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Abstract 

With the rising cost of conventional fossil fuels, alternative energies such as solar 

power are becoming more attractive. With government incentives, private compa

nies are being encouraged to transfer their power demand from the electrical grid to 

on site power generation from solar sources. Incentives are also in place to enable 

developers to push solar panel array products to market for widespread and large 

scale installations. Installing solar arrays on roof top structures requires confirma

tion from the National Building Code that the roof top installation is safe and legal. 

However, due to the unique geometry and dynamic nature of solar panels, specifi

cally those that track the movement of the sun, the National Building Code requires 

experimental validation of the installations' safety. This thesis examines the current 

nature of the solar industry, and the means in which the national building code of 

Canada supports it. A review of fluid fundamentals, the atmospheric boundary layer, 

and computational principles will prepare the reader for understanding the project's 

experiments. The research will examine the operating conditions that such a solar 

panel array on the roof of a large retail building may experience, and comment on 

the limitations that exist for practical full scale models while exposed to wind, known 

as the earth's atmospheric boundary layer. Using a load cell, measurements of forces 

and bending moments on scaled solar panel models were taken inside a low speed 

atmospheric boundary layer wind tunnel with the panel mounted on the roof of a 

scaled retail building. These measurements were used to validate two dimensional 
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large eddy simulations on a computer. Differences present in the results are mainly 

due to the nature of the solar panel's and retail building's three dimensional effects. 

Vortex shedding was also observed and commented upon. It was confirmed that 

force and moment coefficients obtained during wind tunnel testing are insensitive to 

Reynolds numbers, and may thus be used for full scale model calculations. A variety 

of trends were noted from the wind tunnel measurements regarding the effect of nu

merous panel configurations on the roof top. A conclusion is finally made regarding 

the feasibility of the research and its application to future studies. 
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Chapter 1 

Introduction 

1.1 Solar Industry 

The province of Ontario has recognized the need for alternative energy sources to 

fossil fuels, and has set up programs to help get potentially less expensive, cleaner 

power into the grid. The Canadian government is offering incentives for companies to 

produce energy saving projects. These projects are not to be aimed at research initia

tives, but for production of practical applications and large scale installations. The 

larger the project, the larger the payments will be from the ecoEnergy [1] program. 

The province is also awarding businesses funding to convert their traditional heating 

systems to those powered by solar. This influx of government incentives is spurring 

production of solar panel products. Additionally, the capability for an organization 

to sell electricity back to the public grid is a further incentive for this industry to 

grow. The additional benefit of producing or operating solar products is the green 

image that fosters a sense of positive awareness of the environment and the role that 

must be played by industries and individuals alike. Solar energy is a candidate that 

may be able to fulfill this desire for alternative energy, due to the energy from the 

sun being predictable and repeatable on a daily basis. Finally, many parts of the 

world have poor transmission of power throughout and in between communities. On 
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site generation of this power through solar energy would help reach this need. Being 

able to offer a solar panel system that is fully developed and certified is the first step 

towards achieving this goal. 

1.2 Collaboration between Carleton University, 

the Ontario Government, and the National 

Research Council 

Under a grant from the Ontario Center of Excellence, Carleton University was part

nered with an industry company to assist with experimental and computation verifica

tion of a solar panel array that could legal for installation under the National Building 

Code of Canada. This would provide a low cost method of performing broad, base 

level testing to determine critical design cases that must be examined. Under the 

guidelines by their supervisor, graduate students will be performing aerodynamic, 

computational, and aeroelastic testing on the solar array to determine important op

erating regimes. Furthermore, by collaborating with the Nation Research Council, 

fundamental computation techniques will be attained to assist and create a more 

accurately simulated flow environment. 

1.3 Dual Axis Solar Tracking 

Conventional solar panels are rigidly connected to the surface of a rooftop or support 

structure. This design, although relatively inexpensive to produce, is inefficient for 

collecting optimal energy from the sun, since the sun is continuously moving across 

the sky as the earth rotates, while the fixed panel is not directly exposed. A more 

efficient design would rotate the panel along the sun's azimuth. This would involve 
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keeping the solar panel at a specific angle towards the sky, and rotating the panel 

along its vertical axis as the sun moves. This however still does not allow for the 

entire path of the sun to be tracked. For the panel to constantly face the sun directly, 

it must also track the sun's elevation angle. This would involve rotating the panel 

along its horizontal axis, and is approximately 30 % more efficient at collecting energy 

than a fixed panel of the same surface area. Using auto-controlled motors run by GPS 

software would allow the solar panel array to remain fully automated and able to track 

the sun on its own every day. With these advantages there are also disadvantages that 

a customer would need to evaluate, such as the high upfront cost, and the density of 

panels able to be placed on a roof. The power density for a given roof area will be 

limited due to angled panel structures blocking sunlight to panels in their shadow. 

The complexity of hardware such as motors and movable structures is the main source 

of upfront costs, and would need to be weighed in conjunction with long term benefits 

on a case by case basis. However, since this method could likely be the type of solar 

panel used in industry, the dual axis solar tracker was put forward as the model to 

analyze for this project. Such an array, placed on the roof top of large retail stores, 

could reduce a significant amount of the building's usage of the electrical grid, whether 

placed individually on rooftops, or together in clusters of multiple panels. The design 

of such a system needs to be tested to ensure that it can withstand the exposure 

environment. It is a fine balance however to not remove the panel completely from 

wind forces, since the wind is useful for cooling the solar panels and allowing them 

to maintain their efficiency. 

1.4 The Need for Experimental Testing 

For a company to invest in a solar panel system, the equipment must be legal for 

installation and thus safe for its employees or customers. Although the National 
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Building Code of Canada provides some guidelines for rooftop infrastructure, the 

uniqueness of articulating solar panels requires further support from experimental 

testing. This testing can be carried out both physically and virtually. Since this 

project was selected to look at wind forces, the physical testing would be best carried 

out in a wind tunnel, and the computational testing would be carried out using 

computational fluid dynamics software. Ideally, all simulations would be performed 

on a computer. This would save time and money, since allotting time in a wind 

tunnel and building an experimental apparatus is expensive. However, being able to 

test in a wind tunnel allows for validation of computer simulations, and performing 

these tests will allow greater confidence in future computer simulations. 

1.5 Research Goals 

Information is lacking regarding the stress a solar panel will place on a roof top due 

to a solar panel being mounted on it while exposed to the wind. Past aerodynamic 

studies of solar panel arrays have been performed, but are for limited operational 

cases. Shademan and Hangan (2009) [2] studied wind loading on solar panels at 

different elevation angles, wind directions and distances to nearby panels using 

Reynolds Averaged Navier Stokes computational experiments, simulating a single 

wind speed over flat, open terrain. The solar panels simulated were rigid and 

located at ground level. Geurts and Bentum (2007) [3] used wind tunnel and full 

scale experiments to find wind loads on rooftop solar panels at various locations 

on a rooftop, however these panels were of the flat, rigid nature. The goal of this 

thesis' research is to study the effect of wind on a solar panel mounted on the roof 

top of a large retail store. The research is aimed to understand the flow patterns 

that exist moving over the building and the solar panel situated on it, such as 
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flow separation and vortex shedding frequency It is desired that an understanding 

of the loads and torques on the panel be evaluated from wind tunnel testing and 

computational analogues. Although it is not expected that exact numerical values 

will be found to the extent that they may be scaled to full size models, it is hoped 

that magnitudes and trends in the data will provide a basis for narrowing down 

critical design cases that may be further examined in the future and refined to 

the point of correctly calculating the precise numerical loads and torques for full 

scale models. The test cases will be designed to replicate installation cases as well 

as operational cases that the solar panel may experience. With results from wind 

tunnel and computational analysis, the ultimate goal is to provide a basis for an 

organization to justify installation of a panel on their property that satisfies the legal 

requirements of National Building Code of Canada. 

Before beginning the testing phase of this project, the National Building Code 

of Canada is presented in Chapter 2 to show what the current provisions are, and 

what is required of experimental testing. The fundamentals of fluid dynamics will be 

presented in Chapter 3 to provide an understanding of the wind dynamics present in 

the experiments, and will be followed by an examination in Chapter 4 of the environ

ment that must be simulated, that of the earth's atmospheric boundary layer. This 

will form the basis for presenting the wind tunnel design and its setup in Chapter 5, 

followed by the presentation and discussion in Chapter 6 of the wind tunnel testing. 

These results will be discussed based on data trends, and future testing and consid

erations will be presented. Chapter 7 will present the setup of the computational 

simulation, with its results presented and discussed in Chapter 8. The thesis will 

conclude in Chapter 9 with a summary of what was accomplished, the significant 

contributions it has made to the body of wind engineering, and recommended future 

work. 



Chapter 2 

Roof Structures in the National Building 

Code of Canada 

The National Building Code of Canada provides up-to-date regulations that must be 

adhered to while designing rooftop structures. The code provides, among many other 

things, a validation for designing against wind loads on rooftops. This chapter will 

present the important considerations necessary to comply with the building code in 

regards to rooftop structures such as solar panels. 

2.1 Specified Loads 

The three categories of loads referenced in the national building code [4, s. 4.1.2.] 

that require consideration are the dead load, snow load, and wind load. These loads 

are defined as: 

D dead load - Permanent load due to weight of the panel array structure and any 

structure it is supporting [4, s. 4.1.4.]. 

S snow load - Variable load due to weight of snow accumulation on the panel array 

structure 

6 
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W wind load - The load induced on the panel array structure due to the presence of 

wind forces 

These loads may be increased from their minimum specified values to account 

for dynamic effects where applicable. 

To determine the specified loads for W, importance categories will assign different 

values to different buildings, as shown in Table 2.1 [4, s. 4.1.2.]. 

Table 2.1: Importance categories for buildings [4] 

Importance Category 

Low 

Normal 

High 

Post-disaster 

Use and Occupancy 

Low hazard in the event of failure, i.e. mi
nor storage buildings, etc 

All buildings except those which are low, 
high, or post-disaster 

Disaster shelters, i.e. schools, community 
centers, etc 

Essential services, i.e. hospitals, trans
portation control, sewage treatment, etc 

Ssince the focus of this thesis is wind loads on the rooftops of large retail buildings, 

normal importance will be assigned and the loading from the wind will be investigated. 

2.2 Wind Loads 

Three different procedures exist to determine the wind loads on buildings. The first 

is called Static Procedure. This is appropriate for cladding and in most other cases 

including low and medium rise building structures. Dynamic actions of the wind can 

be represented by equivalent static loads. 
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The second procedure is called the Dynamic Procedure. This procedure is used to 

determine the overall effects of the wind, including resonance, and is primarily used 

for tall buildings and slender structures. The only difference between this and the 

Static Procedure is that the gust effect factor, Cg, and the exposure factor, Ce, are 

determine differently. Cg is found using the wind turbulence intensity for the building 

site as a function of height and surface roughness of surrounding terrain, as well as 

building properties such as height, width, natural frequency, and damping. The gust 

effect factor is expected to give a static design pressure that represents the same peak 

load effect as the dynamic resonant response to the turbulent wind. [5, Commentary I] 

The third procedure is called the Experimental Procedure. It consists of wind 

tunnel testing or other experimental methods, and can be used as an alternative 

to the Static and Dynamic Procedures. Buildings that may be subjected to 

buffeting or channelling due to upwind obstructions, vortexes, or aerodynamic 

instability are recommended to use the Experimental Procedure. 

