts are rare, with only four of such magnitude expected in the 

USA per year (Fuj.ita, 1985). However, downburst frequency and intensity is 

related to both location and season. 
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Figure 2.10: Andrews Air Force Base Microburst (Fujita, 1983) 

Downbursts are likely to be less turbulent than a boundary layer wind, 

although the fine scale structure of such flows remains unclear. Weinbeck 

(1997) observed a thunderstorm outflow with longitudinal turbulence intensity of 

approximately 8o/o, and almost negligible lateral turbulence. An atmospheric 

boundary layer wind possesses turbulence intensities of approximately 20°/o for 

both components on similar terrain to the Weinbeck outflow. The lower 

turbulence intensities in a downburst have major implications with respect to 

span reduction factors for assessing wind loads on wide structures. However, 

most full-scale observations do not address a typical value of turbulence intensity 

for a downburst. Also, little information regarding frequency spectra of 

downbursts is available, most likely due to their non-stationary nature. 

Significant differences also exist in the directionality of boundary layer and 

downburst winds. While design (boundary layer) winds contain no mean vertical 

component, downburst wind vectors possess significant components in both the 
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horizontal and vertical directions, the relative magnitudes of which vary as a 

function of location wahin the diverging flow. The vertical component of the 

downburst wind may alter the flow fields around a structure, and hence, the loads 

it experiences. 

2.2.2 Translational Speed of the Storm 

Downdrafts may retain large amounts of the translational momentum of 

the storm. The lateral motion of the downdraft causes an increase in the peak 

downburst wind speeds in front of the storm, and a decrease in the speed on the 

opposite side. 

Fujita (1983) observed that subtracting the rear maximum wind speed of 

the downburst and the front maximum wind speed and dividing the difference by 

two provides a reasonable esti.mate of downdraft translational speed, when a 

moving average is used to remove the fluctuating component of the transient 

time history. However, at very high translational speeds, this method is unlikely 

to provide a true indication of translational speed. 

Orf and Anderson (1998) used a numerical study to examine the effect of 

translational speed on peak velocity. They found that peak outflow speed 

increases as translational speed increases until a critical translational speed is 

reached. They attributed the increase in velocity at low translational speeds to a 

decrease in deceleration as the descending flow approaches the ground. The 

critical translational speed Orf and Anderson observed was 0.36 of the maximum 

downdraft speed. However, the critical speed is likely to be specific to the 

conditions under which the downburst is occurring. Further increases in 

translational speed result in decreases in outflow speed. They attributed the 

reduction in outflow speed to drop in buoyancy as a result of reduced cool'ing 

time. 

Letchford and Mans (2000) also investigated the transient velocity time 

history of a traveling downburst using the University of Queensland axial flow jet. 

They found that trans 1ient mean wind speeds in a downburst can reasonably 
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estimated using a quasi-steady approach of adding the mean speed of the 

stationary jet diverging flow to the translational speed of the jet. However, 

Letchford and Mans observed significantly lower transient gust speeds than 

AS1170.2 (1989) predicted. 

2.2.3 Pressure Fields 

Stagnation occurs in the central region beneath the downdraft as it 

approaches the ground, forming a high-pressure "dome" known as a mesohigh 

(Figure 2.11) and creating the pressure gradient that is responsible for the 

divergence of the flow. A low-pressure ring forms as the downburst flow diverges 

and accelerates to the peak horizontal velocity. The relative magnitude of the 

pressure decrease is dependant on the translational speed of the storm (Fujita, 

1985). 

Pressure Profiles 

Across Microburst DIRECTION OF MOTION 

~---c 

._.._ __ ____.CL 

-----L 

-1!'-------LH 
..... ~::__ ____ H 

.... -.....L~------HE 
Edge of Microburst-----=---=~---------E 

Figure 2.11: The pressure field of a microburst (Fujita, 1985) 
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Beyond the low-pressure ring, deceleration of the outflow forms another 

slightly less intense high-pressure region, outside of which the pressure returns 

to the ambient pressure. 

The varying pressure field of a downburst may have serious implications 

with respect to design loads on structures. Fujita (1985) speculated that these 

rapid pressure changes could be as high has 2 to 3 millibars, which would result 

in a significant increase in the load applied to sealed structures in the outflow 

region. 

2.2.4 Effect of Topography: 

Selvam and Holmes (1992) studied the diverging flow of a numerically 

simulated 1 km wide stationary microburst as it passed over a hill 40m high with a 

windward slope of 0.25. They found that the topographic multipliers listed in 

AS1170.2 (1989) overestimated microburst wind speed increases over 

topography by as much as 46°/o (Table 2.1 ). Letchford and Mans (1999) obtained 

similar results using the University of Queensland axial flow jet. 

Table 2.1: Comparison of topographic muiltipliers for a numedcally simulated 
microburst with AS1170.2 (Se'lvam and Holmes, 1992) 

.I Source Sm 15m 25m 
: 

35m 
I 

AS 1170.2 1.75 1.65 1.55 1.45 
(hill) 

AS 1170.2 1.33 1.28 1.24 1.20 
(escarpment) I 

Computation 1.56 1.36 1.31 1.26 
(DBL flow) 

' ,, 
1.08 1.07 Computation 1.2 1.11 

·· Get flow) I 
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2.3 Wind-Induced Pressures on a Cube 

Numerous previous studies provide a comprehensive description of the 

pressures on the surface of a bluff body cube immersed both uniform (i.e., a wind 

field showing little to no change in velocity as a function of height) and boundary 

layer wind fields (i.e., a wind field showing an increase in speed as a function of 

he'ight due to the effects of surface roughness). These studies have involved 

numerical and physical simulations, and full-scale measurements. 

Elevatiion 

Velocity 

Uniform Flow 

Boundary 
Layer Flow 

Figure 2.12: The velocity profiles of uniform and boundary layer winds 

Baines (1963, cited in Simiu and Scanlan, 1996) undertook an early wind 

tunnel study that reported the pressure contours on all faces of a cube in a 

phys,ically simulated boundary layer flow and a uniform flow, with the cube 

positioned with one face normal to the direction of flow. 

Castro and Robins (1977) also undertook wind tunnel tests on a cube. 

Pressures were measured on a 60mm cube in a uniform flow, and a 200mm 

cube in a 2m high boundary layer (constituting a scale of between 1:1000 and 

1 :300 in the boundary layer case) with a turbulence intensity of 27°/o at eaves 

height. They made measurements with the cube face normal to the flow and at 

45° to the flow. Castro and Robins also investigate the effects of varying the 
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boundary layer characteristics acting on the cube. They found that a higher 

turbulence intensity favored reattachment of flow over the cube, and hence a 

reduced suction in the reattached region of the roof and leeward wall, for a flow 

normal to one face normal of the model. 

Paterson and Ape It ( 1990) performed a numerical simulation using a k - & 

turbulence model to simulate a boundary 'layer flow around a cube with one face 

normal to the direction of flow. They perfor 1med the study under similar 

conditions to those Castro and Robins (1977) investigated. However, Paterson 

and Apelt's study yielded greater mean pressures near the windward edge of the 

roof than Castro and Robins. Paterson and Apelt observed that increasing 

turbulence intens'ity promoted reattachment on the roof of the cube, supporting 

Castro and Robins' observations. 

Richards, Hoxey, and Short (2000) collected full-scale data using the 

Silsoe Cube. The Silsoe Cube stands 6m high and with 16 transducers sampling 

pressures along its centerline. The cube is situated in an open field at the Silsoe 

Research Institute in the United Kingdom. Richards et al. observed pressures on 

the cube with winds perpendicular and at 45° to the centerline pressure tap 

distribution. Turbulence intensities between 12°/o and 19°/o at cube eaves height 

occurred during the study. 

Baines (1963) and Castro and Rob'ins (1977) observed sim'ilar pressures 

along the centerHne of a cube immersed in a uniform wind field with one face 

normal to the direction of flow (0° orientation) (Figure 2.13). However, significant 

variation ex1ists between the historical pressure profile observations for boundary 

layer flow over a cube at 0° orientation. The size of the separated flow region 

represented the primary difference between the results of the historical boundary 

layer tests. Richards et al. (2000) observed reattachment further downstream 

than the three wind tunnel simulations, which is consistent with the reduced 

turbulence that occurred during the full-scale measurements. Pressure profiles 

showed significant variation between the historical studies along the S'idewall of 

the cube at 0° cases (Figure 2.14) 
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Comparison of Previous Studies, Centre Line Profile, 0° Orientation 
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Figure 2.13: Comparison of centerline pressures on a cube under varied flow 
regimes with one face normal to the direction of flow 
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Comparison of Side Wall Pressures, 0° Orientation 

____.__Castro and Robins (1977), Boundary Layer Flow 
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Figure 2.14: Comparison of sidewall pressures on a cube under varied flow 
regimes with one face normal to the direction of flow 

Although the pressure profile shapes showed good similarity for the 45° 

case, the intensity of the pressures recorded on opposite sides of the cube in the 

same test varied significantly (Figure 2.15). Castro and Robins (1977) found that 

the location of the stagnation point fluctuated, but favored one side of the cube. 

However, their results were very sensitive to cube orientation, with only a slight 

change in cube angle needed for the stagnation point to swap sides. 

The conical vortices produce the peak suctions on the roof in the 45° 

case. These vortices show significant fluctuation, and the position of 

reattachment varies significantly with onset angle (Marwood and Wood, 1997). 

The sensitivity of conical vortices in combination with the coarse spacing of 

observation points in some of the studies may account for some of the variation 

observed in the roof pressures. 

Unfortunately, only Castro and Robins measured sidewall pressures for 

the 45°case (Figure 2.16), limiting comparison between boundary layer profiles 
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for this cube orientation. Similar horizontal pressure profiles occurred over the 

sidewalls in both a boundary layer and uniform flow. However, pressure profiles 

for the two flow regimes tended to diverge at the windward corner of the cube. 

The greater opportunity for oscillating stagnation in the more turbulent boundary 

layer flow may have caused this divergence. 

Comparison of Previous Studies, Centre Line Profiles, 45° Orientation 
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0 --1----------+--l 
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-+-Castro and Robins (1977) , Uniform Side 1 
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-II-Castro and Robins (1977), Boundarly Layer Flow side 1 

Castro and Robins (1977), Boundary Layer Flow Side 2 

-.-- Richards, Hoxey and Short (2000) , Full Scale Measurements 

2 
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3 

Figure 2.15: Comparison of centerline pressures on a cube under varied flow 
regimes with vertical faces at 45° to the direction of flow. 
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Comparison of Side Wall Pressures, 45° Orientation 
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Figure 2.16: Comparison of sidewall pressures on a cube under varied flow 
regimes with vertical faces at 45° to the direction of flow. 
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2.4 The Effects of Accelerating Flow 

The time varying drag force on a bluff body in a flow field corresponds to 

where B is a characteristic dimension of the body, Co is the drag coefficient for 

the body and Cm is the "added mass" coefficient (an empirically obtained 

coefficient intended to account for fluid acceleration). However, the acceleration 

term of this equation is usually negligible due to the quasi-steady nature of the 

current design boundary layer wind field (Simiu and Scanlan, 1996). 

Magnaudet, Rivero, and Fabre (1995) investigated the effects of an 

accelerated viscous flow around a solid sphere (Cm = 0.5) at low Reynold's 

numbers ( <300). They defined acceleration in terms of an acceleration number 

Ac, corresponding to 

Ac = aD I V0 (2.2) 

where D .is the diameter of the sphere. The acceleration number represents the 

rat 1io between the acceleration due to the unperturbed flow ( aV0 ) and that which 

resulted from the presence of the body ( aV0
2 ID). Magnaudet et al. co:mpared 

the flow around the sphere for Ac values of +0.1 and +0.2 to non-accelerated 

flow. They showed a clear relationship between drag on the sphere and 

acceleration of the flow. As acceleration varied, changes in the vorticity field 

around the cylinder due to strain in the fluid caused changes in the drag, as the 

area in which vorticity is significant for a positive value of Ac decreased. They 

also observed significant changes in the pressure field on the sphere in an 

accelerating flow, and that viscous effects wer,e not entirely r,esponsible for 

changes in the drag. Pressure drag on the sphere in this study corresponded to: 
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CPD (Re0 , Ac)= (1- 0.25Ac) *CPD (Re0 ,0) + 2.04Ac (2.3) 

for 10 < Re0 < 300. 

Yeung, Sphaier, and Vaidhyanathan (1993) investigated a variety of 

conditions involving both an accelerated bluff cylinder, and accelerated flow 

around a bluff cylinder. This study identified wake as the primary flow 

characteristic during an impulsively started flow around a bluff cylinder. 

Immediately after the onset of flow, the wake bubble expanded with time untiil it 

eventually became unstable. After a certain time the instability lead to vortex 

shedding. 

Yeung et al. examined pressure distributions over the cylinder at two 

points in time shortly following to onset of flow. At the earlier time considered, 

they observed lower stagnation pressures at the front of the cube and greater 

suctions on its S'ide than recorded at the second time. 

The affects of accelerating flow on bluff bodies remain 'largely 

uninvestigated. Viscous flows have been the focus of the majority of historical 

research in this field, for application to a marine environment. The author 

identified no studies involving an accelerated wind field. 

2.5 Summary 

Previous research indicates that an impinging air jet produces a 

reasonable simulation of downburst winds. As downbursts occur in a vast range 

of sizes, scales assigned to the simulation may also take on a similar range. 

However, dimensions of the most intense downbursts should form the basis of 

the simulation scale, as the current study attempts to simulate design conditions. 

Hjetmfelt (1988) observed that during the most intense events witnessed during 

JAWS, downbursts resulted from downdrafts 1.8km in diameter and produced 

peak wind speeds 1.5km from the center of divergence. These dimensions 

provide a suitable means for assigning a simulation scale. 
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Previous research indicates that pressures experienced on the surface of 

a cube i'mmersed in a wind field are highly dependent on the wind field 

characteristics. Wind fields exhibiting a boundary layer profile and a uniform 

velocity profile are cases that researchers considered during historical previous 

studies. However, downburst winds vary significantly from both the boundary 

layer and uniform wind fields. Hence, downbursts are likely to create a unique 

pressure distribution on a cube. 

Trans.lational speed of the parent downdraft is a s.ignificant feature of a 

downburst, and causes an increase in outflow wind speeds. This translating 

motion also makes downbursts non-stationary events. The non-stationary nature 

of downbursts remains re 1latively unexplored. In particular, researchers have 

previously devoted little effort towards investigating the transient loading a 

downburst generates on a structure. 

Whether the affects of acceleration are significant in a downburst remains 

undear. The majority of previous research examining accelerating fluids has 

focused upon viscous flows at very 'low Reynold's numbers. However, the 

current study involves non-viscous flows with Reynold's numbers in the order of 

20000. 
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CHAPTER 3 

EXPERIMENTAL APPARATUS 

3.1 The Jet 

A centrifugal air blower with a specially designed outlet produced the 

downburst simulation (Figures 3.1 and 3.2). A direct drive centrifugal fan with a 

rectangular outlet of dimensions 300 mm by 340 mm (11 3
/4 inches by 131

/3 

inches; Cincinnati Fan model number SQBL-130) forced the air stream. The fan 

possessed a rotational speed of 3450 rpm and a 7.5 HP power rating. 

Figure 3.1: The jet 
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Figure 3.2: The dimensions of the jet outlet 

Downbursts have a uniform velocity profile throughout their cross-section 

and show very little turbulence prior to impinging upon the ground. The 

simulation achieved similar characteristics using a plenum with a baffle at the 

inlet, which lead to a contraction followed by a 51 Omm diameter circular outlet. A 

lip added around the outlet helped prevent entrainment of ambient air at the jet 

exit. 

A longitudinal velocity traverse over the diameter of the jet and a lateral 

traverse over much of the radius of the jet (due to the limitations of traversing 
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mechanism used), both performed ha'lf a diameter above the jet exit, defined the 

outlet wind characteristics. Note that +0.5 diameters of the longitudinal section 

corresponds to the "leading" edge of the outlet. 

The jet produced a relatively uniform outlet velocity profile, with a slight 

increase in velocity occurring at the edges of the jet (Figure 3.3). A slight 

contraction as the cross section of the outlet barrel changes from a 51 Omm 

square section to a 51 Omm diameter circu'lar section may have caused this 

increase. Wind speed decreased dramatically beyond the width of the jet. 

The jet also produced a reasonably uniform turbulence intensity profile, 

with a magnitude generally less than 4o/o across the outlet cross-section (Figure 

3.4). The shear layer between the jet and the ambient air caused turbulence 

intensity to increase rapidly at the edges of the outlet cross-section. 
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Figure 3.3: Velocity profiles half a diameter above the jet outlet. 
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Figure 3.4: Turbulence intensity profiles half a diameter above the jet outlet. 
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The majority of the energy in the velocity frequency spectrum sampled at 

the reference location (Figure 3.5) occurred at low frequencies. Frequencies 

higher than approximately 20Hz contained little energy. 
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Figure 3.5: Velocity frequency spectrum at half a diameter above the center of 
the jet outlet. 

3.2 The Moving Jet Wind Tunnel 

The jet blew against a horizontal testing surface 1.7 diameters (860mm) 

above its outlet, producing an inverted downburst simulation. This orientation 

avoided problems that the blockage the other equipment adjacent to the Moving 

Jet Wind Tunnel created, and offered the advantage that the testing surface 

required a smaller frame for support than the jet. However, as the tunnel 

produced a fan forced and not buoyancy driven simulation, the inversion should 

not compromise results. 

The testing surface consisted of 2.44m by 1.22m (8 feet by 4 feet) 

sections of plywood attached to a frame and butt jointed to form a smooth 

surface 2.44m wide by 7.3m long (8 feet wide by 24 feet long) (Figure 3.6). The 
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frame of the tunnel consisted of inverted individual L shape frames, with a wall 

for support on the other side. A 150 mm gap between the testing surface and the 

wall prevented problems associated with re-circulating flow. A point situated 

approximately 3.9 m (13 feet) from one end of the wind tunnel at the center of the 

testing surface width represented the measurement location. 

Cube 

I~ 

I 

i 
Pitot 

D 
1-

1 ......................................... 5.~............................. ~ ~ Switches 

Figure 3.6: General layout of the Moving Jet Wind Tunnel 

Figure 3.7 shows the velocity decay between the jet and the testing 

surface. Close to the reference location (Z/0=1.2), little change in velocity 

occurred for small changes in elevation. However, for Z/0<0.9 the velocity 

decreased rapidly in a linear fashion as flow approached the testing surface. 
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Velocity profile between the jet and the testing surface at the centreline of jet 
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Figure 3. 7: Non-dimensional velocity decay profile between the jet and testing 
surface at the jet centerline. The outlet of the jet is located at Z/D = 1.7. 

A pitot tube attached to an arm at one end of the tunnel obtained 

reference pressures 300mm above the jet outlet. While the author initially had 

intended the pitot tube to sample pressures half a diameter above the outlet 

(255mm), changes in the availabHity of equipment after the construction of the 

frame caused this small discrepancy. However, the effect of discrepancy was 

insignificant, as the negligible velocity decay occurred over the extra 45mm 

(2inches) (Figure 3.7). 

The jet sat on a carriage, which ran on rails 1 .. 1 m apart. Two "tripper" 

switches (Figure 3.8) mounted on the rails and set 5m apart activated as a wheel 

passed over the switches, sending out a small voltage. A ZOC EIM read the 

voltage (see section 3.5.2) and stored it as a time history. A 1.5 V "AA" battery 

provided power to each circuit. These switches facilitated calculation of the jet 
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translational speed and also provided an exact temporal and spatial reference for 

the jet in the pressure measurements. 

Figure 3.8: Rail mounted switches 

3.3 Boundary Layer Wind Tunnel 

To complement the Moving Jet Wind Tunnel observations, the Texas Tech 

University closed circuit wind tunnel produced the flow regime which simulated 

the pressures on the model in an atmospheric boundary layer flow (Figure 3.9) . 

The test section of the closed circuit wind tunnel possessed dimensions of 1.83m 

wide (72 inches) by 1.94m high (47 inches). A set of 4 spires, a 270mm fence, 

and 11 m of carpet along the floor of the tunnel created the boundary layer 

simulation. Immediately upstream of the model location, 1.1 m of varnished 

plywood lined the tunnel floor. Figure 3.10 displays the characteristics of the 

wind field at the testing location in the closed circuit wind tunnel. 
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Figure 3.9: Picture of the Texas Tech University closed circuit wind tunnel 
(http://www.wind.ttu.edu/facilities/facilities.html, 2001) 
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Figure 3.10: Simulated boundary layer characteristics (a) velocity and (b) 
turbulence intensity 
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3.4 The Model 

The aims of the current study included subjecting a 30mm Perspex cubic 

model with a wall thickness of 2mm to a variety of flow regimes. A vertical 

centerline pressure tap arrangement, which consisted of 6 equally spaced 

pressure taps located on the windward and leeward sides and 7 equally spaced 

taps along the roof, sampled pressures on the model. An additional 6 equally 

spaced taps in a horizontal profile recorded pressures along one sidewall at mid 

height. A dense grid of 13 taps provided a more detailed record of pressures on 

one roof corner of the model (Figure 3.11 ). Appendix A includes a complete 

description of the coordinates of the taps. 

Two hundred millimeter lengths of 1.02mm internal diameter plastic 

tubing, glued to the inside of the cube, connected holes drilled in the cube 

surface to the pressure transducers. 
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Figure 3.11 : Tapping arrangement of the cube as viewed from the leeward side 

The bottom of the cube remained open. Two hooks inside the cube 

provided anchorage for elastic bands to secure the cube to the testing surface. A 
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thin layer of poster putty p 1laced under the bottom edges of the cube ensured that 

the model and testing surface maintained an airtight seal. The poster putty also 

provided the adhesion necessary for small adjustments to the cubes position. 

3.5 1lnstrumentation 

3.5.1 Pressure Measurement 

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

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

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

activate the ZOC 33 modules, which house 64 piezoresistive pressure sensors,. 

A PC (Dell 500 MHz Pentium 3 with 128 Mb of RAM, in this case) 

operating under Microsoft Windows NT version 4 controlled the DSM 3000 with 

Scanivalve DSMLinkC version 2.90. Network cards and a cross cable connected 

the DSM 3000 and the PC. 

The DSM 3000 sent output in a binary format directly to the PC, which 

converted pressure scan files back to ASCII using a small conversion program 

written specifically to facilitate the high scanning rates the current study 

(400.64Hz) utilized. 

A function generater and 15" speaker provided the pressure signals that 

dynamically calibrated a pressure transducer for frequencies up to approximately 

200Hz. 200m tubing with a 1.02mm internal diameter, similar to the tubing 

attached to the model, connected the transducers to the speaker. A transducer 

connected to the speaker by a 40mm length of 1.02mm diameter tubing provided 

reference read'ings for assessing the amplitude magnification of the other 

transducers. The 200mm tubing produced less than 5o/o amplitude magnification 

for frequencies up to 50Hz (Figure 3.12). 
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Figure 3.12: Amplitude magnification for 200mm tubing with a 1.02mm internal 
diameter 

3.5.2 Electrical Output Measurement 

A ZOC EIM (Electric Input Module) recorded the output voltage of the 

"tripper" switches as a time series. This module could read signals from up to 16 

individual circuits, with an input voltage range of +20 mVdc to +10 Vdc. The 

Moving Jet Wind Tunnel used two circuits, one for each switch. 

The DSM 3000 controlled the ZOC EIM, which operated in a similar 

manner to the ZOC 33/64Px modules. 

3.5.3 Velocity Measurement 

The TSI IFA 300 constant temperature anemometer system made velocity 

measurements. A PC (350MHz AMD-K6 with 128Mb of RAM in this case) 

operating TSI ThermalPro software under Microsoft Windows 98 controlled the 

IFA 300. The ThermalPro software also processed velocity readings. 
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The I FA 300 sampled velocities using a single hot-film probe with an 

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

probe, which operated at 50°C. A Velmex three-axis traversing mechanism 

controlled the position of the probe. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

4.1 Stationary Wall Jet Velocity Tests 

A TSI calibration unit caHbrated the single hot-film anemometer for 

velocities ranging between Om/s and approximately 43m/s prior to the start of 

testing each day. 

Anemometer traverses over the full diameter of the outlet in the direction 

of the rails and half a diameter perpendicular to the rails recorded the velocity 

profile characteristics at the jet exit. Half a diameter (0.25m) separated the 

anemometer and jet outlet during the traverses. The IFA 300 obtained data at 

each point of the traverse for 20.48 seconds at 200Hz. 

The wind speed occurring half a diameter above the center of the outlet of 

the jet (X/O = 0) before each vertical wind speed traverse provided a reference 

for each tests series. The anemometer then recorded wind speeds at 23 points 

between 3mm and 153mm from the ground plane as jet positioned varied 

between X/0=3.0 and X/D=0.5. 

With the jet re-positioned at X/D=O, the anemometer then obtained wind 

speeds at positions between half a diameter above the outlet (Z/D= 1.2) and 3mm 

(Z/D = 0.0059) from the testing surface. 

A duplicate velocity measurement at Z=43 mm at the end of each traverse 

verified the repeatability of results. 

4.2 Moving Jet Velocity Tests 

A TSI calibration unit calibrated the single hot-film anemometer for 

velocities ranging between Om/s and approximately 43m/s prior to the start of 

testing each day. 

The wind speed occurring half a diameter above the center of the outlet of 

the jet (X/D = 0) before each vertical wind speed traverse provided a reference 

for each tests series. The anemometer, sampling at 200Hz for 40.96 seconds in 
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each trial, recorded wind speeds at eaves height of the cube as the jet moved 

along the rails at a constant lateral speed of approximately 1 m/s. The wheel of 

the jet activated switches on the rails that indicated when it was Sm fro,m, and 

then directly beneath the anemometer. The ZOC EIM recorded the switch output 

voltage at a scan rate of 200.32 Hz for 40 seconds. A minimum of five trials 

ensured four tests occurred within approximately +5o/o of the desired translational 

speed. The anemometer then measured velocities during at least 5 trials in 

which the jet moved with a 2m/s translational speed. 

The times at which the switches activated in each test indicated the 

average jet translational speed. 

4.3 Boundary Layer Pressure Tests 

Pitot tubes mounted in the closed circuit wind tunnel at a reference 

location and at eaves height of the cube indicated the dynamic pressure ratio 

required to convert the pressure readings on the cube to coefficients based on 

eaves height dynamic pressure. 

With the cube positioned at 0° orientation in the wind tunnel, the 

transducer module, sampling at 400.64Hz for 30 seconds, recorded pressures on 

the model and at the reference pitot in approximately 15m/s winds. The static 

pressure in the wind tunnel provided the transducer reference pressure. 

With the cube repositioned with vertical faces at 45° to the direction of 

flow, and the heavily tapped roof corner as the leading corner, the transducer 

module sampled pressures on the model under the same conditions as the 

previous test. Rotating the cube 90° and repeating the experiment provided a 

detailed record of pressure distribution on the cube. 

4.4 Stationary Jet Pressure Tests 

A pitot tube positioned half a diameter (0.255m) above the jet outlet 

obtained a dynamic pressure at the start and finish of each set of tests, providing 
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a reference for pressure readings. The pitot sampled the jet under free-stream 

conditions, due to its posiUon away from the testing surface. 

After obtaining a set of zero readings, the transducer module sampled the 

pressures the jet generated on a cube attached to the testing surface with one 

face normal to t'he direction of the jet rails (0° orientation). Laboratory 

atmospheric pressure away from the jet provided the transducer reference 

pressure. The jet's position ranged from directly below the cube (X/0=0.0) to 3.0 

diameters (X/0=3.0) during these tests. The transducer module samp:led 

pressures for 60 seconds at 400.64Hz for each jet location. 

With the cube repositioned with its vertical faces at 45° to the direction of 

the rails (45° orientation) and the heavHy tapped corner facing the direction from 

which the jet approached, the transducer module monitored pressures on the 

cube surface for the same range of jet positions as the 0° case. 'Rotating the 

cube 90° and repeating the experiment provided a detailed record of pressure 

distribution on the cube. 

With the cube removed from the Moving Jet Wind Tunnel, a single 

pressure tap on the testing surface then monitored static pressure variation in the 

simulated downburst with the jet positioned through 0.09</0<3.0 .. 

4.5 Moving Jet Pressure Tests 

A pitot tube positioned half a diameter (0.255m) above the jet outlet 

obtained a dynamic pressure at the start and finish of each set of tests, providing 

a reference for pressure readings. The pitot sampled the jet under free-stream 

conditions, due to its position away from the testing surface. 

Prior to each test, the transducer module obtained a set of zero readings. 

Laboratory atmospheric pressure away from the jet provided the transducer 

reference pressure. The jet, being manually pushed, moved along the rails at a 

constant translational speed of approximate'ly 1 m/s, simulating a traveling 

downburst. The transducer module sampled the pressures the jet generated on 

a cube attached to the testing surface with one face normal to the direction of the 
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jet rails (0° orientation). The module sampled pressures at 400.64Hz for 30 

seconds, and monitored the "Tripper" switches on the rails simultaneously with 

the pressures on the cube to indicate the relative location of the jet during each 

test. A minimum of five trials ensured four tests occurred within approximately 

+5% of the desired translational speed. Then transducer module then monitored 

pressures on the cube during at least five trials in which the jet moved with a 

translational speed of approximately 2m/s. 

With the cube repositioned at 45° orientation, the transducer module 

sampled pressures on the surface of the cube for at least five trials at both jet 

translational speeds. Rotating the cube 90° and repeating the experiment then 

provided a detailed record of pressure distribution on the cube. 

With the cube removed from the Moving Jet Wind Tunnel, a single 

pressure tap on the testing surface then monitored the transient static pressure 

time histories in the simulated downburst. The tap sampled static pressure for 

the same jet translational speeds as the cube surface pressures (-1 m/s and 

-2m/s). 

The times at which the switches activated in each test indicated the 

average jet translational speed. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Wind Speed Measurements 

5.1.1 Stationary Observations 

5.1.1.1 Mean Wind Speed Profiles 

Without the cube attached to the testing surface, vertical anemometer 

traverses with the jet positioned at various distances ranging between X/D=3 and 

XID=O.O recorded the wind speed profiles of the diverging flow over the testing 

surface. Measurement heights ranged between 3mm and 153mm during the 

vertical traverses. 

Non-dimensionalisation of all wind speeds with respect to the wind speed 

half a diameter above the jet outlet accounted for slight variation in 

characteristics of the hot-film probe. Figure 5.1 shows a plot of non-dimensional 

mean wind speed as a ratio of the mean outlet speed versus non-dimensional 

elevation as a ratio of the diameter of the jet outlet, for a variety of jet locations. 

Note that the single film anemometer measured only velocity magnitude, and that 

the jet produced outlet speeds of approximately 1 Om/s, as stated in section 3.1. 

At X/D=0.5, the small wind speeds occurred near the ground due to the 

anemometers closeness to the stagnation region beneath the jet. At greater 

distances from the ground at this jet location, velocities may have had quite a 

significant vertical component. 

At X/D=0.75, the little variation occurred in the mean wind speed over 

much of the lowest 40mm (Z/D - 0.08). The winds in this region of the diverging 

flow most like.ly contain little vertical component. Above Z/D-0.08, winds speeds 

decrease rapidly with increasing elevation. 
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Figure 5.1: Non-dimensional vertical wind speed profiles over testing surface as 
a function of distance from the stagnation point X/O = O for a stationary jet 

The highest mean wind speeds occurred at X/0=1.0. This jet location 

produced little variation in wind speeds at lower elevations and a wind speed 

profile that does not show the velocity nose typically associated with wall jet 

flows. The shape of the wind speed profile suggests that the effects of surface 

roughness have not fully developed in this region, and that the boundary layer 

caused over the testing surface smaller than the lowest measurement point 

(3mm). Castro and Robins (1977) observed during their uniform flow tests, 

measuring a boundary layer thickness 2mm and 6mm. 