The specified external pressure due to wind on part or all of the surface of a 

building shall be calculated using the formula 

p = IwqCeCgCp (2.1) 

where 

• p = specified external pressure acting statically and in a direction normal to 

the surface, either as a pressure directed towards the surface or as a suction 

• Iw = importance factor for wind load 
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• q = reference velocity pressure 

• Ce = exposure factor 

• Cg = gust effect factor 

• Cp = external pressure coefficient, averaged over the area of the surface 

The wind load importance factor Iw is found using Table 2.2. 

Table 2.2: Importance factor for wind load [4] 

Importance Category 

Low 

Normal 

High 

Post-disaster 

ULS 

0.8 

1 

1.15 

1.25 

SLS 

0.75 

0.75 

0.75 

0.75 

The net wind load for the entire structure is the difference between the loads on 

the windward and leeward surfaces. This can also be done by taking the sum of the 

products of the external pressures and the areas acted upon [4, s.4.1.7.1.]. 

The reference velocity pressure q is based on the probability of being exceeded 

any one year over 50 years [4, s.4.1.7.1.]. 

The exposure factor Ce varies for different terrain. For open terrain such as 

level terrain with only scattered buildings and trees, the exposure factor is (/i/10)02. 

It is never lower than 0.9; where h is the reference height above grade in meters 

for the surface. For rough terrain, such as suburban, urban, or wooded terrain, the 

exposure factor is 0.7(/i/12)°-3. It is never lower than 0.7; where a change in roughness 

upwind is uninterrupted for at least 1 km or 10 times the building height, whichever 

is greater. For intermediate cases between the two exposures and cases where the 

upwind roughness is interrupted, an appropriate interpolation method can be used. 
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If a dynamic approach to the action of wind gusts is used, an appropriate value is 

used depending on both height and shielding. [4, s.4.1.7.1.] 

The gust effect factor, Cg, for main structural members is 2.0. For a dynamic 

approach, the gust effect factor is a value that is appropriate for the turbulence of 

the wind and for the size and natural frequency of the structure. [4, s.4.1.7.1.] 

If the height of a building is greater than four times its minimum effective width, or 

greater than 120 m, or if the building is light weight, low frequency and low damping 

properties make the building susceptible to vibration. This shall be designed by 

experimental methods for the danger of dynamic overloading, vibration and the 

effects of fatigue or by using the dynamic approach to the action of wind gusts. [4, 

s.4.1.7.2.] 

The building and structural members must be capable of withstanding the effects 

of the full wind load acting on each of the two principal horizontal axes considered 

separately. This must also be true if 100% of the load is removed from any portion 

of the area. The wind loads must also be sustained simultaneously at 75% of their 

full value, and with the added capability to withstand 50% of these loads removed 

from any portion of the area. [4, s.4.1.7.3.] 

Vortex Shedding 

Slender structures should be designed to resist the effects of von Karman vortex 

streets. A slender structure is defined by a length to width ratio exceeding five. 

Vortexes will be shed alternatively from one side and then the other along the length 

of the structure. This will produce a fluctuating force at right angles to the wind 

direction. [5, Commentary I] The critical mean wind speed when resonance occurs 

due to vortex shedding is: 
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VHc = \fnD (2.2) 

where S is the Strouhal Number based on the cross section shape, fn is the frequency 

in Hz, and D is the width. For non-circular cross sections the Strouhal number is 

about 1/7. 

2.2.1 Calculating Wind Effects 

Structures need to be designed to ensure that main and secondary structures can 

withstand the pressures caused by the strongest wind blown at a certain location 

in many years. Flexible structures also need to be designed to minimize the excess 

oscillations caused by wind. 

The wind acting upon a structure is treated as both a time-averaged component 

and as a gust/unsteady component. For small structures that are completely en

veloped by wind gusts, only the peak gust velocity needs to be considered. A 

gust factor may be incorporated which varies for types of structures and the size of 

the area over which the pressure acts. [6, App.C Div.B] 

The wind speeds used in the building code are regionally representative, one hour 

averages, at a 10 m height in flat open terrain based on long-term wind records that 

have been observed at a large number of weather stations across Canada. 

The wind velocity pressure, q, is calculated using the following equation 

q = O.bpV2 (2.3) 

where p is the average air density for the windy months of the year and V is the wind 
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speed in meters per second. An average value of 1.2929 kg/m3 for air density (from 

the building code) was used even though density depends on both air temperature 

and atmospheric pressure. This value is within 10% of the monthly average of air 

densities. [6, App.C Div.B] 

2.3 Structural Equivalents 

Design methods not specified in Part 4 of the building code are permitted. Such 

methods include full-scale testing and model analogues. This provision is used to 

permit the acceptance of innovative structures or for model testing of structural 

behaviour due to snow or wind loads. The level of safety and performance must be 

at least equivalent to that provided by the design in Part 4 of the building code. 

It also requires that loads and designs conform to Section 4.1 of the building code. 

The designer must prove to the appropriate authority that the structure provides 

the level of safety and performance required. This can only be established by 

analyzing the structure for the loads set out in Section 4.1 of the building code and 

by demonstrating that the structure at least meets the requirements of the design 

standards outlined in Sections 4.3 and 4.4 of the building code. [6, sA-4.1.3.2(2)] 

Since the dual-axis solar tracker is susceptible to vibration and is subjected to 

vortexes and aerodynamic instability, the structure must be designed by experimental 

methods. 



Chapter 3 

Fluid Dynamics Background 

The two properties examined are the forces/moments on the panel submerged in wind 

flow, and the frequency of vortex shedding that can be expected from the panel. This 

chapter will present the causes of these properties. 

3.1 Fluid Forces and Moments on Flat Plates 

Plates at incidence angles of less than 90 degrees will have a force acting on it that 

is tangential to the surface due to skin friction. This tangential force when compared 

to the normal force of the flow is insignificant for incident angles that are 10 degrees 

and higher. The distance between a plate and a surface will affect both the forces 

acting on the plate, and the location of the center of pressure. [7] 

Experiments have shown that the normal force coefficient for rectangular plates 

does not vary significantly with the Reynolds number, when in ranges between 103 

and 3 x 106. [7] 

Approximating for thin plates is valid for cases when the plates have blunt edges, 

and the maximum thickness of the plate is about 0.2c, where c is the panel chord 

length. Meeting these conditions renders the effect of the thickness on the normal 

force coefficient insignificant. [7] 

13 
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For plates mounted near a surface, such as a panel on a rooftop, the flow velocity 

will vary with distance from the surface to the panel. Such a plate can also be 

immersed in shear flow. The effective mean velocity in such a flow is defined by: 

ve
2
ff=\jy^h (3.1) 

where the limits represent the bottom and top of the plate. The normal force in 

a shear flow is thus given by: 

N = \pyeffSCN (3.2) 

where C^ would be the force coefficient applied during a uniform flow. 

For plates that are inclined to the flow, the plate thickness becomes more restric

tive. Thicknesses exceeding 0.05c cannot be assumed for flat plate approximations at 

low incidence angles. As the angle of a flat plate changes, the location of the center 

of pressure will also change. [7] 

3.2 Forces on Panels Mounted in Turbulence 

Turbulent shear flow on surface mounted prisms induces mean forces and moments. 

Other excitation methods such as vortex shedding should be investigated when dealing 

with applications such as wind around a roof mounted panel. The velocity profile of 

the approaching flow, its turbulence intensity and scale, flow incidence, and edge 

radius are corrected for by special factors. [8] 

The mean force acting on a body in the X direction is given by the following 

formula: 
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Fx = ^pVlbEC'pkshKk^ (3.3) 

where C'F is the force coefficient for low turbulence uniform flow over sharp edged 

prisms at zero incidence. The coorinate system used in the wind tunnel can be found 

in Figure 5.15. The remaining variables are k factors that correct the flow velocity 

profile turbulence scale and intensity, incidence, and edge radius. [8] 

Correction for Shear Flow, ks 

The variation of the mean flow velocity with length characterizes the factor ks, and 

can thus be related to a surface roughness parameter. An analytical expression for 

A;s is: ks = T ^ J , where a represents the terrain roughness. [8] 

Corrections for Turbulence, hi, kt 

Non-uniform velocity profiles tend to reduce the mean force, while turbulence in

creases the mean force. When estimating design wind loads this must be taken into 

account due to the atmospheric wind's turbulent nature, ki accounts for the effects 

of turbulence scale. kt accounts for the effects of turbulence intensity. Variations of 

ki are consistent with variations in k% with the ratios of length to thickness and chord 

to thickness. [8] 

Corrections for Flow Incidence, k<j> 

This factor allows for the effect of flow incidence on the mean force of sharp-edged 

panel prisms. Flow separation and reattachment on the side, bottom and top faces of 

the prisms are characteristics that k<p captures with changes in length to width and 

height to width ratios. [8] 

Corrections for Rounded Edges, kr 

Flow separation and reattachment are affected by the roundness of the edges. Forces 

generally decrease with an increase in relative roundness. [8] 



Mean Z Force is given by 
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Fz = ^pV^cHC'pkshhk^K (3.4) 

It is derived from the value of the X force with an incidence angle of 90-0 to the 

oncoming flow, and by interchanging the thickness b with the chord c. [8] 

Mean Y Force is given by Fy — \pV^cbCpy. Turbulence is likely to reduce CFV 

compared to smooth flow when the length to width ratio is greater than unity. The 

mean Y force is usually small due to the symmetry of a prism panel. [8] 

3.3 Understanding Vortex Shedding 

Vortex shedding in the wake of an object immersed in a fluid flow can cause dynamic 

loading on structures and can induce vibrations. Inclined flat plates with sharp edges 

have had their vortex shedding frequency studied in detail. The Strouhal number 

is a non-dimensional shedding frequency based on the flow velocity and structure 

characteristic length. When the Strouhal number is based on the chord of the plate 

and the free-stream velocity, it is insensitive to changes in Reynolds numbers above 

l.l-3.2xl04. [9] Two dimensional flat plates can theoretically be treated as a straight 

line without any thickness [9], instead of a solid structure with edges. Furthermore, 

additional studies have shown that flat plate Strouhal numbers are essentially inde

pendent of the angle of attack above 30 degrees. Below 25 degrees there is a significant 

rise in the Strouhal number. This trend is displayed in Figure 3.1 shown next: 
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Figure 3.1: Strouhal number of flat plate at incidence [9,10] 



Chapter 4 

The Atmospheric Boundary Layer 

The effects of the atmospheric boundary layer on wind speed can be estimated rea

sonably accurately when the ground roughness and mean-wind field are known. The 

properties of the mean-wind field of major interest are velocity extremes and recur

rence intervals. [11] 

4.1 Origin of the Wind 

The nature of wind can be traced back to the sun. Solar radiation from the sun heats 

the planet differentially. Locations closer to the equator receive much higher doses of 

solar radiation, and locations closer to the poles receive less. Since the surface of the 

planet will thus have differential temperatures, gradients of pressure will be created in 

the atmosphere. Wind is created high above the earth's surface by the rotation of the 

earth modifying the differentially heated air in the atmosphere. The gradient wind 

velocity occurs at heights greater than about 1000 feet. This is where the frictional 

forces near the ground no longer influence the wind velocity. The friction of the 

earth's surface along with obstructions such as trees and buildings cause drag on the 

airflow and subsequent shear forces (Reynolds stresses) create a velocity profile for 

a boundary layer, with zero velocity at the earth's surface and maximum velocity 

18 
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at the top of the layer. Drag forces at the ground surface slow down the airflow, 

which results in an exchange of momentum transmitted upwards between layers due 

to turbulence. Therefore, the wind velocity is dependent on the geographic location, 

the nature of the terrain, and the height above the ground. [11] 

4.1.1 Isotropic Turbulence and Parallel Shear Motion 

In a wind tunnel, or in large regions of the atmosphere, the mean values of flow 

velocity are "slowly variable functions" of time, which means that fluctuations are so 

fast that variations from the mean value are negligible. [12] 

The mechanism behind turbulent friction is theorized to be from either a transfer 

of momentum or a transfer of vorticity. It is known however that turbulence develop

ment depends on balance between energy transfer of mean motion into fluctuations 

and dissipation due to the fluctuations. Inertia and viscosity terms should balance 

out at large Reynolds numbers. The dissipation in every layer of fluid is equal to the 

work done by the shearing stress. [12] This provides a basis for understanding the 

turbulent force at work in the atmospheric boundary layer. 