The development of a distinct "nose" in the wind speed profiles at 

X/0=1.25 and X/0=1.5 clearly indicates boundary layer growth over the testing 

surface. With the jet positioned further from the testing location, the profile tends 

to evolve further to resemble an atmospheric boundary layer type profile at lower 

elevations. However, at these locations the jet produced significantly lower wind 

speeds than the worst case at X/O= 1. 
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Note that surface roughness dictates the rate of boundary layer growth. 

The current study used a smooth plywood testing surface. Boundary layer 

growth would likely have occurred at a greater rate had a rougher testing surface 

been used. However, the small scale of the simulation (section 5.1.1.4) 

presented in difficulties in assessing the terrain such a surface would represent. 

Therefore, the study excluded an investigation of the affect of varied surface 

roughness. 

Little turbulence occurred in the flow close to the jet stagnation region 

(Figure 5.2). When positioned at X/0=0.5 and X/0=0.75, the jet produced 

relatively uniform eaves height turbulence intensities of approximately 13%> over 

the height of the cube. 

Turbulence intensity over the height of the cube increased, and the 

turbulence intensity profiles showed a more pronounced bulge in the opposite 

direction to the wind speed profiles as the lateral separation between the jet and 

cube increased. For the X/0=1.5 series of tests, the turbulence intensity of the 

diverging flow ranged between 33% and 49°/o over the lower elevations. 

However, the transient characteristics of jet in the moving scenarios mean that 

turbulence intensity held little meaning in translating downburst simulations. 

When interpreting the X/O=O turbulence intensities, the profile should be 

considered with its extremely low velocities close to the ground. 
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Figure 5.2: Vertical turbulence intensity profile created on the testing surface for 
the stationary jet with no translational velocity 

5.1.1.2 Comparison with Historical Data 

Figure 5.4 shows a comparison of wind speed profiles observed during the 

current study, and those Letchford and Mans (1999) physical simulated at the 

University of Queensland (UQ) using an axial flow fan (Figure 5.4). The UQ 

simulation used a 430mm diameter jet (-17 inches), and a jet outlet/testing 

surface separation of 540mm (-21 inches), or 1.25 diameters. As stated earlier, 

830mm (34 inches), or 1. 7 diameters separated testing surface and jet outlet in 

the current study. The wind speed 0.5 diameters above the jet outlet center, or 

0.75 diameters above the testing surface, provided the wind speed reference 

during the UQ tests. The UQ jet produced an outlet speed generally in the order 

of 7m/s, although showed significant variation from test to test (Chay, 1999). 

The wind speed profiles of the University of Queensland study and the 

current tests showed significant differences. The most obvious difference 

between the two studies occured at X/D=0.75. The slower speeds for the current 
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case may indicate that the Moving Jet Wind Tunnel produced a proportionally 

larger stagnation region than the University of Queensland jet, which may be 

related to the larger distance to the surface allowing for a slightly larger spread of 

the flow in the current study. However, despite variation in the magnitude of the 

outflow wind speeds, the wind speed profiles the two studies produced decayed 

in a similar manner. 
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Figure 5.3: Non-dimensional velocity profiles from the University of Queensland 
wall jet (Letchford and Mans, 1999) 
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Comparions of Non-Dimensionalised Velocity Profiles 
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Figure 5.4: Comparison of the non-dimensional profiles for the Moving Jet and 
results from the University of Queensland 

Wood et al. (1999) investigated the effect of varying the distance between 

the jet outlet and the testing surface on the wind speed profile. Figure 5.5 shows 

a comparison of their results , those of the current tests, and the results of the 

tests from the University of Queensland. Results of the comparison suggest that 

the difference in testing surface and jet outlet separation caused the difference 

between the University of Queensland tests and the current study. 
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Figure 5.5: Comparison of non-dimensional velocity profiles at X/0=1 with 
varied separation of jet outlet and testing surface (Zj) 

Hjelmfelt (1988) performed an investigation of the wind speed profiles of 8 

full-scale downbursts. Figure 5.6 shows a comparison of Hjelmfelt's investigation 

to the wind speed profiles produced at X/D=0.75, X/0=1 .0, X/0=1.25 and 

X/0=1.5 during the current study. A velocity axis non-dimensionalised with 

respect to the maximum velocity of the respective profile and a height axis non

dimensionalised with respect to the elevation at which the maximum velocity 

occurred facilitated comparison of the profiles. 
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Figure 5.6: Comparison of non-dimensional velocity profiles to full-scale data. 

The wind speed profiles of the current study tended to show less variation 

in speed with height than the full-scale data at lower elevations. However, the 

more developed X/0=1.5 profile tends to correspond more closely to the mean of 

the full-scale cases. 

5.1.1.3 Spectral Characteristics of the Velocities at Eaves Height 

Figure 5. 7 shows the frequency spectra of eaves height velocities for jet 

positions in the rangeO.O<X/0<3.0, as shown in Figure 5.7. The spectrum at 

X!D=O resembled that at the jet outlet. With the jet positioned at XID>O. 5 a 

"hump" occurred in the spectra, with most of the energy being focused between 

5Hz and 15Hz. 
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Figure 5.7: Frequency spectra of velocities at eaves height for the stationary jet. 

Cimbala, Billet, Gaublomme, and Oefelein (1991) observed a similar 

frequency hump in their study examining the frequency content of a 76.2mm 

diameter impinging jet with a an exit velocity of 45. ?mis. They observed 

continuous formation and propagation of ground vortices, and that the jet free

stream velocity dictated the dominant frequency of the ground vortex "puffing." 

They also observed that as the flow moved further downstream the frequency 

tended to decrease, as in the current study. Letchford and Mans (1999), 

obtained similar results in the UQ simulations. 

The current study could not verify similarity between the wall jet ground 

vortex phenomenon and the structure of a real downburst. To the author's 

knowledge, there is no literature available that describes the frequency spectrum 

of downburst winds. The non-stationary nature of these winds prevent 

conventional methods of determining their frequency content. A rapid increase in 

wind speed occurs as the center of the downburst approaches. Therefore, the 
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statistics that usually describe wind (such as mean speed and turbulence 

intensity) hold little meaning in a downburst. This also applies to frequency 

spectra. 

5.1.1.4 Estimate of Scale 

The spatial scale of t'he current study may be estimated based on t'he 

velocity profiles of the stationary jet. Hjelmfelt (1988) observed that t'he parent 

downdraft of a microburst typically had a 1.8km diameter and that t'he maximum 

outflow winds occurred at approximately 1.5km from the center of t'he descending 

column of air (Figure 2.6). The Moving Jet Wind Tunnel represents a scale of 

approximately 1 :3500 to 1 :3000 based on Hjelmfelts observations. However, 

Hjelmfelt observed microbursts with diameters ranging between 1.2km and 

3.1 km. Therefore, t'he current simulation ,may represent a range of scales based 

on t'he dimensions of storms that form in particular areas. 

5.1.2 Moving Jet Wind Speed Profiles 

5.1.2.1 Selection of Data 

T'he anemometer recorded wind speed time 'histories at eaves 'height of 

t'he cube as t'he jet traversed the testing surface at translational speeds of 1 m/s + 

-5°/o (~ 0.1 Vret) and 2m/s + -5o/o (~0.2 Vref). A minimum of five trials in each 

case ensured that the four profiles selected for analysis occurred at similar 

translational speeds. The trials selected from the 1 m/s tests had translat 1ional 

speeds that ranged between 0.97m/s and 1.04m/s (-3% to +4% variation from 

1 m/s). Translational speeds ranged between 1.96m/s and 2.1 Om/s (-1.5% to 

+5% variation from 2m/s) for the trials selected from the 2m/s tests. Non

dimensionaHsation of the wind speed time histories with respect to the outlet 

velocity measured at the reference location (Figure 3.2) accounted for variation in 

the characteristics of the hot-film anemometer. 

A time-space conversion (Equation 5.1) based on the diameter and 

translational speed of the jet and applied to the time axis of the wind speed 
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measurements indicated the lateral separation of the center of the jet and the 

anemometer probe during the transient measurements in terms of the outlet 

diameter. The time at which the center of the jet passed directly beneath the 

anemo'meter represented X/D=O (i.e. at time = t0). However, the experimental 

configuration prevented time stamping of the anemometer time histories to 

indicate the jet location. Therefore, the assumption that to represented the time 

at which the wind speed equaled Vrrans (translational speed of the jet) after then 

first peak in the time history formed the basis for aligning the time histories. 

as: 

X VTrans (t O - t) 
-

D D 
(5.1) 

The analysis excluded readings made outside of the range -0.5< X/D< 7.0, 

a. AU design conditions occurred within this range of jet positions, 

b. Braking began shortly after the jet passed X/D=O, as space 

restrictions meant that the jet had to be brought to a halt as quickly 

as possible, 

c. The probe could not measure reverse flow accurately. 

Figures 5.8 and 5.9 show the results of this analys'is. 
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Figure 5.8: Transient velocity time histories at eaves height of the moving jet for 
VTrans ~ 1 mis 
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Figure 5.9: Transient velocity time histories at eaves height of the moving jet for 
VTrans ~ 2 mis 

5.1.2.2 Characteristics of the Transient Wind Speed Time Histories 

The approach of adding the non-dimensional translational speed of the jet 

(VTransNRet) to the non-dimensional mean speed observed in the stationary jet 

case at a given location (VstatNRet) provided a quasi-steady profile estimate of the 

mean transient wind speed time history. This estimate only applied to the range 

of jet positions examined during the stationary jet tests (09</0<3 in this case). 

VQuasi-steady VTrans + VStat 
-

VRef VRef 
(5.2) 

The method specified in AS1170.2 for calculating gust speeds in an 

atmospheric boundary layer wind provided an estimate of the transient gust 
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speed profiles. This method assumes a normal distribution of wind speeds and 

estimates the non-dimensional gust speed as 3. 7 standard deviations greater 

than the non-dimensional stationary jet mean wind speed case at a given 

location. The mean speeds used for the prediction corresponded to the quasi

steady mean estimates (equation 5.2). Similar to the quasi-steady mean 

estimate, the jet positions for which stationary jet readings were available limited 

the range of the gust estimates (OSX/0<3). 

VGust VStat (1+3.7(T.J.)) 
(5.3) 

where T. I. is the turbulence intensity observed in the stationary jet velocity tests. 

The approach of adding the translational speed to the stationary mean 

speed as a quasi-steady estimate of the mean transient wind speed history of the 

moving jet trials proved effective at a 1 mis translational speed. However, the 

quasi-steady gust speeds (equation 5.3) overestimated the peak transient 

ve:locity fluctuations the jet produced at this translational speed. 

The quasi-steady 'mean profile modeled the moving jet wind speed time 

history quite poorly at a 2m/s translational speed. At this higher translational 

speed, the outflow reached the anemometer much later, effectively as a pseudo 

gust front (the boundary of the diverging flow of the jet, causing a sudden change 

in the wind vector). The quasi-steady approach could not model the effects of 

the gust front. However, the quasi-steady method did provide a reasonable 

means of predicting the magnitude of the maximum velocity of the transient 

profile once a moving average (not shown in this case) removed fluctuation in the 

readings. Once again, equation 5.3 overestimated the fluctuations of the 

transient velocity time history for the moving jet. Letchford and Mans (2000), 

obtained similar results. 

The non-stationary nature of the wind speed time histories prevented an 

investigation of their spectral densities. The relevance of such analysis of the 
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transient time h'istories is questionable at this stage. The Andrews Air Force 

Base Downburst on August 1, 1983, possibly the most famous recorded full

scale downburst event, produced wind speeds reaching 66.5 mis (Fujita 1983). 

However, wind speeds during the first peak remained above 30 m/s for slightly 

over a minute. Such rapid changes in velocity inhibit calculation of the spectrum 

of such an event. Also, the relatively broad sampling time used in the past hide 

higher frequencies in the wind fluctuations. 

The question remains as to whether a translational speed of 

approximately 0.2 the maximum outflow speed is realistic. Fujita (1983) 

estimated that the parent downdraft of the Andrews Air Force Base microburst 

moved at of translational speed of 12.8 mis, which corresponds to 0.19 of the 

maximum outflow speed. However, this event represented a particularly intense 

downdraft occurring with a common translational speed. Therefore, translational 

speed to outflow speed ratios higher than the 0.2 the current study modeled may 

occur commonly in nature. However, the limitations of the experimental 

apparatus prevented an investigation of higher translational speeds during the 

current study. 

5.2 Static Pressure Fields within the Diverging Flow of the Jet 

5.2.1 Stationary Jet Static Pressure Field 

A single pressure tap in the testing surface monitored the static pressure 

within the diverging flow of the stationary jet at various locations for 09</0<3. 

Ambient pressure in the laboratory away from the jet provided the transducer 

reference pressure. Conversion of the mean static pressures at each jet location 

to coefficients with respect to the dynamic pressure of the jet at the reference 

location provided a non-dimensional representation of the static pressure field. 

C = p XI D,Static - PA1MOS 

P I V2 
2P REF 
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The jet produced a high-pressure region between 09</D<0.25 

approximately equal to the stagnation pressure at the outlet. This region 

represented the mesohigh of a downburst (Figure 5.10). The coefficient of 

stagnation in this case exceeded 1 as the jet produced a slightly non-uniform 

velocity profile over the cross-section of the outlet, increasing slightly in 

magnitude away from the center of the outlet, which corresponded to the 

reference velocity location. As the jet moved further away, the static pressure 

showed a sharp decrease and quickly approached atmospheric pressure. 

The stationary jet did not create a negative static pressure region, which is 

contrary to Fujita's (1985) observations of a real microburst. The absence of 

gust fronts or ring vortices in the stationary jet case may have caused this. 

Stationary Jet Static Pressure Field 

--------------~--------------------.-- 1.2 

L-----------------------------cf-----+ 0.8 

L----------------------+-------t- 0.6 

L------------------------------1------1- 0.4 

!----------------------------J----------+ 0.2 

3 2.5 2 1.5 1 0.5 

L-------------~--------------t- -0.2 

XID 

Figure 5.10: The mean static pressure field of the stationary jet 
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5.2.2 Moving Jet Static Pressure Field 

A single pressure tap on the testing surface recorded the static pressure 

variation within the simulated downburst as the Jet moved at translational speeds 

of approximately 1 m/s + -5% (~ 0.1 Vret) and 2m/s + -5% (~0.2 Vref). A time

space conversion (Equation 5.1) based on the diameter and translational speed 

of the jet and applied to the time axis of the wind speed measurements indicated 

the number of diameters from the center of the jet to the pressure tap in the 

transient measure,ments. A minimum of five tria'ls in each case ensured that the 

four profiles selected for analysis from each set of tests occurred at similar 

translational speeds. The trials selected from the 1 mis tests had translational 

speeds that ranged between 0.97m/s and 1.01 mis (-3o/o to +1 % variation from 

1 mis). Translational speeds ranged between 2.00m/s to 2.07m/s for the trials 

selected from the 2m/s tests (0% to +3.5% variation from 2m/s). 

Conversion of the mean static pressures at each jet location to coefficients 

with respect to the dynamic pressure of the jet at the reference location provided 

a non-dimensional representation of the static pressure field. Ambient pressure 

in the laboratory away from the jet proved the reference pressure of the 

transducer. 

c = PSTA17C - PATMOS (5. 5) 
p i vi 

2P REF 

The mean static pressure coefficients the stationary jet produced provided 

a quasi-steady estimate of the moving jet coefficient time histories (Figures 5.11 

and 5.12). 

The transient static pressure coefficient time histories of the 1 m/s tests 

showed a slight pressure drop between 2.5<X/D<3.5, which coincided with the 

region in which wind speeds started increasing in the moving jet velocity tests for 

this lower translational speed. The pressure time history closely resembled the 

quasi-steady estimate for X/0<2.5. 
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Figure 5.11: Static pressure field of the moving jet with a translational speed of 
1m/s 

In contrast to the slower translational speed, acceleration of the diverging 

flow occurring during the 2m/s tests significantly altered the static pressures 

generated ·over the testing surface. At the higher translational speed a small 

pressure increase occurred between 1.85<X/0<2.5 and preceded a significant 

decrease in pressure beginning at approximately X/0=1.85. The pressure 

decrease coincided with the point at which the pseudo gust front arrived in the 

2m/s moving jet velocity tests, and hence, represented the location of greatest 

positive acceleration. The jet produced a negative (i.e., less than atmospheric 

pressure) transient static pressure region between 1 <X/0<1.85. The transient 

profile followed a similar shape to the quasi-steady profile, although at a reduced 
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magnitude, as the jet moved within one diameter of the observation point 

(X/0<1 ). 
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Figure 5.12: Static pressure field of the moving jet with a translational speed of 
2m/s 

The static pressure observations at the higher translational speed 

indicated that the moving jet generated a pressure field similar to that Fujita 

(1985) observed for a traveling downburst (Figure 2.11 ). 