4.1.2 Mean Flow in Atmospheric Boundary Layer 

Viscosity plays an important part in controlling the rate of the dissipation of tur

bulence between layers of wind. The region of influence below the gradient height 

is the atmospheric boundary layer. In this region, the wind velocity profile can be 

accurately defined by the Prandtl logarithmic profile; this agrees with experimental 

wind tunnel measurements, as well as over natural surfaces. A more simple power 

law profile representation can be used as shown below: 
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MB 
The value for a and ZG vary for different natural surfaces, and must be measured. 

Many geographical locations have been measured, varying from open water to the 

center of a large city. Profiles can be simplified into three types of terrain; open, 

wooded country or suburban, and urban. This transition is seen in Figure 4.1. 

2000 — 

Figure 4.1: Profiles over differing terrain roughness [11] 

It is important to understand how far much downwind distance is required of a 

change in surface roughness to be considered a new type of terrain. This is called the 

fetch distance, and is demonstrated in Figure 4.2. It takes about twice as far for a 

wind to pick up speed over a smoother surface than it takes for a wind to slow down 

over a rougher surface. The roughness of an urban area can slow the wind down to a 

third of wind coming from open country. 
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Figure 4.2: Distance needed to establish new wind profile after roughness change [11] 

4.2 Determination of Design Wind Velocities 

The wind causes one of the principal loads acting on above ground structures. De

termining this force is fundamental to both the safety and the economic impositions 

to overcome. It is important to know the extreme sustained wind velocity as it will 

create the steady component of pressure. For locations of differing surface roughness, 

design wind velocities of given probability of occurrence can be predicted. [13] The 

gradient velocity is the velocity of the free air, and can be found from 

VG = rwsinX 
dp 
dN 

pprw2sin2X 
(4.2) 

where r is the isobar radius of curvature, w is the earth's rotational speed, A is 

the latitude, dp/dN is the pressure gradient, and the density of the air is p. 

Wind velocity increases with height. The most widely used profile to express this 

increase, for structural purposes, is the exponential profile previously discussed due to 

its simplicity. Surface roughness is not defined as individual obstructions but rather 

the cumulative statistical drag effect of numerous wind obstructions. [13] 

Based on qualitative descriptions of terrain, wooded countryside, parkland, towns, 
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and outskirts of large cities, the suburban terrain in this study can be shown in Figure 

4.3 to correspond to a power-law exponent of a = 0.28. 
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Figure 4.3: Increase of velocity with height over different terrain [13] 

This refers to mean wind velocities over level ground, the presence of a large 

scale severe storm, and to heights between 30 ft and the gradient velocity. [13]. The 

boundary layer shape varies according to the terrain factor a, which can be found in 

Table 4.1. 
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Table 4.1: Coefficients for boundary layer shape [14] 

Terrain 

Open country 

Wooded and suburban 

Urban 

h(ft) 

280 

1200 

1700 

h(m) 

85.3 

365.8 

518.2 

a 

0.15 

0.28 

0.4 

4.3 Response of a Structure to Wind 

For structural design, two properties of the wind are required; namely the structure of 

the wind, and the statistics of the wind climate. To define the structure of the wind, 

the mean velocity profile is required, along with the properties of its turbulence. As 

discussed earlier, a power law velocity profile was both simple and adequate under 

conditions over all type of terrain so long as the terrain was relatively level. 

The gradient velocity is useful as a reference wind speed because it is independent 

of local terrain roughness. More theoretical profiles depend on the Rossby number, 

making the profile slightly dependent on the latitude. It has been found that these 

differences are not significant. [15] 

Relating back to the power law profile during transition from an old surface to a 

new surface, it is useful to understand the fetch required to grow the mean velocity 

profile that is characteristic of the new surface. Significant differences in velocity are 

mostly in the first 500 ft. To produce most of the significant changes to the profile, 

a mile downwind of the change in roughness should be sufficient. [15] 
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4.3.1 Static Analysis of a Rooftop Structure 

Building test programs perform static wind loads, which may be used later for dy

namic tests. If the atmospheric boundary layer is unknown, then the maximum wind 

speed at 30 ft altitude is used to construct a boundary layer according to 

V* / Z V (4.3) 

Work has been performed on similar roof top structures, namely solar collectors 

[11]. Similarly though it is critical to measure loads and moments for a full range of 

azimuth. Loads are needed in a rooftop array to size the motors that swivel the pitch 

of the array, whereas the panels will also need to have motors sized for the yawing 

motion. Such a program requires force and moment data. Force and moment are 

used to determine loads on the array foundation, which is a rooftop. Array spacing is 

additionally varied, with runs at different wind speeds to confirm the lack of variation 

in Reynolds number. Dimensionless parameters can be found as shown below. 

^ Force . A. 
Cforce = —-g- (4-4) 

_ Moment , > 
(-'moment = ~p, Y^-^l 

qbc 

Data is usually collected as plots of drag, lift, and moment against different ele

vation and azimuth angles. It has been found that azimuth angle does not produce 

large changes in forces and moments. [14] 



25 

4.4 Designing an Atmospheric Boundary Layer 

Non-aeronautical uses of wind tunnels are routinely conducted by wind engineers to 

study interactions of the wind from the atmospheric boundary layer with that of 

structures on the ground. A wind tunnel that is used to simulate the natural bound

ary layer over a structure is labelled a Meteorological Wind Tunnel. Check runs at 

varying wind speeds should be performed to make sure that Reynolds number effects 

are small. The Reynolds numbers for buildings are based on the width of the build

ing. The distribution of the atmospheric boundary layer is also required to have a 

proper velocity distribution. The boundary layer must be scaled to match the scaled 

down buildings. Modern wind tunnels attempt to duplicate this distribution by plac

ing spires upstream of the wind flow, followed by roughness elements running 10-15 

test section heights. A turntable is often implemented to mount the urban build

ing complex, with rotations of the turntable representing wind speeds from varying 

directions. Temperature gradients do not need to be simulated because when the 

wind blows intensively, the air is mixed up to the point that temperature is largely 

homogeneous. [14] In general a model building is scaled between 1 to 50 and 1 to 500. 

For this study it is 1 to 100. Simple formulas have been developed to design spires 

and surface roughness of wind tunnels such that they can generate a boundary layer 

that represents that of the planet. Figure 4.4 illustrates this setup. 

Figure 4.4: Wind tunnel spires and roughness elements [16] 
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This knowledge was discovered in the 1960's and has been developed to produce 

the same velocity profiles with the right large scale turbulence and intensity that 

match the atmospheric boundary layer. The roughness elements are meant to create 

the correct velocity profile, while the spire acts to create large scale eddy turbulence 

from vortexes shedding of the edges. It has been found that turbulence properties 

and the mean velocity profile downstream of the spires are sensitive to the triangular 

shape of the spires, meaning they must be relatively triangular shape. The cor

rect drag is maintained by keeping the triangular spires as flat plates, creating large 

pressure drag and large turbulent vortex structures peeling of the triangle's edges. 

Distributed roughness to create floor friction also assists in developing the boundary 

layer, specifically near the floor. [16] 

When it is assumed that the flow upstream of the spires is uniform, the power law 

is defined as 

HI)" 
where Uz is the velocity at height Z, Us is the velocity at Z > 5, and a is the power 

law exponent. An expression can be created for the total frontal area of the spires 

to produce a boundary layer with a required a and S. The expression uses the spire 

height h and spire base length b. A distance of 6h is required to ensure lateral ho

mogeneity of the flow when the spires are spaced h/2 from each other's centerline. [16] 

The height of the spire is found to be h = r f¥ , whereas the ratio for the base 
1 + 2 

to height is obtained by \ = 0.5 [ 7 ^ 1 + 7 ] (l + f ) , where 7 = ^ y ^ ] + P and 

/3 = (jj) j ^ . H is the height of the test section. The test section should be a 

multiple of h/2. The surface friction required by the roughness elements is 
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Cf = 0.136 a 

1 + a 
(4.7) 

To achieve the correct roughness size for the required surface friction, the ratio of 

the roughness height k to boundary layer thickness 5 is 

- = exp(2/3)ln(D/S) - 0.1161[(2/C» + 2.05]1/2 (4.8) 

where D is the spacing of the roughness elements. These are the design principles 

that are used in the wind tunnel at Carleton University to create the atmospheric 

boundary layer that is used in this thesis study. 



Chapter 5 

Wind Tunnel Setup 

5.1 Wind Tunnel and Test Configurations 

This section will describe the design, construction, and implementation of the wind 

tunnel experiment. It will first describe the characteristics inherent to the wind 

tunnel, and then the details of the test section. The array of test configurations will 

then be illustrated, followed by a description of how the data acquisition unit works. 

5.1.1 The Wind Tunnel 

The wind tunnel at Carleton University is classed as a low-speed, open-loop tunnel. 

The top free stream velocity that can be produced is approximately 60 km/h. However 

the large cross section and long length make it ideal for testing atmospheric flows, 

since it allows adequate distance for the build-up of the atmospheric boundary layer. 

At four inches above the tunnel floor, the turbulence intensity is measured at 12 

To create the atmospheric boundary layer, four large spires are inserted into the 

flow far upwind of the test section, as shown in Figure 5.1. 

28 
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Figure 5.1: Upwind view from test section 

Downwind of the spires, the tunnel floor is lined with roughness elements. These 

elements continue until the test section, which is shown at the end of the tunnel just 

before the fan in Figure 5.2. 

Figure 5.2: Downwind view of test section 

A diagram of the wind tunnel with its relevant dimensions can be found below in 

Figure 5.3 
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Figure 5.3: Wind Tunnel Diagram 

Creating an Atmospheric Boundary Layer 

A power law profile coefficient a and a boundary layer thickness 5 can be used to 

represent the atmospheric boundary layer. To create this boundary layer in a wind 

tunnel, triangular spires are installed upstream of the experiment and roughness 

elements are distributed on the tunnel floor. [17] The power law coefficient a is related 

to the effects of surface roughness, and is used in the following form: 

Uz 
Us J (5.1) 

The spire dimensions are determined from empirical relationships to produce the 

designed boundary layer, using Equations 4.7 and 4.8. The four spires are constructed 

from 3/4 inch plywood and are screwed to a two-tiered base also constructed from 

3/4 in plywood. Each spire has a base that is five inches wide, and 33 inches tall. 

Roughness elements, spaced eight inches apart, added downstream from the spires 

will promote boundary layer growth. The elements are 1 inch by 1 inch L-brackets 

made of 1/8 inch thick steel and are glued to the tunnel floor upstream of the test 

section. [17] 

The test section will be described in further detail in the following subsection. 
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5.1.2 The Test Section 

Just before the fan at the end of the wind tunnel is the test section. The test section 

is accessible on either side of the tunnel via plexiglass doors that swing up and open. 

The floor of the test section contains a circular cut-out that can house various discs 

for different experiments. For the purpose of this thesis, a disc is inserted into the 

floor that has a square building mounted on top of it. This can be seen in Figure 5.4. 

Figure 5.4: Test section initial panel setup 

The square building has 25 holes across the roof surface uniformly distributed, 

with 25 holes allowing for adequate azimuth rotation space of each panel, as well as 

enough data points to allow for possible trends to be identified. Solar panel models 

are inserted into these holes. When the holes are not in use, plastic plugs are used 

to seal the openings. Scaled to approximately 1:105, the building's measures three 

inches tall and 32 inches wide, with each panel being 3.692 inches wide with a 1.488 

inch chord. To match the Reynolds number of the scaled of the models fit into the 
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wind tunnel, wind speeds many magnitudes higher that what is possible are required. 

As stated earlier, the force and moment coemcient results are insensitive to changes in 

Reynolds number for the given operating ranges. The building is capable of rotating 

360 degrees on the wind tunnel floor. This allows for different wind directions to be 

simulated. The building is mounted to the disc using metal brackets. The disc is 

clamped to the wind tunnel floor from underneath the floor. 

The building is completely hollow, which allows room for the load cell to be 

positioned under any of the holes in the roof surface. The load cell force platform can 

be seen in its position underneath the building in Figure 5.5. 

Figure 5.5: Load cell setup underneath building 

The load cell is mounted to the top of a tripod that sits underneath the wind 

tunnel floor. The load cell is first mounted onto the tripod, and can then be raised 

up inside the hollow building underneath the roof. A side view of the test section, 

shown in Figure 5.6, shows the setup of the tripod in relation to the building. 



33 

Figure 5.6: Side view of experiment setup 

Thus far, the functions of the experiment in the test section have been described, 

but the description of how the experiment trials will actually be carried out must still 

be presented, and is shown in the next subsection. 

5.1.3 Test Configurations 

The tests were designed to investigate various parameters that could be changed in 

a full scale working model. The parameters that needed to be investigated were the 

effects of wind direction, wind speed, the panel azimuth angle, the panel elevation 

angle, the location of the panel on the rooftop, the proximity to another nearby solar 

panel, and the immersion of the panel in various panel field sizes. The layout of the 

rooftop and its panel locations are shown in Figure 5.7 below. 
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Figure 5.7: Rooftop layout 

The wind speed is changed simply by increasing the wind tunnel fan speed. The 

wind tunnel computer controls the fan by monitoring a pressure transducer and ac

cepting user input via a wind velocity toggle switch. 

To change the wind direction, the building and turn table disc are rotated in 

intervals of 15 degrees. Figure 5.8 shows the wind angled 45 degrees at the building. 
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Figure 5.8: Changing wind direction 

This configuration kept the panels oriented straight into the wind while the wind 

approaches the building from various angles. A similar configuration occurs when the 

wind direction remains constant on the building, but the solar panel rotates. This 

mimics a real panel's ability to track the sun's azimuth angle. The setup is designed 

to allow the panel to yaw a full 360 degrees. 

The full scale solar panels are able to track the elevation of the sun in the sky. 

This changes the angle of the panel with respect to the horizon. Instead of creating 

a mechanical model, four different elevation angles were selected to test, and a model 

made from Acrylonitrile butadiene styrene (ABS) was constructed for each angle. 

These models can be seen in Figure 5.9. 
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Figure 5.9: Panel angles 

As can be seen, the four models represent 15, 30, 45, and 60 degree angles from the 

horizon. The panel can also change its location on the roof top. The effect of moving 

the panel closer to the building's leading, trailing, and side edges is thus monitored. 

Applications for such solar panels may not be limited to a single panel on a roof 

top. Multiple panels could be present. The distance between two panels could have 

an effect on the flow around each panel. To measure this effect, while the main panel 

model remains at the roof top center, a second " dummy" panel is fixed to the roof. 

This dummy panel is moved forward, backward, and sideways of the main panel, 

while the flow effects were measured by the load cell on the main panel. An example 

of the dummy panel forward of the main panel is shown in Figure 5.10. 
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Figure 5.10: Nearby dummy panel at position N 

The dummy panel is shown at position N. In certain cases there may be more 

than two panels on a roof top. There may even be an entire roof top area filled with 

panels. Such a field of panels will likely change the wind flow over each panel. The 

effect could vary for different sizes of panel fields. The first field size tested is a small 

field, shown in Figure 5.11. 

Figure 5.11: Panel submersion in small panel field 
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This tight cluster of panels was then expanded to a large cluster that covered the 

entire roof top, as shown in Figure 5.12. 

Figure 5.12: Panel submersion in large panel field 

Finally, the size of the cluster field is not changed, but instead the density of the 

field is changed. In Figure 5.13, the full roof top field density is halved. 
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Figure 5.13: Panel submersion in sparse panel field 

This concludes the different configurations in which the experiment will be per

formed. Next, an overview of the data acquisition unit will be presented. 

5.2 Data Acquisition 

The process of collecting data required two key pieces of equipment. The first being 

a load cell that could take measurements in all three directions, and the second being 

a software package that could collect data from this piece of hardware. This section 

will describe the capabilities and limitations of each unit, and the method it uses for 

collecting and presenting data. 

5.2.1 Multi-axis force platform 

The HE6X6 system is a commercial product that is a compact tool that can mea

sure very low loads. It is an accurate platform that can measure the three forces 

and moments on one solar panel model at a time. It is designed around one piece 
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Hall-Effect sensor elements with an extremely high overload protection of up to one 

hundred times the given capacity. Sensor electronics are built in so as to provide a 

digital output to a computer. Mounting holes are present to secure the solar panel 

model and to secure to the platform to a surface, located on the top and bottom, 

respectively. The platform can be seen below in Figure 5.14. 

* =*. ?-*k 

Figure 5.14: HE6X6 low load miniature force platform [18] 

The platform is oriented with positive X pointing downstream and positive Z 

pointing into the ground, as shown below in Figure 5.15. 
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Figure 5.15: Orientation of force plate to wind tunnel flow 



41 

Hall-Effect Sensor 

The Hall-Effect is a method that can be used to measure displacement of a conducting 

coil moved through a magnetic field. By measuring the voltage generated, the force 

and moment can be found. The Hall-Effect force plate used measures reactions using 

three Hall-Effect sensors in the X, Y, and Z direction placed at each of the four corners. 

A letter designation is given to each corner and given a specific local sign convention, 

as shown in Figure 5.16. Note the local and global sign conventions, with Z always 

being positive down. 

x<4 

Communieafiott cable 

Figure 5.16: Hall-Effect sensor locations [18] 

Setup 

The digital signal is transmitted using a USB cable. This connector runs from the 

interface box to the user's computer connection. An RJ cable sends commands to the 

platform and receives transmissions from the platform via the interface box. Refer to 

Figure 5.17 [18] below for a diagram of the setup. 
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Computer 

Power la 

Figure 5.17: Force plate hardware layout [18] 

5.2.2 Acquisition Software 

NetForce from AMTI is a data acquisition program that is designed for use with 

AMTFs multi-axis force platforms for industrial force measurements. [19] 

Real-time Data Acquisition is a key component of the NetForce software. Its real

time display mode allows the simultaneous display of up to 12 channels of data and 

real-time graphs. [19] 

Main Screen Functions: The software presents a main screen that displays graph

ics of data acquisition and real time controls allowing control of the acquisition pro

cess. Controls and features include a real time graph display, a main menu, the 

trigger indicator, test information, and test sequence button group. These functions 

are briefly described below: 

Real Time Graph Display 

Two graphs display the force and moment signals in real time as the data 

is acquired. Channel Enable Buttons are used to enable or disable the six 

individual channels representing the three forces and three moment axes. The 

Channel Position Indicator is used to show the zero position for the associated 

channel. The setup button allows the user to set the vertical scale and color of 

the displayed data channel. 
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Trigger Indicator 

This will indicate when a trigger event has been detected. When the event 

is detected, the small window on the left side of the screen flashes, and the 

progress towards completion of the sample duration is shown on the long bar 

to the right side of the screen. 

Test Sequence Button Group 

This group of buttons provides the operating controls for acquiring and storing 

data. Before the test sequence begins, it is important for the user to go into 

the start-up section and perform a system check, calibration, and hardware 

zero. [19] 

1. Press Start to begin real time data acquisition and initialize the protocol 

2. With external forces removed, press the Tare button 

3. Press the Arm, which readies the trigger logic 

4. Trigger logic will sense the trigger event and stop the acquisition accord

ingly 

5. View the data on the screen, and if it is acceptable press the Save button 

6. Press Next to proceed to the next step in the protocol. 

NetForce Operation 

The start button is used to start and stop the data acquisition process. The data 

rate and duration can be set in the acquisition settings area. When the duration 

runs out the data will be written again in a circular buffer over the old data. Data is 

continuously gathered until either the stop button is pressed or a trigger event occurs. 

Results can be saved into either text files or binary BSF files. In the text files each 

column of data represents a channel of the installed force platform. Each row consists 

of data taken at a given moment in time. Text files are comma delimited with data 
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columns representing each channel Fx, Mx, etc. Tare values are subtracted from the 

data. The option exists for text files to be exported to a spreadsheet program as well. 

The BSF files can keep track of and save trial descriptions, the date, etc. [19] 

Under the settings menu, a hardware zero option exists to perform an internal 

auto zero which will remove most of the offset caused by thermal drift. 

Trigger Method 

Various types of events may be used as the method by which the system is triggered 

to collect data. The option for no trigger also exists, which causes the system to 

immediately start collecting data once the test sequence is started. Data collection can 

also begin when the system experiences a certain channel level of data, or experiences 

a fall or rise in data magnitude. An elapsed time can also be set to pass before the 

data begins recording. A keystroke may also be implemented to signal the start of 

data acquisition. Sample duration can be set to determine the amount of time the 

system will take to acquire data. The Acquisition Rate allows control over the amount 

of recordings per second, from 50 up to 1200 Hz. [19] This thesis will use 50 Hz over 

100 seconds duration. 

Platform Range 

Under the review settings dialog box, information such as resolution, and sensitivity 

can be viewed in either English or metric units. Such values are displayed for each 

of the six channels: Fx, Fy, Fz, Mx, My, and Mz. The electrical range reports the 

max and min force or moment that can be read by the platform and software. The 

mechanical range reports the max and min force or moment that the platform can 

physically endure. The resolution is given in terms of force or moment per bit, and 

reports the maximum sensitivity that the platform can detect. [19] 
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5.2.3 Platform Calibration 

The force platform is shipped from the factory after being calibrated on site. However, 

this calibration should still be checked so that results can be trusted. The six modes 

that must be calibrated are the x, y, and z direction force and moment measurements. 