5.3 Pressures on the Cube in a Simulated 
Atmospheric Boundary Layer 

Pressure readings on the cube in a boundary layer wind tunnel provided a 

direct comparison between the current study and previous research. The 

transducer module sampled pressures on the cube immersed in a simulated 

atmospheric boundary layer. The Texas Tech University closed wind tunnel 
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simulated the boundary layer profi 1le at a test velocity of approximately 15 m/s. 

Section 3.3 includes a description of the simulated boundary layer wind profile. 

The transducer module recorded pressures on the cube with one face 

normal to the direction of flow, and then with walls at 45° to the direction of flow. 

The static pressure of the wind tunnel provided the reference pressure of the 

transducer in each case. Conversion of the mean pressures at each tap to 

coefficients with respect to the mean dynamic eaves height pressure provided a 

non-dimensional representation of the loads on the model. 

p -PSTA71C 

Cps= -2 + pV EAVES 

(5.6) 

A dynamic calibration of the pressure measurement system revealed that 

less than So/o amplitude magnification occurred at 50Hz. While reduction of the 

frequency spectrum of the boundary layer and stationary jet tests easily accounts 

for suction magnification, non-stationary nature of the moving jet tests prevented 

correction of the transient pressure time histories. Therefore, for consistency of 

analysis, all pressure readings throughout the study remained unaltered and 

reflected the small amount of amplitude magnification resulting fro'm the 

experimental configuration. However, the pressure measurement system 

produced a only relatively small amount of amplification, which resulted in little 

compromise of results. 

Figure 5.13 shows a comparison of the centerline pressure coefficient 

profile observed during the boundary layer testin,g and previous research. The 

simulated atmospheric boundary layer in the current study produced pressure 

coefficients at 0° orientation that closely resembled the historical examples. Note 

that the plotting software poorly interpolated pressures between tap 6 (top of the 

w 1indward face) and tap 7 (leading edge of the roof centerline). "Duirnmy taps" 

between tap 6 and 7 prevented the interpolation. 
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Comparison of Previous Studies, Centre Line Profile, 0° Orientation 
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0 -1.5 ~-------------------------l 
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Figure 5.13: Comparison of boundary layer wind tunnel test centerline pressures 
with previous studies for 0° orientation 

Pressure coefficient profiles along the sidewall of a cube at 0° orientation 

varied significantly between studies (Figure 5.14). However, the pressures 

recorded in the boundary layer wind tunnel indicate flow separation at the 

windward edge of the sidewall , then reattachment towards the leeward side of 

the face. The turbulence intensity differences between the studies are most 

likely responsible for the variation the reattachment point amongst the historical 

and current data. 
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Comparison of Side Wall Pressures, 0° Orientation 
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Figure 5.14: Comparison of boundary layer wind tunnel test sidewall pressures 
with previous studies for 0° orientation 

Figure 5.15 shows the pressures at the windward edge of the roof for the 

0° case. Note that a position of 0.5 along this profile corresponds to the 

centerline of the cube, with 1 and 0 representing the edges. This row of taps 

sampled pressures approximately 1.2 mm downstream of windward edge of the 

cube, or 0.04 of the dimension of the cube. Pressures along the roof edge profile 

gradually increased away from the center of the cube. The pressure profiles 

Baines (1963) observed provided the only comparison for roof edge pressures, 

but showed little agreement with the pressures the simulated atmospheric 

boundary layer created. However, Baines' observations generally disagreed with 

the other historical cases examined in the current study. 
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Figure 5.15: Comparison of boundary layer wind tunnel test windward roof edge 
pressures with previous studies for 0° orientation 

With the cube positioned at 45° orientation, the shape of the current 

boundary layer centerline pressure closely resembled that of the historical 

profiles. However, the current study yielded lower magnitude pressure 

coefficients along the leading edge of the roof than the historical cases (Figure 

5.16) 
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Comparison of Previous Studies, Centre Line Profiles, 45° Orientation 
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Figure 5.16: Comparison of boundary layer wind tunnel test centerline pressures 
with previous studies for 45 ° orientation 

The coarse pressure tap spacing the current study used, with only 7 taps 

spanning the roof, may have caused the difference in pressure magnitude that 

occurred at the leading edge of the roof. Conical vortices, which produce quite 

large pressure gradients, cause the suctions on this part of the cube. Therefore, 

the worst suctions possibly occurred between two of the taps. 

Windward sidewall pressure coefficients on the cube at 45° showed good 

similarity to the Castro and Robins (1977) observations for boundary layer flow 

(Figure 5.17). However, the TTU boundary layer wind tunnel produced slightly 

lower pressures on the leeward face than the historical case. 
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Comparison of Side Wall Pressures, 45° Orientation 
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Figure 5.17: Comparison of boundary layer wind tunnel test sidewall pressures 
with previous studies for 45° orientation 

Note that separate tests yield the horizontal pressure distributions on the 

windward and leeward sides of the cube at 45° orientation in the current study, 

as only one face of the model had a horizontal tapping layout. A test in which the 

heavily tapped corner of the roof faced the windward direction produced the 

windward face horizontal profile. Repeating the experiment after a 90° rotation of 

the cube allowed the horizontal pressure tap profile to sample along a leeward 

face. This sampling method also produced the centerline and windward roof 

edge profiles for the cube at 45° orientation. Stagnation may have favored a 

different side in each test. 
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Figure 5.18 shows the pressures on the windward edge of the roof for the 

45° case. The most intense pressures occurred on the windward corner of the 

roof, where the conical vortices are most compact. Small variations in cube 

position and differences in the pressure tap locations along each edge of the 

cube most likely caused the small disagreement between the two profiles. 

Conical vortices acting in this region of the roof produce larger pressure 

gradients. Therefore, small variations in position result in significantly different 

pressure readings. Unfortunately, no historical comparison was available in this 

case. 

Roof Edge Pressures - 45° 

-e-- TTU Boundary Layer Test 1 Side 1 

0. 5 -+------ '--+-+-----+----+----- -&- TTU Boundary Layer Test 1 Side 2 

-a-nu Boundary Layer Test 2 Side 1 

8- -0.5 +------------------------~ 

-2 -L---~~---~---------~----~~ 

0 0.2 0.4 0.6 0.8 1 

Position 

Figure 5.18: Pressures along the windward roof edge with the cube at 45° 
orientation 
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Figure 5.19 shows a contour map of the pressures recorded on half of the 

roof of the cube during the two 45° tests. The coordinates (0,0) represent the 

windward corner of the cube. Diverging regions of higher-pressure intensity 

pressures occur along the edges of the roof, which is indicative of conical 

vortices. Note that the most intense pressures may have occurred between the 

coarsely spaced pressure taps on the model roof. Therefore, it is unlikely that 

the contour map shows the strongest roof suctions. Rather, the contour plot 

indicates the general trend of pressure distribution on the roof of the cube under 

45° orientation. 
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Figure 5.19: Contour map of pressures on half of the roof of the cube with 45° 
orientation 
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5.4 Stationary Jet Pressure Tests 

5.4.1 Selection of Data 

The transducer module samp 1led pressures on the cube at 0° and 45° 

orientation, with the jet located in the range 09</0<3. Ambient pressure in the 

laboratory away from the jet provided the reference pressure of the transducer. 

Conversions of the mean pressures at each tap to a coefficient with respect to 

the mean dynamic pressure of the jet at the reference location provided a non

dimensional representation of results. 

p -PATMOS 
c PJ = -2 (5.7) 

t pV REF 

This analysis included the 0° and 45° cases, for each point at which the jet 

was positioned, and examined the mean pressure coefficient profiles along the 

vertical centerline of the cube (taps 1 to 19), the windward edge of the roof (taps 

7, 20, 21, 22, and also 23 to 26 in the 45° case), and the horizontal sidewall (taps 

33 to 38). As stated in section 5.3, pressure measurements reflect the small 

amount of amplitude magnification that the transducer and tubing produced. 

The results of the analysis depict the side with the greatest pressures when two 

choices existed in the 45° cases. 

5.4.2 Pressures on the Cube 

5.4.2.1 0° tests 

When positioned directly below the cube (X/D=O), the jet produced 

pressure coefficients slightly higher than 1 at all locations on the model (see 

Figures 5.20 to 5.22), as pressures on the cube approached the stagnation 

pressure of the jet. Loading under these conditions would be particularly relevant 

to sealed structures. Note that the cube experienced pressures slightly lower 

than the static pressure at the testing surface in sect1ion 5.2.1. The effects of low 

velocity airflow at this location caused this discrepancy, as the flow of the jet had 
74 



not fully stagnated at the eaves height of the cube for X/D=O (see Figure 5.1 ). 

The cube experienced ,mean pressure coefficients slightly greater than one, as 

the dynamic pressure sampled at the reference location above the jet exit was 

slightly lower than the mean dynamic pressure over the outlet, as discussed in 

section 5.2.1. 

The static pressure field contributed smaller proportions of the loads on 

the cube as the jet moved away from X/D=O. The mean pressure coefficient 

profiles at XID=0.5 and X/D=0.625 reflected the action of wind flow over the 

model, although the mean pressures on the faces of the cube tended to be 

positive. At these locations, the static pressure field of the jet stil.I represented a 

significant component of the pressures observed, although the dynamic effect of 

the diverging wind produced large proportions of the pressures on the modeL 

The mean pressure coefficient profile along the cube centerline showed 

very little variation over the windward face, and a gradual decrease in magnitude 

along the roof, when the jet position ranged between X/D=0.875 and X/D=1.0. 

Pressures on the model in this jet position range resembled the pressure profiles 

resulting from a uniform flow field. The stationary jet wind speed profiles (Figure 

5.1) support this observation, as wind speeds the height of the cube at these jet 

positions showed little variation with chang,ing elevation. The mean pressure 

profile at XJO= 1.25 showed greater variation across the windward face than the 

lower X/O cases, although resembled the X/D=0.875 and X/0=1.0 cases at other 

parts of the cube. The jet produced the greatest mean pressures when 

positioned through 0.8759</D<1.25, with the static pressure representing on a 

small component of load on the model. (At X/0=1.25, the static pressure field 

pressure coefficient was approximately 0.03.) 

Overall, the jet produced slightly weaker mean pressures on the cube at 

X/0=1.5 than over the range 0.8759</0<1.25. Pressures on the windward face 

also showed greater variation at the more distant location. The magnitude of the 

mean pressures decreased considerably as the jet moved beyond X/0=1.5. 
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Figure 5.20: Mean pressures coefficients observed along the centerline of the 
cube with 0° orientation 
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Side Wall Horizontal Pressures - 0° Orientation 
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Figure 5.21: Mean pressures coefficients observed along the sidewall of the cube 
with 0° orientation 
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Windward edge roof pressures - 0° Orientation 
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Figure 5.22: Mean pressures coefficients observed along the windward roof edge 
of the cube with 0° orientation 

The largest mean suction observed on the cube occurred at tap 23 

(slightly down stream of the windward side of the roof corner) with the jet located 

at X/0=1.25. These conditions produced a mean pressure coefficient of -0.77. 

The average of the four single largest positive and negative pressure 

readings occurring in a combined data set of the pressure time histories from the 

stationary jet tests with the cube at 0° orientation for all values of XID provided an 

estimate of the peak pressures that acted on the cube. Conversion of these 

peak pressures to pressure coefficients in the same manner section 5.4.1 

described provided a non-dimensional representation of results (Figures 5.23 

through 5.25). 

Positive and negative pressure peaks acted on all parts of the cube. 

Positive peak pressure coefficients exceeded 1.48 at all pressure taps. The 
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greatest positive pressure coefficients occurred on the windward face of the 

cube, reaching a maximum of 3.15 at tap 3 (center of the windward face). 

The weakest negative peak pressure coefficient occurred on the windward 

face, with the lowest being -0.45 at tap 1 (bottom of the windward face). All 

regions of the cube that experienced negative mean pressures with the jet 

positioned through 0.8759</0<1.25 experienced negative peaks of magnitude 

greater than -1.96. The strongest negative pressure coefficients occurred on the 

windward half of the sidewall. Tap 33 (windward edge of the sidewall) recorded 

the most intense of these at -4.31. In contrast, the largest mean suction occurred 

near the corner of the windward side of the roof, although the peak suction -3.88 

occurred at this location on the cube. However, peak pressures tend to have 

little stability as statistics. 
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Figure 5.23: Peak pressure coefficients observed along the centerline of the cube 
with 0° orientation 
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Peak Pressure Coefficients - 0° Sidewall 
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Figure 5.24: Peak pressure coefficients observed along the sidewall of the cube 
with 0° orientation 
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Peak Pressure Coefficients - 0° Windward roof edge 
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Figure 5.25: Peak pressure coefficients observed along the windward roof edge 
of the cube with 0° orientation 

5.4.2.2 45° tests 

0.6 

The mean pressure coefficient variation as jet position changed for the 45° 

tests (Figures 5.26 to 5.28) showed similar trends to the 0° case. The jet 

positioned at X/D=O produced mean pressure coefficients slightly higher than 1, 

although slightly less than the static pressure, on all faces of the model. As 

stated in section 5.4.2.1, the flow of the jet approached stagnation at this jet 

location. At X/D=0.5 and 0.625, the pressure profiles reflect the action of wind 

flowing over the cube, although the cube still lies within the mesohigh region. 

The greatest mean pressures occurred for 0.875sXJD<1.25, and 

resembled a uniform flow case. A slight drop in pressure magnitude occurred as 

the jet moved away to X/0=1.5. Further increases in X/D lead to significant 

pressure decreases. 
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The greatest mean suctions occurred on the roof at X/D = 0.875, with a 

pressure coefficient of approximately -1.15 at Tap 23 (in the windward corner of 

the roof). However, the scarcity of pressure taps and strong pressure gradients 

existing under the action of conical vortices mean that this may not have been 

the greatest suction acting on the roof. 
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Figure 5.26: Mean pressures coefficients observed along the centerline of the 
cube with 45° orientation 
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Sidewall Pressures - 45° Orientation 
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Figure 5.27: Mean pressures coefficients observed along the sidewall of the cube 
with 45° orientation 
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Windward Edge Roof Pressures - 45° Orientation 
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Figure 5.28: Mean pressures coefficients observed along the windward roof edge 
of the cube with 45° orientation. 
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Figure 5.29: Contour map of pressures on half of the roof of the cube at 45° 
orientation and X/D =1. 

Figures 5.30 through 5.32 show peak pressure profiles for the 45° case. 

Positive and negative pressures acted on all parts of the cube, with all positive 

pressure coefficient peaks greater than 1.45 occurring at all locations on the 

cubes surface. Again, the windward face of the cube experienced the highest 

peak positive pressures. The highest positive pressure coefficient occurred on 

the leading edge of the sidewall profile (Tap 33), at a value of 2.67. This point on 

the model also experienced a negative peak of -1.92. This peak pressure range 

indicates instability in the stagnation point on the cube, which likely alternated 

between the two windward faces throughout the stationary jet tests. 