Force Calibration 

For the force in the z direction, the force plate was placed on a level surface and 

defined masses were placed on the platform as shown in Figure 5.18 and weighed 

using the NetForce acquisition software. 

Mass 

Force Plate 

{̂  + Fz 

Figure 5.18: Platform setup for Fz calibration 

The resultant forces are presented in Figure 5.19 below: 

• 
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Figure 5.19: Measured vs Actual Z-force 

For the force in the x direction, defined masses were placed on the platform's edge 

while it was turned sideways and secured in a level position on the x-plane as shown 

in Figure 5.20 and weighed using the NetForce acquisition software. 
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Figure 5.20: Platform setup for Fx calibration 

The resultant forces are presented in Figure 5.21 below: 
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Figure 5.21: Measured vs Actual X-force 

For the force in the y direction, defined masses were placed on the platform's edge 



while it was turned sideways and secured in a level position on the y-plane as 

in Figure 5.22 and weighed using the NetForce acquisition software. 

• 

Vertical 
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Figure 5.22: Platform setup for Fy calibration 

The resultant forces are presented in Figure ?? below: 



49 

0 8 

0.7 

0 6 

Z 0 3 

,£ 0 4 

0 3 

0.2 

0.1 

Measured vs Actual y-f orce 

I Actual Force 

S» Measu red Force 

0.01467 0 0 2 9 4 5 0 0 4 4 2 6 

Mass (kg} 

0 0 5 8 9 9 0 0 7 3 7 2 

Figure 5.23: Measured vs Actual Y-force 

As seen, the forces measured are offset from the actual forces being represented. 

To establish the existence of a possible trend, Figure 5.24 below presents a direct 

comparison of the forces measured to the established force values. 
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Force Calibration 
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0 4 0.5 

Measured Force F* {H) 

Figure 5.24: Force calibration 

A trend line does indeed exist. The trends for Fx, Fy, and Fz are linear, and can 
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thus be used to correct the experimental forces measured to the actual forces. 

Moment Calibration 

For the moment on the z axis, with the platform secured on its side, an aluminum 

beam was bolted to the plate's surface. After the force plate was zeroed, a defined 

mass was placed at varying positions along the extended rod, as shown in Figure 5.25. 

Moment Arm 

Force Plate 

Mass 

Vertical Mount 

Figure 5.25: Platform setup for Mz calibration 

The resultant moments were measured using the NetForce software and exported 

into a notepad file. This data was then imported into a spreadsheet program, where 

the moments were plotted against time. This allowed for a range of data to be selected 

that had reached a steady state and could be averaged to retrieve the subjected 

moment. The results are presented in Figure 5.26 below: 
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Figure 5.26: Measured vs Actual Z-moment 

Surprisingly, a large difference in results are seen in the Fz calibration. This 

could be due to a manufacturing problem, or an issue with inaccurate calibration 

techniques. It is suggested that an alternative method be used to check calibration 

in future work. For the moment on the x axis, the force plate was secured in the 

z-plane. An aluminum beam was then bolted to the plate's surface. The bending 

axis aligned with the x-axis. After the force plate was zeroed, a defined mass was 

placed at varying positions along the extended rod, as shown in Figure 5.25. 

Moment Arm 

Force Plate + M ^ 
Mass 

1 

Figure 5.27: Platform setup for Mx calibration 

The resultant moments were measured using the NetForce software and exported 
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into a notepad file. This data was then imported into a spreadsheet program, where 

the moments were plotted against time. This allowed for a range of data to be selected 

that had reached a steady state and could be averaged to retrieve the subjected 

moment. The results are presented in Figure 5.28 below: 
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Figure 5.28: Measured vs Actual X-moment 

For the moment on the y axis, the force plate was secured on the z-plane. An 

aluminum beam was then bolted to the plate's surface with the bending axis aligned 

with the y-axis. After the force plate was zeroed, a defined mass was placed at varying 

positions along the extended rod, as shown in Figure 5.29. 
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Force Plate +MjJ Mass 

1 

Figure 5.29: Platform setup for My calibration 
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The resultant moments were measured using the NetForce software and exported 

into a notepad file. This data was then imported into a spreadsheet program, where 

the moments were plotted against time. This allowed for a range of data to be selected 

that had reached a steady state and could be averaged to retrieve the subjected 

moment. The results are presented in Figure 5.30 below: 

Measured vs Actual y-moment 
• Actual Moment 

• Measured Momiefit 

0.221 0.196 0.171 

Moment Arm (m) 

0.146 0.121 

Figure 5.30: Measured vs Actual Y-moment 

As seen, the moments measured are offset from the actual forces being represented. 

To establish the existence of a possible trend, Figure 5.31 below presents a direct 

comparison of the moments measured to the established moment values. 
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Figure 5.31: Moment calibration 

A trend line does indeed exist. The trends for Mx, My, and Mz are linear, and can 

thus be used to correct the experimental moments measured to the actual moments. 

5.3 Uncertainty Analysis 

Since the resulting forces and moments measured from the force plate are determined 

from other variables, it must be considered how the uncertainties in each channel's 

data propagate into the resulting force or moment. This section will present the 

results of the Taylor Series Method [20] applied to define how certain the force plate 

results are. The final equation format, derived in Appendix A, is shown below. 

UFA =UAE 

F I F 
x / relativeuncertamty x 

y /(Sll2 + S122 + ...) (5.2) 

In this equation, S is a value from the calibration coefficient matrix included with 
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the software, and it further explained in Appendix A. The bit data from the Hall 

Effect sensors produce up to 2048 bits of data, with a relative uncertainty (UAX) of 

0.6% [19]. This process will reduce the equation to a relation between the relative 

uncertainty in the experimental result,i.e. Fx, to the relative uncertainties in the 

measured variables, i.e. Ax, By, Dz, etc, and the force or moment, i.e. Fx, My, being 

measured. The remaining variable of Fx in this equation will be varied to determine 

how its measured result is certain. In Figure 5.32, the relative uncertainty for the 

force measurements are presented. 
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Figure 5.32: Estimated uncertainty of forces 

As seen above, the uncertainty below 0.00016 N is fairly large, and results below 

this should be trusted with caution. In Figure 5.33 below, the relative uncertainty 

for the moment measurements is presented. 
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Figure 5.33: Estimated uncertainty of moments 

As seen above, the uncertainty below 0.00056 Nm is fairly large, and the results 

below this should be trusted with caution. 

5.4 Sources of Error 

Throughout the testing and analysis phase of the project, certain issues arose that 

brought awareness to aspects of the experimental methods that could reduce the 

accuracy and reliability of the results. These sources of error extended from two 

means, that the experiment was not designed to its greatest strength, and the other 

being that the experiment not was performed as accurately as it could have. These 

means are explained in the following subsections. 

5.4.1 Design Considerations 

Aspects of the wind tunnel experiment setup were discovered to have a possible effect 

on the results. These were mostly due to the solar panel model itself, and how it was 
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connected to the force plate. 

The composition of the panel is made of ABS plastic. With the small dimensions of 

the plastic model, ABS does not produce a high level of rigidity in the model. During 

the experiment, it was assumed that the model was completely rigid. However, by 

simply holding the model it is evident that a degree of flexibility does exist. This 

flexibility in the plastic model leads to two problems. Firstly, the entire model has 

the possibility of flexing under a wind load. The flex could most probably occur 

around the Z-axis, or bend backwards along the Y-axis. Such deflections can change 

the aerodynamics around the panel to the point where a different load is produced. 

Material deflection also leads to the next possible problem, that of aeroelastic ef

fects. The wind forces acting on the panel can create deflections that are countered by 

the material elastic forces, which in turn with inertial forces can create an oscillating 

motion. This motion could be found in multiple modes, such as along the Y-axis with 

the panel leading and trailing edges, or the X-axis with the panel edge tips. These 

oscillations would not only affect the measured forces, but also affect the frequency 

at which vortex shedding is detected. 

Finally, the method used to connect the panel strut to the force plate could cause 

offset results. The method of attachment, which is that of interference fit, does not 

necessarily lock the strut firmly into the force plate. Although a rigid connection was 

assumed, bending or twisting of the panel with excessive force can result in the strut 

slightly shifting its attachment position along the Z-direction or any of the axes. 

5.4.2 Human Error 

Operating the experiment proved to be challenging at times due to the precision 

involved in setting up each wind tunnel test case. Angles and distances were required 

to be measured, which were subject to the possible mistakes from misalignments. 

Calibrating the load cell for moments required placing a mass at various distances 
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along a moment arm. These placements were done by aligning the mass with markings 

painted onto the moment arm. Due to the sensitivity of the load cell, being off even 

by a few milimeters could changes the calibration results. This could account for the 

large moment calibrations required, especially for the Z-axis. 

The building model was marked with the angles required for testing. Marking the 

angles, although done with as much precision as possible, was done with a protractor 

only about one tenth the diameter of the turn table. Extending the lines to the edge 

of the turn table could prove to be inaccurate by a few degrees. Thus when rotating 

the building to its desired yaw angles may be simulating wind directions a few degrees 

from that desired. 

The solar panel model itself also follows a set of angles when its azimuth angle 

is changed. These are marked very accurately since they are within the size of the 

protractor. However, aligning the panel with these angles presents a challenge. Since 

markings are on the rooftop surface, and the panel is a centimeter or so above the 

rooftop, a degree of visual skill is needed to align the panel with the markings. This 

could result in azimuth angles being offset a few degrees. 

Adjustment of the solar panel model proved difficult not only when aligning angles 

but also in the height of the solar panel. No system was established for determining 

the height of the solar panel off the rooftop surface. This distance was judged based 

on the length of stem remaining at the bottom of the strut. This vertical distance 

could have varied by a few millimeters, and thus closed or widened the gap between 

the leading edge of the panel and the rooftop surface. Changing this gap size could 

have made an effect on the flow blockage of the panel model, and thus the force 

exerted on it by the passing wind flow. 

Similar issues were also experienced with not just the active panel being mea

sured, but the dummy panels surrounding the active panel during tests that involved 

surrounding panel field sizes and nearby panel effects. Although forces on the dummy 
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panels were not measured, the wind flow around them affects the aerodynamic prop

erties of the flow around the active panel. Positioning up to 24 dummy panels at 

both the correct height off the rooftop as well as the correct azimuth angle would be 

very difficult to perfect by hand. Thus, it is likely that some of the dummy panels 

were not positioned at the correct height or angle, but instead off My a few degrees 

or millimeters. Fortunately, as seen in the results section, only a small case of nearby 

panels affected the active panel's flow, and it is likely that minor changes in dummy 

panel positioning would not produce a change in results. 

Finally, the ultimate alignment issue partakes to the force plate load cell itself. 

Situated underneath the wind tunnel floor on a tripod, it can be difficult to adjust 

the orientation of the force plate so that it is at a right angle to the floor, and aligned 

with the wind flow direction. Leveling the force plate with the ground is done with 

a small hand level, while alignment with the wind flow is done with the right angle 

triangle visually guiding the side of the force plate to be in line with the tunnel floor 

structural beam. Since these techniques are visually based, it is likely that they could 

be misaligned by a degree or two. Although this and the previous mentioned sources 

of error could contribute to inaccuracy in specific numerical values, relatively the 

results are still reliable in terms of trends observed, since the data found physically 

makes sense. 