The weakest negative peak pressures occurred on the leeward portion of 

the windward face sidewall profile. As expected, the greatest negative pressures 

occurred along the windward edge of the roof, with the strongest pressure 

coefficient of -5.84 acting on the windward corner (Tap 22). 
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Peak Pressure Coefficients - 45° Centreline 

-+- Maximum 
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Figure 5.30: Peak pressure coefficients observed along the centerline of the cube 
with 45 ° orientation 
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Peak Pressure Coefficients - 45° Sidewall 
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Figure 5.31: Peak pressure coefficients observed along the sidewall of the cube 
with 45 ° orientation 
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Peak Pressure Coefficients - 45° Windward roof edge 
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Figure 5.32: Peak pressure coefficients observed along the windward roof edge 
of the cube with 45° orientation 

5.4.3 Comparison to Historical Data 

5.4.3.1 0° tests 

Conversion of the stationary jet pressure profiles to pressure coefficients 

with respect to the dynamic pressure at eaves height for X/0=1.0, which was the 

location of highest mean velocity at this elevation observed in the stationary jet 

tests, facilitated a comparison of the test results with the jet positioned in the 

0.875~0<1.25 range to historical data. This range of jet positions caused the 

strongest mean pressures on the cube. This method, similar to design 

procedures for assessing wind loads, provided the most accurate comparison 

with other data. 
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p -PATMOS 

CPE = -2 

t pV EAVES 

(5.8) 

The shape of the pressure coefficient profiles along the centerline of the 

cube resembled a uniform flow pressure profile (see Figure 5.33), although 

showed slightly more variation across the roof than Castro and Robins ( 1977) 

observed. Turbulence intensity differences, which Castro and Robins identified 

as a significant factor with respect to the pressure distribution over the roof of a 

cube, most likely produced the variation in roof pressure profiles between the 

historical and current studies. At X/0=1, the stationary jet produced 

approximately 21°/o turbulence intensity at eaves height, compared to <0.5°/o in 

the uniform flow Castro and Robins observed. Also, the X/0=1.25 mean 

pressure profile showed significantly less variation along the roof of the cube 

than the historical boundary layer case, despite almost identical turbulence 

intensities at eaves height (-27%). 

The stationary jet produced s;idewall pressure coefficients that closely 

resembled the historica'I uniform flow case (Figure 5.34). 

Baines' (1963) observations represented the only comparison available for 

the roof edge pressures. The stationary jet pressure coefficient profile along the 

roof edge of the model showed better agreement with the historical boundary 

layer flow than the historical uniform flow (Figure 5.35). However, Baines' 

boundary layer flow observations over other regions of the cube varied 

significantly from the results of other historical studies. 

Note that the magnitudes of the stationary jet pressure coefficient profiles 

depended upon the reference velocity selected. Eaves height velocity did not 

represent the greatest mean speed occurring over the height of the cube for the 

three stationary jet cases this analysis included. This velocity variation over the 

model height would account for pressure coefficients significantly exceeding 1 on 

the front face of the cube, despite relative weak static pressures at these jet 

locations. 
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Comparison of stationary jet mean profiles to historical data 
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Figure 5.33: Comparison of centerline pressure coefficients of the stationary jet 
with historical data for 0° orientation 
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Comparison of stationary jet mean profiles to historical data 
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Figure 5.34: Comparison of sidewall pressure coefficients of the stationary jet 
with historical data for 0° orientation 
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Comparison of stationary jet mean profiles to historical data 
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Figure 5.35: Comparison of windward roof edge pressure coefficients of the 
stationary jet with historical data for 0° orientation 

5.4.3.2 45° tests 

Conversion of the pressures on the cube at 45° orientation to coefficients 

using the same method applied to the 0° tests facilitated comparison with the 

historical observations. The jet, when located in the range 0.875sX/D<1.25, 

produced cube centerline pressure profiles that possessed similar shapes but 

different magnitudes to the Castro and Robins uniform flow pressure profiles 

(Figure 5.36). The stationary jet produced significantly larger mean pressure 

coefficients on the windward face of the model than the historical study. In 

contrast, the stationary jet caused weaker mean pressures at the windward edge 

of the roof than the historical case, but the coarse pressure tap spacing on the 

roof may not have sampled the strongest pressures on that region of the cube. 

The historical uniform flow profile and stationary jet pressures showed good 
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agreement on the leeward half of the roof and the leeward face of the cube, and 

also along the sidewall (Figure 5.37). Unfortunately, the historical research the 

current study considered did not include pressures along the windward roof edge 

pressures for the 45° orientation, preventing any comparison with the stationary 

jet results for that part of the model. 

Comparison of centreline profiles to previous research - 45° Orientation 
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___._ XID= 1. 0 
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Figure 5.36: Comparison of centerline pressure coefficients of the stationary jet 
with historical data for 45° orientation 
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Corrparison of sidwall profiles to previous research - 45° Orientation 
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Figure 5.37: Comparison of sidewall pressure coefficients of the stationary jet 
with historical data for 45° orientation 

5.4.4 Variation in the Mean Pressure Profiles as X/D Increases 

5.4.4.1 0° tests 

As the lateral separation between the cube and jet increased, the mean 

pressure coefficient profiles of the stationary jet more closely resembled those 

generated in a boundary layer flow regime. 

In contrast to the analysis performed in section 5.4.3, conversion of the 

pressure readings on the cube at X/D =1.0 and X/0=1.5 to coefficients with 

respect to the dynamic pressure at eaves height calculated from the stationary jet 

velocity tests at X/O =1.0 and X/0=1.5, respectively, provided a non-dimensional 

representation of results. 
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p -PA1MOS 
C PX = _ 2 (5.9) 

-t pV EAVES,X ID 

This form of analysis facilitated an examination of the affect boundary 

layer growth over the testing surface on the pressure profiles generated on the 

cube. The analysis did not include profiles for X/0>1.5, as the 1low magnitude 

pressures occurring over this range of jet locations hold little relevance to a 

design situation. The analysis included a comparison of the stationary jet 

pressure profiles and those resulting from the boundary layer wind tunnel tests, 

as discussed in section 5.3. 

The stationary jet posaioned at X/0=1.5 produced mean pressures over 

the windward face of the model up to 66o/o larger than those that occurred during 

the boundary layer tests (Figure 5.38). However, the boundary layer and 

X/0=1.5 centerline profiles possessed similar shapes over each face of the cube. 

The coefficients over the front face for the stationary jet exceeded 1, again, as a 

consequence of the wall jet velocity profile. 

The shapes of the roof edge and sidewall mean pressure coefficient 

profiles at X/0=1.5 also resembled the shapes of boundary layer flow case 

(Figures 5.39 and 5.40). However, significantly stronger sidewall pressures 

(approximately 40% greater) occurred at X/0=1.5 than during the boundary layer 

tests, while pressure coefficients of almost identical magnitude occurred along 

the roof edge for these two cases. 

Note that despite the similarity in the mean pressure profiles on the roof of 

the cube for the X/0=1.5 case and the boundary layer flow, the turbulence 

intensity at this region of the simulated downburst proved substantially higher 

than in the boundary layer wind tunnel tests (approximately 34°/o at eaves height 

for X/0=1.5, in contrast to approximately 17°/o at eaves height in the simulated 

atmospheric boundary layer). Therefore, fundamental differences existed 

between the two flow regimes. 
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The X/0=1 profiles tended to show a different shape to the boundary layer 

wind tunnel results in all cases. 

Comparison of X/0=1.0 and X/0=1.5 pressure profiles to boundary layer pressures 
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..-- ~~ -X/0=1 .5 
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-1.5 -1-----------+-----------__J'-------------l 
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Figure 5.38: Comparison of centerline pressure profiles of X/0=1.0 and X/0=1.5 
with boundary layer pressures for 0° orientation 
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Comparison of X/0=1 .0 and X/0=1.5 pressure profiles to boundary layer 
pressures 
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Figure 5.39: Comparison of sidewall pressure profiles of XJD=:1.0 and X/0=1.5 
with boundary layer pressures for 0° orientation 
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Comparison of X/D=1 .0 and X/D=1.5 pressure profiles to boundary layer 
pressures 
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Figure 5.40: Comparison of windward roof edge pressure profiles of X/0=1.0 and 
X/0=1.5 with boundary layer pressures for 0° orientation 

5.4.4.2 45° tests 

Conversion of the pressures on the cube at 45° orientation to coefficients 

using the same method applied to the 0° tests facilitated comparison with the 

simulated atmospheric boundary layer observations (Figures 5.41 through 5.43). 

At 45° orientation, the X/0=1.0 and X/0=1.5 tests yielded the greatest 

pressures on the windward face of the model, producing pressure coefficients 

approximately 70%> greater than the boundary layer observations. Across the 

roof and leeward face of the cube, all flow regimes produced similarly shaped 

centerline pressure coefficient profiles, although the profile magnitudes varied 

(X/0=1.5 being the most intense). 

Sidewall pressure profiles showed reasonable similarity in all three cases 

(Figure 5.42), although the X/0=1.5 represented the greatest combination of 
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positive windward face pressures and negative leeward face pressures. The 

boundary layer flow produced the most pressure variation along the windward 

edge of the roof, with the most intense pressures occurring at the upstream 

corner. 

a. 
0 

-0.5 

Comparison of X/0=1.0 and X/0=1.5 pressure profiles to boundary layer 
pressures 

-+-X/0=1 .0 

--X/0=1 .5 

-e-TTU Boundary Layer Test 

0 
-1.5 _j__---------4---------t-----------i 

0 1 2 3 

Position 

Figure 5.41: Comparison of centerline profiles of X/0=1.0 and X/0=1.5 with 
boundary layer pressures for 45° orientation 
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Comparison of X/0=1 .0 and X/0=1.5 pressure profiles to boundary layer 
pressures 
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Figure 5.42: Comparison of sidewall profiles of X/0=1.0 and X/0=1.5 with 
boundary layer pressures for 45° orientation 
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Figure 5.43: Comparison of windward roof edge profiles of X/0=1.0 and X/0=1.5 
with boundary layer pressures for 45° orientation 

Note that while the X/0=1.5 profiles generally showed the strongest 

pressures under this form of analysis, that does not mean that this jet location 

yielded pressures of greater magnitude than the other two flow regimes. 

Considerably lower winds speeds occurred at X/0=1.5 than at X/0=1.0. Hence, 

the more distant jet produced generally weaker pressures than the X/0=1.0 case. 

Section 5.4.2 describes the relative magnitudes of pressures on the cube at 

these jet locations. 

5.4.5 The Effect of the Static Pressure Field 

Calculation of pressure coefficients, using the static pressure of the 

diverging flow field as the transducer reference pressure facilitated an 

investigation of the influence of the static pressure field on the model pressures. 

The pressure coefficients represented the ratio between the adjusted pressure 
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readings on the cube and the eaves height dynamic pressure at XID= 1. The 

analysis included only the centerline pressures of the cube at 0° orientation. 

c - P- PSTATIC,XID 
PS - -2 

t pV EAVES 

(5.10) 

Currently, boundary layer wind tunnel testing of scaled structures involves 

a similar method of analysis. However, static pressure, which varies throughout 

the simulated downburst, does not vary as a function of position in the boundary 

layer case. The changing static pressure field of a downburst is unlikely to affect 

a porous structure. Hence, this form of analysis indicates the types of loads such 

a structure would experience. 

The subtraction of static pressure caused a significant reduction in the 

pressures generated on the cube at locations close to the center of the jet 

(Figure 5.44). However, removal of the static pressure caused litUe change in 

the profiles in the range 0.8759</0<1.25, which corresponded to the worst cases 

under the action of the simulated downburst. 
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Figure 5.44: Centerline pressures on the cube, referenced against the static 
pressure of the diverging flow and expressed as a ratio of the eaves height 

dynamic pressure, for 0° orientation 

5.4.6 Spectral Characteristics of the Stationary Pressure Tests 

A comparison of the spectral densities of a pressures on the cube (Tap 3 

at 0° orientation in this case) at XID=O and the wind speeds at the reference 

location at the jet outlet facilitated an investigation of the correlation between 

wind speed and pressure fluctuation in the jet stagnation region. 

The conversion of pressure readings to coefficients with respect to the 

dynamic pressure that the outlet of the jet provided a non-dimensional time 

history of loads on the cube: 

P(t) 
Cp(t) = _

2 ! pV Ref 

(5.11) 
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Removal of the mean component yielded a time history of pressure 

coefficient fluctuation: 

(5.12) 

Similar to pressure observations, removal of the mean component from 

the non-dimensional velocity coefficient time history at the reference location of 

the jet, which represented the ratio of the velocity readings and the mean speed 

at that location above the jet, provided a time history of velocity coefficient 

fluctuation: 

(5.13) 

C' v (t) = C v (t) - C v . (5.14) 

A Fourier transform converted both fluctuating time histories to frequency 

spectra. In a perfectly correlated case, the ratio between the spectral densities of 

the pressure coefficient and the velocity at a frequency n corresponds to (Simiu 

and Scanlan, 1996): 

Therefore, given that: 

-2 
4Cp 
-2 v 

-2 
Sv (n) = V Sc

1
• (n). 

Equation 5.15 reduces to: 
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(5.15) 

(5.16) 



Sc (n) -2 
p =4Cp. 

Scv (n) 
(5.17) 

As a mean pressure coefficient of approximately 1 occurred in the case 

examined, the spectral densiities ratio would equal approximately 4 (the solid 

gray horizontal line denotes this value in Figure 5.45) if the fluctuations in 

pressure resulted entirely from fluctuations in velocity, which is the basis of the 

quasi-steady theory of wind loading. Despite the presence of fluctuations, the 

ratio tended to coincide with approximately 4 up to approximately 20Hz, 

indicating that the pressure fluctuation corresponded to velocity fluctuation over 

this frequency range. Above 20Hz the ratio increases steadily, indicating that the 

pressures showed greater fluctuation than the ve 11ocity at higher frequencies. 

Pressure measurement resolution or building generated turbulence may have 

caused the ratio increase. However, much of the energy for the eaves height 

winds for 09</0<3 occurred at frequencies lower than 20Hz (Figure 5.7). 

Therefore, the increased fluctuation at higher frequencies was of little 

importance. The author has made the argument that spectral density holds little 

relevance for this type of simulation because of the transient nature of the flow. 
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Figure 5.45: Ratio of the pressure coefficient spectrum at tap 3 for XID =Oto the 
velocity coefficient spectrum at the reference location above the jet outlet 

5.5 Moving Jet Pressure Tests 

5.5.1 Selection of Data 

The transducer module monitored pressures on the cube at 0° and 45° 

orientation while the jet traversed the testing surface at approximately 1 m/s (~ 

0.1 Vret) and 2m/s (~0.2 Vret) translational speeds. A minimum of five trials in 

each case ensured that the four profiles selected for analysis from each set of 

tests occurred at similar translational speeds. The trials selected for the 0° 

orientation had translational speeds ranging between 1.03m/s and 1.06m/s (+3°/o 

to +6% variation from 1 mis) for the slower tests, and 1.99m/s to +2.11 m/s (-0.5% 

to +5.5o/o variation from 2m/s) for the faster tests. One trial in each case slightly 

exceeded the 5°/o variation limit from the target translational speed, although 

provided good agreement with the other selected time histories. At 45° 

orientation the lateral speed of the jet ranged between 0.97m/s and 0.99m/s (-3°/o 
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to -1°/o variation from 1 m/s) for the slower translational speed, and 1.97m/s to 

2.04m/s (-1.5% to +2% variation from 2m/s) for the higher translational speed. 

The analysis included the pressure time histories of 7 locations on the 

cube (refer to Appendix A for coordinates): 

~ Tap 3: The middle of the windward face, 

~ Tap 7: 

~ Tap 10: 

~ Tap 13: 

~ Tap 17: 

~ Tap 22: 

The middle of the windward edge of the roof, 

The center of the roof, 

The middle of the leeward edge of the roof, 

The middle of the leeward face, 

Close to the corner of the windward edge of 

the roof, 

~ Tap 35: The middle of the side wall. 

The analysis did not include Tap 35 in the 45° case as it represented a 

very similar location to Tap 3. 

Conversion of the transient pressure readings on the cube to coefficients 

as a ratio of the dynamic pressure of the jet at the reference location provided a 

non-dimensional representation of test results. Ambient pressure in the 

laboratory away from the jet provided the reference pressure of the transducer. 

p -PATMOS 
Cp=---

-2 t pV REF 

(5.18) 

A time-space conversion (Equation 5.1) based on the diameter and 

translational speed of the jet and applied to the time axis of the wind speed 

measurements indicated the lateral separafiion of the center of the jet and the 

cube during the transient measurements in terms of the outlet diameter. 

A 20-point moving average smoothed the time history of one trial for the 

1 m/s moving jet case, and a 10-point average smoothed one time history in the 

2m/s trials. These moving averages indicated a pseudo mean pressure 
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coefficient at each location on the non-dimensional distance axis of the transient 

pressure histories. The stationary jet mean pressures tests also provided a 

quasi-steady estimate of the moving jet pressure coefficient time histories. 

However, the quasi-steady estimate excluded the effect of the increase in wind 

speed resulting from jet translation. Section 5.5.5 describes an investigation of 

these effects. 

Appendices 8 and C display complete records of the transient pressure 

coefficient time histories for the cube at 0° and 45° orientation. Figures 5.46 

through 5.49 show the results for tap 7 at both 0° and 45° as typical examples of 

the transient time histories. 
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2.5 1.5 0.5 -0.5 
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u 

Figure 5.46: Transient pressure coefficient time history for tap 7 at 0° orientation 
and 1 m/s translational speed compared with stationary jet data 
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Figure 5.47: Transient pressure coefficient time history for tap 7 at 0° orientation 
and 2m/s translational speed compared with stationary jet data 
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Figure 5.48: Transient pressure coefficient time history for tap 7 at 45° orientation 
and 1 mis translational speed compared with stationary jet data 
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Figure 5.49: Transient pressure coefficient time history for tap 7 at 45° orientation 
and 2m/s translational speed compared with stationary jet data 

5.5.2 Transient Pressure Coefficient Time Histories 

The first rise in pressure at tap 7 (windward roof edge center) occurred at 

approximately X/0=3.5 in the 1 m/s trials and at X/O slightly less than 2 for the 

2m/s trials, which coincided with locations at which wind speeds started to 

increase during the transient wind speed moving jet tests (see section 5.1.2). 

Pressures reached their maximums at approximately X/0=1 during the stationary 

jet tests, while the largest readings occurred between 1.09</0<1.5 for the 

moving jet. The transient pressure coefficient time histories converged to the 

stagnation pressure of the jet as X/O approached 0. 

The stationary data provided reasonable depiction of the general shape of 

the smoothed pressure coefficient time history for the 1 m/s trials. The 1 m/s 

moving jet wind speed and static pressure time histories showed a similar trend, 
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with a quasi-steady prediction estimating both of these characteristics with 

reasonable accuracy. As expected, the quasi-steady estimate produced lower 

magnitude pressures than the smoothed trans,ient pressures, as the estimate 

excluded the increase in wind speed resulting from jet translation. However, 

magnitude differences between the smoothed transient pressure coefficients and 

the quasi-steady estimate tended to be quite small in most cases for the slower 

translational speed. 

The fluctuating and smoothed transient pressure time histories for the 

2m/s trials showed little agreement with the quasi-steady profile. Pressures for 

the 2m/s moving jet test did not start to increase in magnitude until the jet was 

significantly closer to the cube than predicted quasi-statically, due to the later 

arrival of the pseudo-gust front. Also, the 2m/s transient pressures did not begin 

to decay to stagnation until the jet was closer to the cube than occurred during 

the 1 m/s and stationary jet tests. In fact, the smoothed transient pressures did 

not reach stagnation until approximately X/D=O. In contrast, the quasi-steady 

profile showed little deviation from the stagnation pressure for 09</D<0.25. 

Changes in the wind speed profile, and also the static pressure profile, produced 

when the translational speed of the jet increases from Om/s (the quasi-steady 

case) to 2m/s most likely caused the later decay observed in the faster tests. 

The increase in speed of the outflow resulting from jet translation caused the 

magnitude of the smoothed transient pressure profile of the 2m/s moving jet to 

exceed the quasi-steady prediction. 

However, a moving average representation of a transient time history can 

present several limitaUons. At locations in which readings showed large rates of 

change, variation of size of the averaging period produced changes in the 

magnitude of the moving average, regardless of the transient characteristic under 

consideration. However, this form of time history smoothing provided a 

convenient means of observing general trends in the data. 
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5.5.3 Peaks Pressure Coefficients 

For both translational speeds, the average of the four largest peaks in a 

combined data set of the four transient pressure coefficient time histories 

selected for analysis provided an estimate of the peak pressure coefficients 

acting on the cube during the moving jet tests. Figures 5.50 and 5.51 display a 

comparison of the estimated transient peak pressure coefficients and the 

stationary jet peak pressure coefficients, as section 5.4.2 describes. 
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Figure 5.50: Comparison of peak pressure coefficients at varied translational 
speed for 0° orientation 
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Figure 5.51: Comparison of peak pressure coefficients at varied translational 
speed for 45° orientation 

The greatest transient suctions on the model occurred at Tap 22 

(windward roof corner) of the cube at 45° orientation and the jet moving with a 

translational speed of 2m/s. These conditions produced a peak Cp value of 

-5.54. 

At each of the 7 taps the analysis included, the 2m/s trials produced 

greater peaks than the 1 m/s trials. However, the 1 m/s trials resulted in 

significantly smaller peak pressures than the stationary jet tests. Peaks of similar 

magnitude occurred in both the 2m/s transient pressure coefficient time histories 

and the stationary jet pressure coefficient peaks. 

The gain in wind speed resulting from the increase in jet translational 

speed most likely caused the peak pressure coefficient increases as lateral 

speed increased from 1 m/s to 2m/s. Less apparent are the reasons why the 

1 mis trials produced lower magnitude peak pressure coefficients than the 
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stationary jet tests. The effects of acceleration of the wind may have caused 

slight changes in the structure of the flow over the cube. However, the absence 

of flow visualization made investigation of this hypothesis 1impossible. Also, a 

substantially larger data set produced the stat 1ionary jet peak pressures, which 

may explain the peak pressure decrease as the jet translational speed increased 

from stationary to 1 m/s. 

Note that the peak pressures are not a particularly stable statistic. 

5.5.4 Prediction of Transient Pressure Coefficients based 
on Stationary Jet Pressure Measurements 

The author considered a number of methods for predicting the peak 

pressure coefficients in the moving tria'ls based on the moving velocity profiles 

and the stationary pressure observations, with very limited success. The most 

successful predictions corresponded to: 

v2 c ::::= c + Mem1,X/D * c 
P P,STATIC V2 P,Stat.Peak 

Stationary,X I D=l.0 

(5.19) 

Where Cp is an estimate of the peak pressure coefficient based on CP,STATrc, the 

static pressure in the diverging flow field at a given value of X/D; VMean,XJo, the 

estimate of a pseudo mean velocity at a given value of X/D obtained from 

smoothed transient velocity profiles (not shown); Vstationary,10 is the mean velocity 

at eaves height measured at X/0=1 in the stationary trials, and Gp.stat.Peak is the 

coefficient of the peak pressure observed in the stationary trials at a given value 

of X/D. 

The assumption that the magnitude of the fluctuating component of the 

transient pressure time histories varied in direct proportion to the averaged 

transient wind speed formed the basis for this method. The method excluded 

variation between the static pressures field of the stationary and moving jets. 
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This method rarely predicted the peak profile correctly, both 

overestimating and underestimating peaks, depending on the tap location on the 

cube. The effect of jet translation on the static pressure field of the diverg,ing flow 

may have caused a significant component of the error. As Section 5.2 states, jet 

translation significantly alters the static pressure field of the simulated downburst. 

The method excluded static pressure field variation in this case, as it attempted 

to predict pressures in the moving trials without the use of moving jet pressure 

tests. Several of the models the author considered included acceleration of the 

wind, but proved unsuccessful in predicting the transient response. 

5.5.5 Integrated Pressures 

5.5.5.1 Averaged Results 

Integration of the pressure coefficient time histories along the centerline of 

the cube provided an indication of the overall transient drags and uplifts the 

model as a whole experienced. Integration of the component of the centerline 

pressures in the direction of the flow (Taps 1 to 6 and 14 to 19) provided an 

estimate of drag on the model. A similar analysis of pressures along the 

centerline of the roof (Taps 7 to 13) produced an estimate of uplift. The drag 

and uplifts represented coefficients that designers could convert to forces by 

multiplying by the dynamic pressure at the outlet of the jet, and by the area of 

one face of the cube. 

C ( ) =LC P,Windward (f) _LC P,Leeward (f) 
D 00 f 
' N Leeward N Windward 
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(5.22) 



c D,450 (t) = 2 *[I c;,Windwa,d (t) - I c P,Le~ard (t)]cos( 450) 
Leeward N Windward 

CUL (f) =_IC P,RoojCentreline (f) 

N RoofCentreline 

(5.24) 

Figures 5.52 to 5.49 display the results of this analysis. 
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Figure 5.52: Transient drag coefficient time history at 0° orientation and 1 mis 
translational speed compared with stationary jet data 

117 



Drag Coefficient - 0° Orientation, 2m/s 
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Figure 5.53: Transient drag coefficient time history at 0° orientation and 2m/s 
translational speed compared with stationary jet data 
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Figure 5.54: Transient drag coefficient time history at 45° orientation and 1 mis 
translational speed compared with stationary jet data 
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Figure 5.55: Transient drag coefficient time history at 45° orientation and 2m/s 
translational speed compared with stationary jet data 
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Figure 5.56: Transient uplift coefficient time history at 0° orientation and 1 mis 
translational speed compared with stationary jet data 
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Figure 5.57: Transient uplift coefficient time history at 0° orientation and 2m/s 
translational speed compared with stationary jet data 

122 



Uplift Coefficient - 45° Orientation, 1 m/s 
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Figure 5.58: Transient uplift coefficient time history at 45° orientation and 1 mis 
translational speed compared with stationary jet data 
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Uplift Coefficient - 45° Orientation, 2m/s 
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Figure 5.59: Transient uplift coefficient time history at 45° orientation and 2m/s 
translational speed compared with stationary jet data 

Table 5.1 shows a comparison of the maximum values of the quasi-steady 

and averaged transient drags and uplifts. Again, the quasi-steady estimate did 

not account for the effects of jet translation. In the transient cases, the maximum 

averaged values represented an estimate of the largest value of the "mean" (i.e., 

the largest value the transient profile would reach if there were no fluctuating 

component). As the moving average did not completely remove fluctuation from 

the averaged drag and uplift coefficient time histories, the mean represented the 

largest value central to these smoothed fluctuations. 
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Table 5.1: Maximum averaged estimates for drag and lift coefficients on the cube 

ii 
I 

oo 45° 
- ,I - - I -
Cv Cur Cv I Cur 

I Stationary Jet 1.34 0.59 1.26 0.4 

1m/s Moving 
1.6 0.85 1.6 0.5 Jet 

1 2m/s Moving 
2 1.2 2 0.9 

'I Jet I 

Both the drag and uplift coefficients on the cube increased substantially as 

translational speed of the jet increased from Om/s to 1 mis, and then again from 

1 m/s to 2m/s. The time histories for both cube orientations (0° and 45°) followed 

this trend, which the gain in wind speed experienced as translational speed of the 

jet increased most likely caused. 

Both the 0° and 45° orientations resulted in approximately the same drag 

coefficient on the cube. While the 45° case represented a more streamlined 

shape, it also resulted in a greater projected windward area, which accounted for 

the similarity seen in the drag for the two cube orientations. Also, despite much 

larger mean suctions occurring at individual taps on the roof for the 45° 

orientation, this cube orientation resulted in weaker overall uplift coefficients on 

the cube than the 0° case, suggesting that the 45° orientation resulted in more 

localized greatest pressures on the roof. 

Note that the smoothed transient drag and uplift coefficient time histories 

formed the basis for estimating the maximum averaged drag. Therefore, 

estimates of mean values for the transient cases contain a degree of subjectivity, 

and reflect the 1inaccuracies associated with a moving average representation of 

this form of transient data. 
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5.5.5.2 Peak Drag and Uplift Coefficients 

The average of four largest peak values occurring in the drag and uplift 

coefficient time histories at each translational speed and the stationary jet tests 

provided an estimate of the peak loads that acted on the cube. Table 5.2 shows 

these peaks. 

Table 5.2: Peak estimates for drag and lift coefficients on the cube 

oo 45° 

Co CuL Co Cul 

Stationary Jet 3.35 2.13 5.2 2.2 

1 m/s Moving Jet 2.98 1.69 3.68 1.7 

I 

2m/s Moving Jet 3.77 2.6 4.02 2.47 

The 2m/s moving jet tests produced higher peak coefficients than the 1 mis 

moving jet tests. Also, higher peak coefficients resulted from the stationary jet 

than the 1 m/s moving jet tests. These trends proved similar to those occurring in 

the transient pressure readings at individual taps. As the author stated earlier, 

the effects of acceleration may cause the decrease in peaks pressure 

coefficients as translational speed 1increases fro 1m stationary to 1 m/s may, but the 

significantly larger data set used to calculate the stationary jet peak drag and 

uplift coefficients may also have influenced results. 

The 45° orientation y1ielded higher peak drag coefficients than the 0° case, 

possibly due to the unstable nature of the stagnation location on the front of the 

cube when positioned at 45° orientation. 

Note that well-defined coefficient fluctuations occurred in the transient 

drag and uplift profiles. The integration (averaging) of multiple pressure taps 

produced little smoothing of the drag and uplift coefficient time histories, which 

supports the conclusion that a strong correlation exists between the pressure 

fluctuations on the cube and the wind speed fluctuations. 
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However, the transducer modu'le sampled pressures sequentia'lly rather 

than simultaneously, unavoidably producing a small degree filtering of drag and 

uplift fluctuations. A delay of 39µs occurr,ed between read,ings of consecutive 

taps (i.e. at a sampling rate of 400.64Hz for the 64 transducer module). In the 

case of the drag coefficient, the module sampled the final pressure tap in this 

profi'le 702µs later than the first pressure tap. However, this lag represents only 

1°/o phase variation for a 15Hz (similar to the frequency observed in the 

stationary jet velocity profiles) pressure wave. 

5.5.5.3 Comparison to boundary layer test results 

Conversion of the maximum averaged drags and uplifts resulting from the 

stationary and moving jet tests to coefficients with respect to the maximum 

averaged eaves height velocity occurring in the corresponding flow regime 

facilitated a comparison with the simulated boundary layer results (Table 5.3). 

Translational speed added to the maximum mean eaves height velocity of the 

stationary jet approximated the eaves height velocity for the two moving jet 

cases. The ambient laboratory pressure provided the transducer reference 

pressure during the Moving Jet Wind Tunnel tests, and the wind tunnel static 

pressure provided the reference in the boundary layer case. This method of 

analysis produces coefficients that designers may use with a design wind speed 

in a similar manner to current design procedures. 
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Table 5.3: Comparison of Maximum Averaged Drag and Uplift Coefficients to 
Simulated Boundary Layer Results 

oo 45° 

V EAVES MAXN Ref Co ' CL Co CL 
Simulated NA 1.06 0.69 1.2 0.45 Boundary Layer 

Stationary Jet 0.92 1.58 0.70 1.48 
I 

0.47 

1 m/s Moving Jet ' 1.02 1.54 0.82 1.54 0.48 

2m/s Moving Jet 1.12 1.59 0.96 1.6 0.72 

As shown in Table 5.3. the jet produced drag coefficients that showed little 

variation as translational speed increased, and were considerably larger than 

coefficients produced by the simulated boundary layer. The drag that the 

simulated downburst produced also showed little variation as translational speed 

increased. While the stationary jet and boundary layer flow generated similar 

uplift coefficients on the cube, the 2m/s moving jet test resulted in significantly 

stronger coefficient magnitudes. 

5.5.6 Transient Pressure Coefficient Time Histories with respected 
to a Variable Eaves Height Dynamic Pressure 

Finally, transient pressure coefficient histories calculated with respect to a 

trans'ient eaves height dynamic pressure facilitated an investigation of the effect 

of the transient wind speeds the model experienced. The ambient pressure in 

the laboratory away from the jet provided the transducer reference pressure. The 

mean pressures obtained in the stationary trials provided a quasi-steady estimate 

of the transient profiles. 

P-PAIMOS 
CP,XID = l 2 

2 pVEAVES,XID 

(5.25) 
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Models of the smoothed transient eaves height velocities approximated 

the transient eaves height dynamic pressure. In the 1 m/s case, the velocity 

model (Model 1) represented the quasi-steady approximation of jet translational 

speed plus stationary mean speed, as discussed in section 5.1 (Figure 5.60). 