Chapter 6 

Wind Tunnel Results and Discussions 

This chapter will outline and discuss the results obtained from experiments performed 

in the wind tunnel. The effect of the Reynolds number will be examined followed 

with a discussion of the data trends observed with the various wind tunnel model 

configurations. In the wind tunnel, solar panels of different angles of attack were 

monitored at different wind speeds as well as at various wind directions. Orientations 

and locations on top of a large retail store style building were also monitored. The 

effect of nearby panels was monitored as well, both by checking proximity to one panel, 

and proximity to a cluster of panels. The forces in each direction and moments on 

each axis acting on solar panel models were measured as described in the experimental 

set up. Each data point consisted of a 100 second sampling trial at a rate of 50 Hz. 

Results for all the data collected with standard deviations may be found in Appendix 

B, with non-dimensionalized results derived and presented in Appendix C. The non-

dimensionalized results are of significant value for potentially providing a basis to 

provide justification for the building code using any similar style solar panel array. 

60 
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6.1 Theoretical Vortex Frequency 

One of the interesting results presented here and further in Chapter 7 will be a 

frequency analysis identifying instances of vortex shedding. Two instances where 

vortex shedding can be expected are off the solar panel model, and off the leading 

edge of the building. These two instances are calculated below using the Strouhal 

number as a dimensionless number for vortex shedding frequency. 

where f is the frequency of vortex shedding that can be expected, V is the wind 

velocity ahead of the panel model or building leading edge, St is the Strouhal number, 

which for square cylinders is 0.18 and flat plates is 0.15, and L is the characteristic 

length which for the solar panel model is the panel's projected chord length, and 

for the building's characteristic length is the building's height [10]. The freestream 

velocity is not used for this calculation, but instead the velocity is taken from point 

measurements of CFD simulations performed later in Chapter 7. 

The theoretical vortex shedding frequency predicted by this process is 10.3 Hz for 

the solar panel model, and 14.1 Hz for the building's leading edge. 

6.2 Effect of Varying Wind Velocity 

A panel with a pitch of 45 degrees was situated in the center of the rooftop, with the 

panel and rooftop positioned at the zero degree mark. An example of this setup can 

be seen in the schematic shown in Figure 6.1. 
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Figure 6.1: Example of schematic for velocity test case 

The wind velocity was varied from 45 kilometers per hour down to 15 kilometers 

per hour. 

In Figure 6.2 below, a composite plot of Fx, Fy, and Fz is shown displaying the 

mean average of each time series sample as data points for each wind velocity. 

Effect of Wind Velocity on Reaction Force 

01 
O 

O 

0.1 

0.05 

0 

-0.05 

Jr — - I 

15 20 25 30 
1 

^JDOL. 

r^Mz*, 

35 

j/ttfj^ 

"""T ,™^ss,n®r^* 

40 

-** 

•¥f¥S¥jjKWSi# 

**+ 

~"± 

45 

Fx 

Fy 

Wind Velocity (km/h) 

Figure 6.2: Wind velocity reaction forces 

In Figure 6.3 below, a composite plot of Mx, My, and Mz is shown displaying the 

mean average of each time series sample as data points for each wind velocity. 



63 

Effect of Wind Velocity on Reaction Moments 
0.001 

E 
z -0.001 
c 
E -0.003 o 

-0.005 

~*——•+—**!*.•*, ——Jif — « . » « . , ^ _ «,«,«.^^««,«»,, 

1 5 - ^ 2 0 ^ - 5 5 30 3% S ^ ^ f e 

Wind Velocity {km/hj 

- * -MX 

My 

•*- Mz 

Figure 6.3: Wind velocity reaction moments 

6.2.1 Significance of Wind Velocity 

The most obvious concern for rooftop structures is strong wind gusts. Although the 

wind tunnel cannot operate much higher than 45 km/h, the drag coefficient can be 

used for full scale, full velocity models. The trend seen in forces and moments can also 

give an idea what the full scale model would experience. As seen in Figure 6.2, it is 

seen that Fy, Fz, and thus Mx and M2, show only small variation. However the most 

obvious trend is the traumatic increase of drag in the X-direction. This significant 

increase corresponds to the large increase in bending moment in the Y-axis, as seen 

in Figure 6.3. It can be said that the greatest concern when designing for high speed 

winds is the stress observed due to high forces and torques in the Fx and My direction. 

6.2.2 Reynolds Number Insensitivity 

As presented in Chapter 3, research [14] has shown that for Reynolds numbers be

tween the range of 103 and 3xl06, the force coefficient for rectangular plates and 
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sharp edged blunt objects does not vary significantly with changes in Reynolds num

ber. The operating conditions in the wind tunnel at the panel model in the test 

section experience a Reynolds number of approximately 17,700. This is based off the 

assumption that the velocity at the center of the panel is 11.11 m/s, the panel chord 

length is 0.025 m, and the air viscosity is 1.98xlO~5A;g/(ms). 

The Reynolds number was calculated using the equation below. 

Re = — (6.2) 

Since the Reynolds number is within the range limit described in literature re

search [14], this theory can be applied to the panel testing in the wind tunnel. This 

means that as long as the wind tunnel velocity keeps the Reynolds number within the 

prescribed range, the boundary layer separation point remains unchanged and the 

turbulence forces at the small scale may be proportionally scaled to full scale using 

the force coefficient. 

However, the wind tunnel test section setup is not just a simple plate in a free 

stream flow. The panel itself does not have a completely smooth and uniform front 

and rear surface, and is located within the thick boundary layer of the wind tunnel, 

as well as the boundary layer of the building. This warrants a confirmation check to 

ensure that with a constant velocity change, the forces experienced change inversely 

proportional to the square of velocity. This data was presented in Figure 6.2. As 

seen, the forces change in a shallow parabolic fashion as the velocity increases. To 

relate this to the drag coefficient the following equation is examined: 

2Fd 

PV2A 
(6.3) 
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Assuming that p and A are constant, to have a constant Ca the force must be 

proportional to the velocity as follows 

FdaV2 (6.4) 

This trend is observed in how the velocity affects both the force, and the moments 

in Figure 6.3. It can therefore be said that CFX,CFV^CFZ^CMXICMVI and CMZ are 

insensitive to changes in velocities, and assuming the viscosity remains constant, is 

also insensitive to changes in Reynolds number within the 103 and 3xl06 range. 

6.3 Effect of Varying Panel Elevation Angle 

A panel submersed in wind flow at 40 kilometers per hour was situated in the center 

of the rooftop, with the panel and rooftop positioned at the zero degree mark. The 

panel angle was varied from 60 degrees down to 15 degrees. 

In Figure 6.4 below, a composite plot of Fx, Fy, and Fz is shown displaying the 

mean average of each time series sample as data points for each panel angle. 
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Figure 6.4: Panel elevation angle reaction forces 

In Figure 6.5 below, a composite plot of Mx, My, and Mz is shown displaying the 
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mean average of each time series sample as data points for each panel angle. 
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Figure 6.5: Panel elevation angle reaction moments 

6.3.1 Significance of Panel Elevation Angle 

An interesting trend was noticed in the force and moment measurements taken while 

the panel elevation angle was varied. As seen in Figures 6.4 and 6.5, the variation 

of Fy and Mz is practically unchanged. However, it is seen that there is a significant 

increase in drag (Fx) and lift (Fz) as the panel elevation angle moves from 45 degrees 

to 60 degrees. This is likely due to a change in flow separation over the panel, in 

which at 60 degrees the panel acts much more as a blunt object opposing the flow, 

causing pressure drag behind the panel. In turn, the lift increases due to a decrease of 

downward pressure acting on the surface of the panel, due to less exposed area in the 

XY plane. The increased drag in the X-direction contributes to the rise of bending 

torque in the Y-axis, as seen in Figure 6.5. 

It is recommended that panel elevation angles remain below 60 degrees in order 

to substantially decrease the force and moments on the solar panel. Fortunately, high 

elevation angles are only used when the sun is low in the sky, only indirectly shining 

sunlight on the panel, meaning that high elevation angles can be most easily removed 

since they are the least efficient at collecting energy. 
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6.4 Effect of Varying Panel Azimuth Angle 

A panel submersed in wind flow at 40 kilometers per hour was situated in the center 

of the rooftop, with the rooftop positioned at the zero degree mark and the panel 

angle at 45 degrees. The panel yaw was varied from 0 degrees down to 180 degrees. 

In Figure 6.6 below, a composite plot of Fx, Fy, and Fz is shown displaying the 

mean average of each time series sample as data points for each wind direction. 
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Figure 6.6: Panel azimuth angle reaction forces 

In Figure 6.7 below, a composite plot of Mx, My, and Mz is shown displaying the 

mean average of each time series sample as data points for each wind direction. 
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Figure 6.7: Panel azimuth angle reaction moments 
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6.4.1 Significance of Panel Azimuth Angle 

Very clear trends were observed when varying the panel azimuth angle in the wind 

tunnel. To review, the panel forces and moments were measured at 7 different azimuth 

angles varying from 0 degrees to 180 degrees. In all cases, the forces and moments 

appear to follow a sinusoidal trend, as shown respectively in Figure 6.6 and Figure 

6.7. 

The drag in the X-direction is shown to decrease as the azimuth approaches 90 

degrees, and then increase as the azimuth approaches 180 degrees. This correlates 

with the change in the panel's exposed area in the YZ-plane. The panel reaction 

force in the Y-direction increases as the azimuth approaches 45 degrees, decreases 

approaching 90 decrease, and then increases and decreases as the azimuth approaches 

135 degrees and 180 degrees, respectively. This is expected since the drag force in the 

X-direction will contribute a component of its force into the Y-direction as the panel 

area in the XZ plane increases and decreases twice in the azimuth revolution. The 

lift experienced on the panel is shown to increase as the panel swings from 0 to 180 

degrees. This is expected since as the azimuth angle changes, the downward force on 

the panel due to the panel elevation angle is experienced less. Past 90 degrees the 

elevation angle at the rear of the panel begins to push the panel upwards. This force, 

combined with the change in dynamic pressure change above, account for the high 

lift force. 

The moment torques experienced by the panel also showed similar trends as shown 

in Figure 6.6. While the torque in the Z-axis did not vary significantly (due to a 

balance of exposed area on each side of the axis), torque in the Y-axis was shown 

to decrease as the azimuth approached 90 degrees, and then increase as the azimuth 

moves towards 180 degrees. This correlates perfectly with the azimuth trend seen in 

Fx, which is the main cause for bending in the Y-axis. Interestingly, torque in the 
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X-axis followed a trend that showed Mx decrease approaching 45 degrees, increase 

approaching 135 degrees, and then decrease approaching 180 degrees. This pattern 

may be explained by wind flow pressing down more on the side of the panel it reaches 

first, thus slowing the wind that is pressing on the opposite side. This would create 

the bending observed in the X-axis. 

In terms of exposure limits, the panel will see the highest lift forces when the 

azimuth is 180 degrees away from the wind flow direction. The drag forces in the 

X-direction will be highest when the panel is facing away from the wind direction, 

and the drag in the Y-direction is highest when the panel azimuth is half way between 

pointing into or away from the wind and being completely sideway into the wind. 