Figure 5.61 displays the two possible transient velocity models for the higher 

translational speed (Model 2A and 28; Figure 5.61 ). Model 2A represented the 

stationary mean speed plus the translational speed of the jet, as per the 1 m/s 

trials, while the smoothed 2m/s moving jet velocity profile itself formed the basis 

for Model 28. Continuous curves, which Microsoft Excel fitted to a selection of 

data points for each model, provided an estimate of eaves height velocity, and 

hence, eaves height dynamic pressure at each point in the transient time 

histories. 

Moving Jet Wind Speed Profiles - Vtrans - 1 mis 

~-------,.····-·········-· ·-··-······-- ··-···~-----·-·-····--··--···--·--·-·- .. -·-.. ----·~--~---·~···-····-··-·------··--·--------

- Trial3 

Trial 4 

················-· Trial 5 
A l 

-Trial 6 1----------------J~--ttlJ1;--H;1~' 'tHttl-1~~11,._,.__ __ _,_ 

- - (Vstat+Vtrans)Nref L i ; ;l. rl: I 
-Model1 r . I 

IMUIJbWMlllNl,U..,IJlll.11----t-

3 2 1 ID 

1.6 

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

l.,_,,. .. - . .. - . ............................ _................................................................. . ................................................. _ ............. - ...................... - ................... _____ • __ . __ ,_,_, ___ ,,._ .................. . -·---··--·--·---·---~ -0.2 

X/D 

-<1l 
~ 

<: 
> 

Figure 5.60: Model 1 of the transient wind speed profile for a translational speed 
of 1m/s 

129 



Moving Jet Wind Speed Profiles - Vtrans - 2m/s 
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Figure 5.62 displays the transient adjusted pressure coefficients recorded 

at tap 17 (middle of leeward face). The figure shows only one trial at each 

translational speed, along with the stationary jet results. Appendix D includes a 

complete set of results from this analysis. Model 2A (based on the quasi-steady 

model of the transient velocity) caused the adjusted pressure coefficient time 

histories for the higher translational speed tests to converge to zero at 

approximately X/0=2, as this model drastically overestimated wind speeds at 

large values of X/D. In contrast, Model 28 (based on the actual transient velocity 

profile) caused the time history to diverge to an infinite value as the eaves height 
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velocity in this model approached zero at approximately X/0=2.0. As neither 

model presented an obvious advantage, and both produced similar results in the 

region in which the maximum pressures occurred (1.0::;X/0<1.5), the author 

selected Model 2 B. 

Non-dimensional pressure coefficients - Tap 17, 0° 

··-···················· . ·-·· ····-········-··········· ·····-·-··--··········-··························-·- ---·-----··· ·-··--------------

-1 mis Trial 3 -2m/s Trial 6 

-stationary 

3 2.5 2 1.5 

X/D 

1 0.5 

4 

3 

2 

1 c 
Q) 
·u 
l€ 
Q) 
0 

0 l) 
Q) ..... 
:::i 
(/) 
(/) 

-1 ~ 
0... 

-2 

-3 

-4 

0 

Figure 5.62: Examples of adjusted transient pressure coefficient histories at tap 
17 for 0° orientation 

The adjusted transient pressure coefficient time history approached an 

infinite value as X/O decreased from approximately 0.5 to 0. As static pressure 

represented a major component of the load cube in this range of jet positions, the 

structure experienced quite strong pressures despite eaves height velocity 

approaching 0. 

As section 5.5.1 described, pressures on the cube did not approach 

stagnation during the higher translational speed tests until the jet was closer to 

the cube than during the slower translational speed and stationary jet tests. The 
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adjusted transient pressure coefficient time histories displayed a similar trend, 

with an offset occurring between the time histories for the higher translational 

speed, and both the slower translational speed and quasi-steady estimate (both 

of which showed reasonable agreement) at small values of XID. 

For approximately 0.5<X/0<1. 75, the adjusted transient pressure 

coefficient time histories showed little dependence on the location of the jet, with 

the magnitude of the time histories in this X/D range varying as a function of 

location on the cube. At most points on the cube, the magnitude of the 

coefficient time histories tended to be independent of the translational speed of 

the jet. However, at some locations on the structure (e.g., tap 35, center of the 

side wall; Figure 5.63) the adjusted transient pressure coefficient time histories 

appeared to have a greater magnitude at the higher translational speed than both 

the slower translaUonal speed trials and the quas'i-steady profile. 

Inaccuracies in the estimated transient eaves height dynamic pressure 

may have caused some of the variation between profiles of the different flow 

regimes (the station jet, and the two moving jet cases). Variation in the static 

pressure field, which the analysis excluded, may also have influenced results. 

As hypothesized earlier, the effect of accelerating winds, enhanced at higher 

translational speeds, may have caused changes to the flow structure over the 

cube. However, the absence of flow visualization prevented an investigation of 

this hypothesis. 
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Figure 5.63: Examples of adjusted transient pressure coefficient histories at tap 
35 for 0° orientation 

The analysis also included an examination of the pressure time histories 

recorded at tap 22 (windward roof corner) of the cube at 45° orientation, as this 

coincided with the greatest pressure observations in both the stationary and 

moving jet tests (see Figure 5.64 ). The adjusted transient pressure profile for 

this tap and cube orientation resembled the 0° profiles, although the 45° tap 22 

time history deviated slightly from the stationary data at approximately X/D=O. 75. 
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Non-dimensional pressure coefficients - Tap 22, 45° 
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Figure 5.64: Examples of adjusted transient pressure coefficient histories at tap 
22 for 45° orientation 

Overall, however, the use of a transient eaves height dynamic pressure 

resulted in good collapse of data for the stationary jet tests and the two moving 

jet scenarios. This would imply that the magnitude of the pressures created on 

the cube resulting from the diverging flow of the jet is largely a function of wind 

speed only. 

5.6 Experimental Shortcomings 

The experimental methods and apparatus used throughout the study 

possessed several shortcomings that may have slightly compromised the 

accuracy of results. These include: 
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~ The jet created an inverted, fan forced simulation. As buoyancy causes 

downbursts, this differed from the natural process and leads to differences 

at the gust front. 

~ Flow exiting the jet entered a relatively undisturbed ambient environment. 

This is in contrast to the conditions in a real thunderstorm. 

~ The jet supplied a steady stream of air at the outlet, preventing a 

simulation of a microburst "touchdown". 

~ Moved manually, the jet translational speed varied slightly during testing. 

~ The transient nature of the pressure ti'me h'istor'ies prevented any 

adjustment of results to account for the tubing and transducer amplitude 

magnification. 

However, these factors did little to degrade the value of the experimental 

results. 
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6.1.1 Aim 

CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The aim of this study consisted of investigating the pressures created on a 

cubic structure immersed in a simulated traveling thunderstorm downburst flow. 

A traveling impinging wall jet created a physical simulation of this flow. 

Pressures sampled on a small cubic model in a variety of flow conditions 

indicated the effects of the transient downburst flow. 

6.1.2 Characteristics of the Moving Jet Wind Tunnel 

The jet created for this study possessed outlet diameter of 0.51 m. The 

velocity profile across the outlet proved approximately uniform, showing only a 

slight increase towards the edges of the outlet. Exit velocity of the jet, measured 

half an outlet diameter above the center of the nozzle, was approximately 1 Om/s, 

but showed approximately +0.5m/s variation throughout testing. The jet had a 

turbulence intensity of approximately 4% across most of its width. 

Set on rails, the jet facilitated lateral movement at approximately constant 

speeds (1 mis and 2m/s in this case). The jet blew against a flat testing surface 

positioned 1. 7 diameters above its outlet. Thirty-eight pressure transducers 

monitored the pressures on a model of a cubic structure mounted on the testing 

surface in alignment W'ith the centerline of the path of the translating jet. A 

Cartesian coordinate system with an origin at the center of the base of the model 

defined coordinates in the Moving Jet Wind Tunnel. An increase in vertical 

separation from the testing surface represented a positive displacement along 

the z-axis, while the jet approached laterally from a positive displacement on the 

x-axis. Division of all distances by the diameter of the outlet of the jet provided a 

non-dimensional representation of dimensions in the tunnel. 
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6.1.3 Flow Field Character,istics 

6.1.3.1 Stationary Flow Field Observations 

An examination of the velocity field and static pressure field of the 

diverging flow of the stationary jet described the characteristics of the simulation. 

Close to the center of the jet (X/0<0.5), mean wind speed decreased 

rapidly as the jet flow approached stagnation on the testing surface. The jet 

produced a thin radially diverging flow close to the testing surface at more distant 

locations from the stagnation point (X/O>O. 75). 

At X/D=0.75, the wind speeds proved relatively uniform for elevations of 

O<Z/0<0.08, but decreased rapidly as elevation increased further. With the jet 

positioned in the range 1.0SX/0<1.5, the wind speed profile showed little 

variation over the height of the model (H/0=0.059), and decayed rapidly as 

elevation continued to increase. However, boundary layer development occurred 

up to an elevation of approximately Z/0=0.016 at X/0=1.25 and X/0=1.5. Had 

the jet flow diverged over a rougher surface boundary layer growth would have 

occurred more rapidly. However, the small scale of the simulation presented 

difficulties in accurately assessing the terrain the testing surface represented. 

For X/0>1.5, boundary layer growth continued to an elevation of approximately 

Z/0=0.075, above which mean wind speed gradually decreased as elevation 

increased further. 

The stationary jet generated the fastest mean wind speeds at X/0=1. The 

radially diverging flow in this 'location reached speeds slightly 'lower than the 

mean reference speed of the jet (VmaxNRet=0.99). The mean wind speed 

decreased as the jet moved closer in or further away than X/0=1. 

A comparison of the stationary jet mean wind speed profiles with two 

previous studies (Letchford and Mans, 1999; Wood et al., 1999) verified the 

relationship between magnitude of the maximum mean speed of the diverging 

flow and the separation between the testing surface and the jet outlet, with 

decreased separation leading to an increase in the outflow speed. 
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The formation and propagation of ground vortices in the diverging flow 

produced "humps" in the spectral density of the velocity fluctuations at eaves 

height of the model. These "humps" occurred in the 5Hz to 15Hz range, 

decreasing as X/D increased. However, due to the transient nature of full-scale 

events, extreme difficultly exists in trying to relate a frequency spectrum to 

downburst winds. Therefore, the spectral density of the diverging flow of the jet 

may hold little relevance in this case. 

The static pressure at the testing surface at X/D=O approximately equaled 

the stagnation pressure of the jet. However, a slight gradient in the jet outlet 

velocity profile caused the pressure the jet generated on the testing surface to 

exceed the dynamic pressure measured at the reference location above the 

center of the outlet by approximately 5o/o. The static pressure decreased away 

from the stagnation point, forming a high pressure "dome" close to the jet similar 

to the mesohigh Fujita described for actual downbursts (Figure 2.11 ). The static 

pressure of the flow field rapidly approached the ambient pressure for X/D>0.25, 

and reached this value at X/0=1.5. However, the difference between ambient 

pressure and static pressure proved quite small for X/D>0.875 (less than 14% of 

the dynamic pressure of the jet measured at the reference location shown in 

Figure 3.2). Beyond X/D=0.875, designers may not need to account for variation 

in the static pressure field of the jet when considering loads on a structure. 

6.1.3.2 Transient Flow Field Observations 

An investigation of wind speed at eaves height of the cube, and the static 

pressure at the testing surface when the jet moved with constant translational 

speeds of approximately 1 mis and 2m/s indicated the effects of translation on the 

flow field of the jet. 

For the 1 m/s moving jet tests, a quasi-steady approach of adding the 

translational speed of the jet to the mean eaves height wind speed at a given 

location in the stationary jet tests provided an accurate estimate of the smoothed 

transient eaves height wind speed time histories. The quas,i-steady assumption 
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provided a reasonable estimate of maximum magnitude of the smoothed 

transient wind speed profile for the 2m/s moving jet trials, although the stationary 

jet data poorly modeled the shape of the smoothed transient wind speed time 

history at the higher translational speed. 

The jet translating at 2m/s produced a pseudo gust front, and a step 

change in wind speed occurred much closer to the point of observation than in 

the stationary jet and slower translational speed (1 m/s). However, the absence 

of flow visualization prevented an investigation of the structure of this pseudo 

gust front, meaning that its similarity to the gust front of a real downburst could 

not be assessed. 

A quasi-steady approach to predicting values of peaks in the transient 

wind speed time histories failed to accurately model gust velocities observed in 

translating jets. 

The transient static pressure time history of the faster moving jet tests 

showed a slight pressure rise prior to the onset of the pseudo gust front, then a 

drop below atmospheric pressure coinciding with the arrival of the front. The 

static pressure field created at the higher translational speed resembled that 

Fujita (1985) observed for a real downburst. A small decrease in pressure 

coinciding with the first increase in velocity occurred in the 1 mis tests, although 

proved substantially smaller than that produced during the 2m/s trials. The 

stationary jet trials did not yield this pressure decrease because of the absence 

of any form of gust front in a continuous flow. 

6.1.4 Pressures on the Cube 

6.1.4.1 Stationary Pressure Observations 

Thirty-eight pressure transducers recorded pressures on the cube with 

one face normal to the flow, and then with vertical faces at 45° to the flow. 

The stationary jet tests produced two distinct types of pressure distribution 

on the cube. With the jet located 'in the range 09</D<0.25, the static pressure 

field of the jet almost exclusively produced the pressures on the entire surface of 
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the cube resulted, which approximately equaled the stagnation pressure of the 

jet. A close relationship existed between the pressure fluctuations on the 

structure in the jet stagnation region and the fluctuations in the velocity measured 

at the reference location. With the jet positioned at X/D>0.875 the cube surface 

pressures resulted almost entirely from the dynamic characteristics of the 

diverging flow over the testing surface, as the static pressure field became 

negligible. Between these two jet position ranges (i.e., 0.5sX/D<0.75) a 

transition region existed in which both of the dynamic and static characteristics of 

the diverging flow field caused pressures on the cube. 

The largest mean pressures on the cube occurred for 0.875sX/D<1.25 for 

both the 0° and 45° orientations. The mean pressure profiles on the cube tended 

to show greater similarity to a uniform flow pressure distribution than a boundary 

layer pressure distribution in this range of jet locations. The relatively uniform 

velocity profile over the height of the cube in this region of the diverging flow 

produced the resemblanoe to the uniform flow pressur,e distributions. Pressure 

coefficients on the windward face of the cube, as a ratio of the eaves height 

dynamic pressure, proved greater for both cube orientations (0° and 45°) in the 

stationary jet flow than in the historical uniform and simulated atmospheric 

boundary layer flows. At 0° orientation, the stationary jet produced weaker 

pressures at the windward edge of the roof than the previous boundary layer 

cases. However, the stationary jet produced greater suctions over the roof as a 

whole than the historical boundary layer and uniform flows. At 45° cube 

orientation, the stationary jet flow produced generally weaker suctions on the roof 

than the previously examined uniform and boundary layer flows. 

At distances around X/0=1.5, the shape of the mean pressure coefficient 

profiles over the cube resembled the shape of the profiles a simulated boundary 

layer created on the cube for both wind directions (0° and 45°). In these cases 

pressure coefficients represented a ratio between the pressure on the cube and 

the mean dynamic pressure at eaves height at the corresponding location without 

the cube in place. However, pressures on the windward vertical face of the cube 
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in both orientations (0° and 45°) tended to be of higher magnitude at X/0=1.5 

than in the boundary layer case. The velocity distribution of the two flows over 

the height of the cube likely caused the disparity in the windward face pressures, 

as eaves height velocity did not represent the maximum velocity over the height 

of the cube in some of the stationary jet tests. 

Beyond X/0=1.5, the pressures on the cube quickly decayed to 0. 

6.1.4.2 Transient Pressure Observations 

Transducers monitored pressures on the surface of the cube while the jet 

traversed the testing surface at constant translational speeds of approximately 

1 m/s and 2m/s. 

Conversion of the transient pressures on the cube to coefficients with 

respect the dynamic pressure of the jet outlet provided a non-dimensional 

representation of the pressure time histories. A quasi-steady estimate based on 

the stationary jet tests provided an estimate of the transient pressure coefficients. 

The quasi-steady estimate did not account the increase in wind spe,ed that jet 

translation caused. 

The transient pressure coefficient time histories showed an increase in 

magnitude as the jet approached, then converged to the stagnation pressure of 

the jet. The quasi-steady estimate based on the stationary jet tests proved 

similar in shape to the smoothed time histories of the transient pressures on the 

cube for the 1 m/s moving jet trials. The increase in wind speed experience 

resu 1lting from jet translation caused the smoothed transient pressure coefficient 

time history for the 1 m/s moving jet tests to exceed the quasi-steady profile. 

However, in some cases the slower translational speed jet produced only slightly 

stronger pressures than the stationary jet tests. 

The 2m/s moving jet tests yielded stronger smoothed transient pressure 

coefficient time histories than the quasi-steady profile. Also, the shape of the 

smoothed time histories varied significantlly from the stationary mean pressures 

in the 2m/s case. The transient pressure coefficient time histories at the higher 
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translational speed reflected the later arrival of the pseudo gust front under these 

conditions, and the pressure readings decayed to stagnation later than the 

stationary and 1 mis trials. Variation of velocity profile and static pressure field 

the jet created at this translational speed may have caused the offset in the 

pressure readings as they approach stagnation. 

As stated earlier, the absence of flow visualization prevented an 

investigation of the similarity of the pseudo gust front, and hence its affect on 

pressures the cube, to a real downburst. However, the flow field behind this gust 

front provided a realistic simulation of a real downburst. 

An increase in translational speed lead to increased peak pressure 

coefficients over the cube. However, the 2m/s tests produced peak fluctuating 

pressures over the cube similar in magnitude to those in the stationary tests. 

The affect of jet translation on flow over the cube remains unclear, and is an area 

of future research. 

Integration of transient fluctuating pressures provided estimates of 

transient drag and uplift coefficients on the cube. Integrating the pressures did 

not remove the presence of substantial peaks in the pressure coefficient time 

histories, indicat 1ing good correlation of pressure fluctuaUons over the surface of 

the cube. 

In general, the 0° and 45° cube orientations produced very similar 

maximum averaged transient drag coefficients, when expressed in terms of the 

surface area of one face of the cube. The 0° case resulted in generally higher 

uplifts. 

An increase in translational speed created an increase in the maximum 

averaged transient uplift coefficient. The significantly larger drags occurred 

during both the stationary and translating jet tests than during the simulated 

atmospheric boundary layer tests, although jet translational speed itself had very 

limited influence. 

Non-dimensionalization of the transient pressure time histories with 

respect to a transient dynamic pressure facilitated an investigation of the effect of 
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the transient wind speeds the cube experienced. Models of the smoothed 

transient eaves height velocities approximated the transient eaves height 

dynamic pressure. 

These adjusted transient pressure coefficient time histories showed little 

dependence on the jet translational speed for 0.5<X/D<2.0, which indicates that 

designers may be able to assess wind loads for a downburst using a procedure 

that resembles the current methods, although with an altered set of pressure 

coefficients over the structure. 

6.2 Recommendations 

6.2.1 Flow visualization 

Changes in the characteristics of the flow over the cube due to non

stationary flow field may have caused much of the variation of the transient 

pressure and velocity time histories as translational speed increased. Although 

the necessary apparatus was not available in this study, high frequency flow 

visualization would verify this hypothesis. 

6.2.2 Simultaneous Measurement 

Sampling of velocity data, static pressure data, and cube pressure data 

occurred separately during this study. However, simultaneous measurement of 

all three parameters facilitate and a much more accurate investigation of the 

relationships between these flow field characteristics. While disturbances to the 

flow resulting from the cube and sampling instruments prevent sampling of all 

three parameters at the same location, it future researchers may be able to 

sample static pressure and velocity at a known location up stream of the cube, 

and apply a spatial correction in post processing of test results. 

6.2.3 Pulsing Jet 

Alahyari and Longmire (1995) observed the formation of a ring vortex at 

the leading edge of the descending column of dense fluid, prior to impact with the 
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ground during their study investigating an impinging density current. This ring 

vortex expanded and diverged after impact with the ground. As the jet the 

current study used only provided a continuous stream of air, the Moving Jet Wind 

Tunnel did not simulate ring vortices. A pulsing jet could produce such a 

simulation, and would enable an investigation of the velocity and pressure 

profiles created when the jet "touched down" at varied distance from the 

measurement point. 

6.2.4 Further investigation of translational speed 

The experimental configuration prevented an investigation of higher 

translational speeds. However, during full-scale events the component of 

maximum wind speed due to translation can exceed 20o/o of wind speed resulting 

from downdraft divergence, which represented upper limit modeled in this case. 

The transient time histories recorded for velocity, static pressure and pressure on 

the cube varied significantly between the 1 mis and 2m/s moving jet tests. An 

examination of the effect of higher translational speeds of the jet may be 

warranted. 

In this study, manual pushing produced the jets translational motion. Such 

methods introduce human error to the test results. A more consistent testing 

procedure would require a mechanical method of controlling the translational 

speed of the jet. 

6.2.5 Scale 

The small scale of the simulation (approximately 1 :3000) introduced a 

number of limitations to the study, but most notably restricted the size of the 

model. Ultimately, the model cube simulated a structure 90m in dimension. 

However, despite the size of the simulated structure, only a relatively small 

number of pressure taps could investigate pressures in areas such as the 

windward corner of the roof. 
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Increasing the scale of the simulation would not only enable the collection 

of more detailed pressure data, but would also enable the use of different shaped 

models of a more realistic size. It would also facilitate an investigation of the 

effects of surface roughness. 

6.2.6 Calibration of the simulation 

While the simulation closely resembled currently published full-scale data, 

this data is scarce. More information regarding turbulence and also the vertical 

profile of downbursts, and full-scale measurement of pressures on a structure in 

such a downburst would provide the details necessary for more accurate 

simulations. 
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APPENDIX A 

PRESSURE TAP COORDINATES 
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Front: 

top From bottom left 

0 
x y 

0 3.3 15 
2 7 14.8 

0 3 11.1 15 
x 4 15.1 15 

0 5 20 14.9 
6 24.5 14.7 

0 

0 

.... y 

From bottom left 

Tapping I x I y 

7 1.5 15 
8 6 15 

Roof.: 9 10.5 14.8 
10 15 14.8 

0 11 19.8 15 
12 24.3 15 

0 13 28.2 15 

0 20 1.2 11 
21 1.3 7.5 
22 1.2 3.9 

x 0 0 0 0 

23 4.2 1.5 
24 8 1.8 I 

0 0 0 0 

25 11.4 2 
26 15.2 1.7 

0 
0 0 0 

0 
0 0 0 0 27 6.3 10.8 I 

front 28 10.7 10.7 

.... y 29 15.1 10.5 
30 6.1 6.4 
31 10.9 6.2 

32 15.2 5.8 
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Back: y ... 
top From top right 

0 
x y 

0 5.5 14.9 
10 15.2 

0 x 14 15 
17 18.3 15.2 

0 18 23 15 
19 27 15.3 

0 

0 

y 
Side: ... 

top From top right 

Tap in x y 

33 14.7 4 
34 14.9 8.2 

x 35 14.4 12.5 
36 14.3 16 

0 0 0 0 0 0 front 37 14.5 20.1 

38 14 25 
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APPENDIX B 

TRANSIENT PRESSURE COEFFICIENT TIME 

HISTORIES FOR 0° ORIENTATION 
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Tap 3 -1m/s 

r-~~::-Tr-ia_l _1 -------~· · .. ····· · ······-·-····-·····-·-····-·-·-··-·····--····-···----·-------·-------.---3~~ 

··-·----· Trial 3 

--Trial 5 

--Trial 7 

- • Stationary 

-20 per. Mov. Avg. (Trial 5) 

--Trial2 

.. - Trial4 

--Trials 

--Trial6 

• - Stationary 

-10 per. Mov. Avg . (Trial 4) 

.5 0.5 

·-2--' 

X/D 

Tap 3- 2m/s 

0.5 - .5 

X/D 

a. 
(J 

0.. 
(.) 

Figure 81: Transient pressure coefficient time histories at tap 3 for 0° orientation 
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Tap7-1m/s 

·······-·····--··-·-···-· · ·-······- · -·-···- ···-········-··--·---·-·--··--···-·-·-·----·-·-------------------~_!)._-

--Trial 1 

--Trial 3 

--Trial 5 

--Trial? 

- - Stationary 

-20 per . Mov. Avg . (Trial 5) 

a. 
(.) 

6.5 5.5 4.5 3.5 2.5 1.5 0.5 -0.5 

XID 

Tap 7 - 2mls 

--Trial2 

--Tria14 r----------------f!--+---------l- -3 

--Trial 5 

--Tria16 r------------------------4- ~ 

- - Stationary 

-10 per. Mov. Avg. (Trial 4) 
L__---,--------r-----'---r-------r------,-----~----~---__J..-5 

6.5 5.5 4.5 3.5 

X/D 

2.5 1.5 0.5 -0.5 

a. 
u 

Figure 82: Transient pressure coefficient time histories at tap 7 for 0° orientation 
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--Trial 1 

---··- Trial 3 

--Trials 

--Trial? 

- • Stationary 

-20 per. Mov. Avg. (Trial S) 

--Trial2 

--Trial4 

--Trials 

--Trial6 

- • Stationary 

-10 per. Mov. Avg. (Trial 4) 

Tap 10. 1m/s 

- .S 

··--··-··-············-·········· · ············-·······-···-· ······· ····--·-··--··---···-···--------------'--~---' 

X/D 

Tap 10. 2m/s 

X/D 

I 
-0 s 
r 

Figure 83: Transient pressure coefficient time histories at tap 10 for 0° r-:--.a.~.a.:. 
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Tap 13 - 1m/s 

·· ···----·---·-·----·--·------------------------~>---.... 

--Trial 1 

--Trial 3 

--Trials 

--Trial? 

- - Stationary 

-20 per. Mov. Avg . (Trial 5) 

--Trial2 

---·-·-··· Tri a I 4 

--Trial 5 

--Trial 6 

- • Stationary 

~10 per . Mov. Avg. (Trial 4) 

- .5 ts 

··-·-··-···-··-···-····--·······················--····-··-···· .. ····-·······--·-·· ·--····---·-----------.L-..'.L,-~ 

X/D 

Tap 13 - 2m/s 

X/D 

5 

a. 
(.) 

Figure 84: Transient pressure coefficient time histories at tap 13 for 0° orientation 
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Tap 17 - 1m/s 

--Trial 1 

-···-···--·- Tri a I 3 

--Trial 5 

--Trial7 

• • Stationary 

-20 per. Mov. Avg. (Trial 5) 

·---------·----·-·------··---·····-·----------·--····--·-·-----------.L-. 

--Trial2 
................ Trial 4 

--Trials 

--Trial6 

• - Stationary 

-10 per . Mov. Avg. (Trial 4) 

XID 

Tap 17 - 2m/s 

X/D 

- .5 

-d.s 

a. 
() 

a. 
() 

Figure 85: Transient pressure coefficient time histories at tap 17 for 0° orientation 
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--Trial 1 

................ Trial 3 

--Trial 5 

--Trial? 

- - Stationary 

-20 per . Mov. Avg. (Trial 5) 

--Trial2 

--Tria14 

--Tria15 

--Trial6 

• • Stationary 
-10 per. Mov. Avg. (Trial 4) 

Tap 22 - 1m/s 

X/D 

Tap 22 - 2m/s 

··························································· ··-···-··-·······-·-·· -····-··-·····-·--·--···--·····-····-··-·--------···-·- ·---------------~-_. 

X/D 

a. 
0 

a. 
0 

Figure 86: Transient pressure coefficient time histories at tap 22 for 0° orientation 
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--Trial 1 

--Trial3 

--Trial 5 

--Trial 7 

- - Stationary 

-20 per. Mov. Avg . (Trial 5) 

--Trial2 

--Trial 4 

--Trials 

--Tria16 

- - Stationary 

-10 per. Mov. Avg. (Trial 4) 

Tap 35 - 1m/s 

X!D 

Tap 35 - 2m/s 

X/D 

3.5 

a. 
(.) 

5 

a. 
(.) 

Figure 87: Transient pressure coefficient time histories at tap 35 for 0° orientation 
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APPENDIX C 

TRANSIENT PRESSURE COEFFICIENT TIME 

HISTORIES FOR 45° ORIENTATION 
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Tap 3, 1m/s 

--Series1 ····-········-··-·-··-··-·······---····--·-·--------··-- ------~-

--Series3 

---Series4 

--Series5 

- - Stationary 

-20 per. Mov. Avg. (Series4) r--------------+iJ---t.l\.lft-

0.5 -0,.5 

I 
I 

······-··········-··················································································································· ····································································· ··································-····-···-········--·----------------·- j 
X/D 

Tap 3, 2m/s 

..----------···································· ·······························"·•••···-··· ........... -.......................... ·-····-····-··················-··----------.--2:-5-, 

-...... -...... -..... ~~::: ! I 
--Trials 

--Trial9 

- - Stationary 

-10 per. Mov. Avg. (Trial 3) 

0.5 -0.5 

I I 
L ... ·························-··············-··-··········-··········-·········································-······· ........................................... -·-···-····-··-····---··---·-·-------·----·-----.._.-4-:§-J 

X/D 

a. 
(.) 

a. 
(.) 

Figure C 1: Transient pressure coefficient time histories at tap 3 for 45° 
orientation 
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Figure C2: Transient pressure coefficient time histories at tap 7 for 45° 
orientation 
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Figure C3: Transient pressure coefficient time histories at tap 10 for 45° 
orientation 
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Figure C4: Transient pressure coefficient time histories at tap 13 for 45° 
orientation 

165 



--Trial 1 

--Trial 3 

-·- Trial4 

--Trials 

- - Stationary 

-20 per . Mov. Avg . (Trial 4) 

--Trial 3 

- ·Trial4 

--Trial 5 

--Trial 9 

- - Stationary 

-10 per. Mov. Avg. (Trial 4) 

Tap 17, 1m/s 

X/D 

Tap 17, 2m/s 

XID 

-0~ 5 

2 

a. 
() 

a. 
() 

Figure C5: Transient pressure coefficient time histories at tap 17 for 45° 
orientation 
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Figure C6: Transient pressure coefficient time histories at tap 22 for 45 = 
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APPENDIX D 

ADJUSTED TRANSIENT PRESSURE COEFFICIENT TIME 

HISTORIES FOR 0° ORIENTATION 
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Figure 01: Adjusted transient pressure coefficient time histories at tap 3 for 0° 
orientation 

Non-dimensional pressure coefficients - Tap 7, o• 
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Figure 02: Adjusted transient pressure coefficient time histories at tap 7 for 0° 
orientation 
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Figure 03: Adjusted transient pressure coefficient time histories at tap 1 O for 0° 
orientation 
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Figure 04: Adjusted transient pressure coefficient time histories at tap 13 for 0° 
orientation 
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Non-dimensional pressure coefficients - Tap 17, o• 
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Figure 05: Adjusted transient pressure coefficient time histories at tap 17 for 0° 
orientation 
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Figure 06: Adjusted transient pressure coefficient time histories at tap 22 for 0° 
orientation 
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Non-dimensional pressure coefficients - Tap 35, O" 

r············· .. ········································-·--··············-·····-···-·--····-·············· .. -··· ··-·------·-··--·-.. ---·-----------------,-,rrn--r-r 
-1 m/s Trial 1 -1 mis Trial 3 

1 mis Trial 5 --·· 1 mis Trial 7 

! - 2m/s Tria l 2 - 2m/s Trial 4 

' i -- 2m/s Trial 5 

i - stationary 

3 2.5 

t-Hltl~-----------------.a.1 µ'----41~ 

2 1.5 

X/D 

0.5 0 

4 

3 

2 

-c: 
Q) 
'() 

\t= 
Q) 
0 

0 (.) 
Q) .... 
:J 
</) 
</) 

-1 
Q) .... 

Cl.. 

-2 

-3 

-4 

Figure 07: Adjusted transient pressure coefficient time histories at tap 35 for 0° 
orientation 
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