6.5 Effect of Varying W i n d Direction 

A panel submersed in wind flow at 40 kilometers per hour was situated in the center 

of the rooftop, with the panel angle at 45 degrees. The rooftop was varied from 0 

degrees down to 45 degrees while the panel remained at 0 degrees. 

In Figure 6.8 below, a composite plot of Fx, Fy, and Fz is shown displaying the 

mean average of each time series sample as data points for each building orientation. 
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Figure 6.8: Wind direction reaction forces 
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In Figure 6.9 below, a composite plot of Mx, My, and Mz is shown displaying the 

mean average of each time series sample as data points for each building orientation. 
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Figure 6.9: Wind direction reaction moments 

6.5.1 Significance of W i n d Direct ion 

The effect of changing the wind direction, accomplished by rotating the building in the 

wind tunnel, was monitored on the solar panel model. The forces measured, shown in 

Figure 6.8, show that while the force in the Y-direction remained relatively unchanged, 

both the force in the X and Z direction were shown to increase substantially as the 

wind direction approached 45 degrees. It is likely that the effect of the boundary 

layer separation of the building' leading edge on the panel model was lessened. With 

wind striking the building closer to the rooftop corner, which is farther away from the 

panel model, the boundary layer likely reattaches closer to the solar panel. Instead 

of the being diverted up and over the panel (which would create more lift and less 

drag), the effect is that the wind flow comes back down on the panel more, creating 

higher drag in the X-direction and pushing the panel into the rooftop. 

Correlating to the force in the X-direction, as seen in Figure 6.9, the torque in the 

Y-axis is shown to increase approaching a wind direction of 45 degrees, as the drag 

force in the X-direction increases. This is expected since the drag force is the main 
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contributor to bending moments in the Y-axis. Bending moments in the X and Z 

axis are shown to slightly increase or decrease as the wind direction changes. This is 

likely due to the unsymmetrical separation of the wind boundary layer as it hits the 

corner of the building off to one side first, instead of separating direction in front of 

the panel on the buildings leading edge. 

It is less likely that the panel will experience lift problems when wind approaches 

from a building's corner, however this will create higher drag forces and thus bending 

moments on the panel. 

6.6 Effect of Varying Panel Rooftop Locations 

A panel submersed in wind flow at 40 kilometers per hour was situated at various 

locations on the rooftop, with the panel angle at 45 degrees. The rooftop remained 

at 0 degrees while the panel remained at 0 degrees. The results are presented below. 

In Figure 6.10 below, a composite plot of Fx, Fy, and Fz is shown displaying the 

mean average of each time series sample as data points for each panel position. 
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Figure 6.10: Panel position reaction forces 

In Figure 6.11 below, a composite plot of Mx, My, and Mz is shown displaying 

the mean average of each time series sample as data points for each panel position. 
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Figure 6.11: Panel position reaction moments 

6.6.1 Significance of Panel Rooftop Location 

A solar panel can be placed anywhere on a rooftop. With wind flowing over the 

building, different locations on the roof will exert different forces on the solar panel. 

During the wind tunnel experiment, locations were monitored one and two spaces 

ahead, behind, and beside the building center O. As seen in Figure 6.10, the location 

did not affect the force in the Y-direction. However, a visible trend is seen regarding 

the force in the X-direction. Drag is shown to be lowest close to the leading edge 

of the building. As the panel is shifted downstream toward position O, the drag 

increases. Moving downstream of position O, the drag force has a decreasing trend. 

This may be explained by the boundary layer separation at the leading edge of the 

building. Flow diverted up and over the panel would reduce its exposure to drag, 

and great a change in dynamic pressure overhead that would pull the panel upwards. 

This correlation between lift and drag is also clearly visible in Figure 6.10. Another 

trend noticed is the increase of lift force in the Z-direction as the panel is positioned 

closer to the side of the building. This is likely due to edge effects along the side of 

the building. Therefore, to decrease the drag force on the panel, the panel should be 

close to the leading edge of the building along its centerline, however this not only 
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increases the lift force, but is also subjective to the relative direction of the wind on 

the building (should it happen to change and make the panel "appear" to be near a 

side edge instead of the leading edge). Also, as shown in Figure 6.11, positioning of 

the panel closer to the leading edge significantly reduces the panel torque experienced 

in the Y-axis. 

6.7 Effect of Nearby Panels 

A panel submersed in wind flow at 40 kilometers per hour was situated in the center 

the rooftop, with the panel angle at 45 degrees. The rooftop remained at 0 degrees 

while the panel remained at 0 degrees. A second panel was placed at various locations 

on the rooftop, and its effects on the first panel are presented below. Although not 

addressed in this thesis, locating a panel ahead of another panel could cause cooling 

problems for the downstream panel, and should be investigated in the future. 

In Figure 6.12, a composite plot of Fx, Fy, and Fz displays the mean average of 

each time series sample as data points for each dummy panel position. 
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Figure 6.12: Adjacent panel position reaction forces 

In Figure 6.13, a composite plot of Mx, My, and Mz displays the mean average of 

each time series sample as data points for each dummy panel position. 
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Figure 6.13: Adjacent panel position reaction moments 

6.7.1 Significance of Nearby Panels 

With the active panel in the building center at position 0, six different test cases 

were examined. A dumMy panel was placed one or two spaces behind, beside, or in 

front of the active panel. As seen in Figure 6.12, Fx was largely affected with the 

placement of a panel one position in front of it. This is likely due to the dummy 

panel separating the flow and diverting it overhead. The increased flow over top of 

the active panel would create higher dynamic pressure, thus creating more lift in the 

negative Z-direction as shown in Figure 6.12. This in turn also marks a significant 

decrease in the torque on the panel in the Y-axis. The remainder of the test conditions 

did not show a significant change. Thus, when choosing where to place two panels on 

a rooftop, it is best if they are not side by side, but one in front of the other as close 

as possible without infringing the sun exposure. 

6.8 Effect of Panel Submersion in a Field of Panels 

A panel submersed in wind flow at 40 kilometers per hour was situated in the center 

the rooftop, with the panel angle at 45 degrees. The rooftop remained at 0 degrees 



75 

while the panel remained at 0 degrees. Clusters of panels of various sizes were placed 

on the rooftop. Their effects on the first panel are presented below. 

In Figure 6.14 below, a composite plot of Fx, Fy, and Fz is shown displaying the 

mean average of each time series sample as data points for each cluster arrangement. 
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Figure 6.14: Panel field reaction forces 

In Figure 6.15 below, a composite plot of Mx, My, and Mz is shown displaying the 

mean average of each time series sample as data points for each cluster arrangement. 
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Figure 6.15: Panel field reaction moments 



76 

6.8.1 Significance of Panel Fields 

The four different cases tested with the active panel in the building center at position 

O were one row of surrounding panels, two rows of surrounding panels, and then a 

sparse mix between the two. As shown in Figure 6.14, Fy is unaffected throughout. 

The highest Fx is experienced when there are no surrounding panels. It appears 

that having panels immediately surrounding the active panel creates a lower Fx and 

higher negative Fz. This may be due to wind flow being projected over top of the 

active panel, reducing its direct exposure in the X-direction while at the same time 

increasing flow rate over top, which would thus increase dynamic pressure and pull 

the panel upwards in the negative Z-direction. The larger field would therefore allow 

the flow separation to reattach, raising the Fx slightly. The sparse panel distribution 

supports this theory, as it would expose the panel to more direction wind flow in 

the X-direction, while still diverting some flow overhead and creating lift in the Z-

direction. It can thus be said that if drag force is a problem, having a close panel 

cluster is best. As such, moment in the Y-axis is primarily affected by Fx. Thus, 

as shown in Figure 6.15, the bending moment is most reduced in a tight cluster of 

panels. If panel lift force is a problem, having a larger distribution of panels is best. 



Chapter 7 

Computational Simulation Setup 

Using CFD to compliment the wind tunnel experiment was motivated by numerous 

benefits. It will give a clear visual representation of the physics of fluid flow, and 

provide approximate magnitudes of panel load data to assist with selection of wind 

tunnel data acquisition hardware. Ansys CFX Version 12 was used for the simula

tion. The geometry for the simulation was developed in Ansys ICEM. The setup for 

this simulation was designed to replicate the wind tunnel experiment. This section 

will examine the geometry and meshing used to implement the described solution 

method. The next subsection will first provide an overview of the result obtained 

from attempting to implement randomized upstream turbulence. 

7.1 Introducing Randomized Turbulence 

Although CFD code developed in FORTRAN was further developed, it is not ready 

to be used for implementing upstream atmospheric boundary layer turbulence. Con

tinual research is required. With further work, modeling atmospheric flow will be 

specifically enhanced. For example instead of the lengthy process of modeling the 

entire upstream flow of a solar panel or wind turbine with a few kilometres of forest 

ahead of it, the code will calculate the flow developed over the upstream ground much 

77 
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faster. This upstream data can then be imported into a commercial package such as 

Ansys CFX as initial conditions of the flow. This will save a number of computation 

resources, as it reduces the domain size, and has more accurate input flow. There are 

several next steps that will ensure the current FORTRAN code goes to the proper 

phase where it is applicable. The current code exists for flows in all directions; how

ever in some conditions restrictions could occur. For example, flow over a surface like 

the ground. Another boundary condition that should be included is that of obstacles 

in the flow, such as trees in a field. Modelling these boundary conditions would allow 

a wider variety of upstream flow to be simulated, such as boundary layer development 

and its turbulence. 

In lieu of modeling the development of the atmospheric boundary layer, the correct 

fully developed boundary layer profile will be directly setup in the initial conditions. 

7.2 Domain and Boundary Condition Setup 

Using Ansys Workbench, the geometry and mesh are loaded onto a CFX system. 

Then, two types of simulations were run. The first is a steady Reynolds Averaged 

Navier Stokes analysis. This is used for domain sizing and grid convergence analysis, 

and for establishing initial conditions to run the second type of simulation. The 

second type is a Large Eddy Simulation that will use the converged domain and grid 

to compute and render vortexes being shed off domain flow obstructions such as the 

panel. A description of the RANS and LES models along with background CFD 

information can be found in Appendix D. 

7.2.1 Boundary Conditions 

The boundaries in the domain include the inlet, outlet, walls, ground, ceiling, and 

panel. The ground, ceiling, and panel are setup as no-slip wall conditions. The outlet 
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is defined with a zero pressure difference and the walls are set up with symmetry. 

Symmetrical walls restrict the system to two dimensions during simulations, and can 

be thought of as having slip free walls as well. 

The inlet is defined as subsonic with a velocity profile matching a power law 

distribution of the atmospheric boundary layer. The roughness coefficient matching 

the spires in the wind tunnel was found by using wind tunnel boundary layer data. 

The wind tunnel boundary layer at a mean velocity of 40 km/h is shown below in 

Figure 7.1. 
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Figure 7.1: Wind tunnel simulated atmospheric boundary layer [17] 

Using Microsoft Excel's trend line function, a power law curve was fitted to the 

graph. Equating this trend line to the power law equation, and taking a known data 

point in the boundary layer, the roughness coefficient was found to be 0.19415. Using 

this information, the full power law function was defined in the inlet as: 

U = Uref 

z, ref 
= 12.9396m/s(—^—— ) 1 V0.5334m/ 

0.19415 
(7.1) 
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7.2.2 Domain and Solver Setup 

For the RANS test, a steady state domain using an SST turbulence model was used 

with an upwind advection scheme. Medium turbulence was assigned to the inlet. The 

default flow medium of sea level air was used. Solver control was set up to run 1000 

iterations, running 4 local processors in parallel. Monitor points for the panel's force 

and moment were introduced to allow their data to be analyzed after the simulation. 

For the LES simulation, a transient domain using 20,000 time steps for 2 seconds 

was used. The Smagorinsky modeling method was used, with a constant of 0.1. 

Up to 3 coefficient loops were permitted for each time step. For the initial domain 

velocities, the converged RANS solutions were used. Central differencing was set 

as the advection scheme, and second order backward Euler as the transient scheme. 

The transient results were output for every 100 time steps to save hard drive space. 

The transient results were set to monitor the Courant number so that the amount 

of dissipation could be recognized during and after the simulation, as well as the 

monitoring of Fx, Fz, and My. The simulation was performed over the duration of a 

week on a networked computer cluster consisting of twenty processors. 

7.3 Domain Sizing 

Due to the relative simplicity of the geometry, it was decided early on that a two-

dimensional computer simulation would be performed. This geometric simplicity 

is seen as a cross section along the length of the test section remaining relatively 

constant, with the exception being at the side edges of the building, the side edges 

of the panel model, and the wind tunnel walls. Although the domain is presented as 

two dimensional, the setup of the structured grid is more accurately described as a 

quasi-3D domain, which is a 3D domain acting as 2D. This is done by making the 

thickness of the domain in the y-direction only one cell wide, with the cell set at 1 
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inch in length allowing for easy result extrapolation to represent a 3D solution. The 

resulting expanded domain can be seen in Figure 7.2 below. 
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Figure 7.2: Final domain size 

The domain was based on the cross-section of the wind tunnel building. The 

domain distance upstream and downstream needed to be determined, as well as the 

domain height above the building. Iterative increases of various intervals of the build

ing height were used to extend the domain. A rough mesh was used so quick iterations 

could be performed. The drag force was measured on the panel. Since the panel cross 

section reveals the center panel gap, force was able to be measured for the top and 

bottom half of the panel. These drag forces were plotted against iterations of domain 

size in terms of building height intervals. The domain downstream of the building 

was first checked. The results can be shown below in Figure 7.3. 
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Trailing Domain Length vs. Panel Drag Force 

0.001 

0.0005 

u 

M -0.0005 

-0.001 

-0.0015 

0 
-V 

14 g - —J2 _ ^ ^ ^ Q 

i 

Multiples of Building Height 

24 
— Bottom panel 

— -Top panel 

— -Total 

Figure 7.3: Downstream domain sizing 

As seen, the force on each half of the panel as well as the total panel converged 

to a specific value once the downstream domain distance reached approximately 16 

times the height of the building. Second, the domain above the building was checked. 

The results can be shown below in Figure 7.4. 
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Figure 7.4: Domain ceiling sizing 

The force on each half of the panel as well as the total panel converged to a 

specific value. Again, this occurred once the downstream domain distance reached 

approximately 16 times the height of the building. The domain upstream of the 

building was checked third. The results can be shown below in Figure 7.5. 
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Figure 7.5: Upstream domain sizing 

The force on each half of the panel as well as the total panel converge to a specific 

value. Again, this occured once the downstream domain distance reached approxi

mately 10 times the height of the building. The domain convergence study showed 

that the domain size will be 16 times the building height downstream, 10 times the 

building height upstream, and 16 times the building height above the building. With 

domain size determined, the next step was to determine a proper mesh distribution. 

7.4 Grid Density 

The flow domain contains areas where the flow changes drastically. Such locations 

could include friction along the domain walls, and possible boundary layer separation 

areas such as the building and panel leading edges. The rate at which distance 

changes the flow is much smaller than other locations in the domain. Finding a 

correct distribution of grid nodes will allow the desired flow characteristics to be 

properly resolved, namely the flow around the rooftop panels. The initial grid mesh 
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used with the converged domain can be seen below in Figure 7.6 

Figure 7.6: Initial mesh with converged domain 

The method used for increasing grid density to the optimum distribution of nodes 

involved starting far away from the panels and moving inwards. As the density was 

increased, the drag force on the bottom and top half of the panel was measured. Once 

the drag force measured was shown to have converged, that section of the domain's 

mesh was considered optimized. This process was repeated until every area of the 

mesh had its density increased to the point of drag force convergence. A plot of the 

various steps of convergence can be found below in Figure 7.7. 
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Grid Nodes vs, Panel Drag Force 
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Figure 7.7: RANS grid convergence 
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As can be seen in the above graph, the force measured on the panel varied but 

eventually approached a converged value after various areas of the domain were sys

tematically altered with a denser mesh. 

This converged mesh used with the sized domain is optimized to provide the most 

efficient computation that will still produce the desired result accuracy. An image of 

the converged grid and domain is shown below in Figure 7.8. 
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Figure 7.8: RANS converged mesh 

Additionally, a grid convergence study was also performed using a transient LES 

setup, in which the osciallating forces and moment were averaged, and plotted against 

the number of nodes in the mesh. A plot of this convergence can be found below in 

Figure 7.9. 
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Figure 7.9: LES grid convergence 
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As can be seen in the above graph, the forces and moment measured on the panel 

quickly converge by the second iteration. Therefore the grid density of approximately 

190,000 nodes is sufficient for both RANS and LES setups. 



Chapter 8 

Computational Results and Discussions 

Computational results using the commercial package CFX are presented and dis

cussed, giving a representation of the flow simulation being experienced as it travels 

over the top of the building. Submersion of a solar panel into the flow is used to de

rive expected forces and moments acting on the panel and to compare to wind tunnel 

results. The Reynolds Averaged Navier-Stokes simulation is first shown, followed by 

the Large Eddy Simulation. 

8.1 2D LES Forces and Torque 

The first simulation ran over the course of a few hours and was a steady state RANS 

flow using SST turbulence modelling. To have an idea of how the averaged flow 

was represented, a plane cut vertically through the panel and building shows a cross 

section of the flow velocity and pressure distribution, displayed below in Figure 8.1. 
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(a) Velocity Distribution (b) Pressure Distribution 

Figure 8.1: Steady state RANS 

The initial steady state RANS computation provided an initial understanding of 

what the flow was experiencing moving over the building. As seen in Figure 8.1, the 

building rooftop creates a clear separation in the boundary layer. This effect in turn 

exposes the rooftop solar panel to much lower wind velocities than if it were simply on 

the ground in the normal atmospheric boundary layer flow. The pressure distribution 

shown in Figure 8.1 provides a clear picture of the pressure drag experienced by 

the solar panel. From this image it is clear that moving the solar panel toward the 

leading edge of the building would create equal pressure on the front and rear of the 

panel, reducing its drag in the X-direction. This is of a course a simplification since 

the unsteady turbulent nature of the flow is not presented. The averaged forces and 

moments calculated from the RANS simulation are presented in the Figure 8.1 below: 

Table 8.1: RANS forces and torque 

Fx 

Fz 

My 

0.006193 N 

-0.003316 N 

0.0005606 N m 

As seen in the results, the wind flow creates drag in the stream wise direction, 

while pushing the panel down into the building roof top. A torque is also present 

p • VA — 

• J . , 

b. 
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on the panel, attempting to prying the panel downstream. The solution from the 

RANS flow was used as the initial conditions for the transient LES flow. Without 

these initial conditions, LES cannot be performed. After the course of a week, the 

simulation was complete, and every 100 time steps of the simulation was recorded for 

data analysis. In Figure 8.2 an example of an eddy vortex can be seen shedding off 

the building leading edge and panel trailing edge. 

(a) Vortex starting (b) Vortex after 0.25 milliseconds 

(c) Vortex after 0.5 milliseconds (d) Vortex after 0.75 milliseconds 

Figure 8.2: Example of vortex shedding 

As seen in Figure 8.2, the boundary layer separation at the leading edge of the 

building is much more dynamic than the steady state model. A large vortex is seen 

being shed from the leading edge of the building and passes overhead of the panel, 

moving on past the building. As the vortex moves downstream, the boundary layer 

below it is disrupted, creating flow velocity much faster than when examined in the 

steady state simulation. 

This vortex causes fluctuations in the forces and moment experienced on the panel 

by the air flow. From the monitor points that were setup before the simulation, the 



force fluctuations can be viewed in Figure 8.3. 
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Figure 8.3: Panel forces over time 

Over the course of the simulated time, 17 large oscillations occur in both the drag 

force in the X-direction and the lift force in the Z-direction. The oscillations for lift 

and drag, which occur at the same moments, are in response to a shed vortex from 

the leading edge of the building passing overhead of the panel. Between these large 

oscillations, several small oscillations are also observed. These may be due to smaller 

vortex shedding off the actual panel itself, because as presented in Figure 3.1, having 

the panel elevation angle at 60 degrees will induce this vortex shedding. 

The same oscillations are noticed in the panel torque seen below in Figure 8.4 
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Figure 8.4: Panel torque over time 

Since the lift and drag cause the torque along the Y-axis, it makes sense that there 

are also 17 oscillations in the panel torque. Along with these results, the Courant 

number was also monitored. 

8.2 LES Frequency Analyses 

Measurements from the LES simulation were taken over 1 second. Data was acquired 

at a rate of 20kHz. An example of Fx, Fz, and My at 40 km/hr with a 60 degree angle 

panel using the LES setup previously described is shown in the time series below in 

Figure 8.5. 
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Figure 8.5: LES fluctuations 

The spectral plot of these LES fluctuations is shown below in Figure 8.6. The 

vertical axis, representing the spectral power, is the amount a specific force or moment 

contributes across the spectrum. 

Figure 8.6: LES frequency spectrum 

8.2.1 Wind Tunnel Frequency Analyses 

The measurements taken were accumulated over 100 seconds. Data was acquired at 

a rate of 50 Hz. This allowed the capture of force variations from the mean results. 

An example of Fx, Fz, and My at 40 km/hr using the 60 degree angle panel at zero 

panel and building yaw, shown in the time series below in Figure 8.7 at position O. 
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Figure 8.7: Wind tunnel fluctuations 

The spectral plot of these wind tunnel fluctuations is shown below in Figure 8.8. 
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Figure 8.8: Wind tunnel frequency spectrum 

8.2.2 Comparison of LES to Wind Tunnel Data 

Two different methods exist in which to compare the data collected in the wind tunnel 

to that of the LES simulation. These are the magnitude of the forces and moments, 

and the frequencies of these forces and moments. Since the computer simulation was 

only performed in two dimensions, only Fx, Fz, and My can be compared. 

As seen in Figure 6.3, the min and max Fx drag found in the LES computation 

was approximately -0.06 N/in and 0.03 N/in. The measurements are in N/in because 

the domain thickness is one inch, effectively making the results two-dimensional. 

Since the panel width is known (3.69150 inches), multiplying the min and max Fx 
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drag by the panel width effectively extrapolates the two-dimensional results to three 

dimensions, making the min and max drag for the entire panel -0.22 N and 0.11 N, 

respectively. In the wind tunnel model, the min and max Fx drag was approximately 

0.25 N and 0.45 N. Though there are differences, the values are the same order of 

magnitude, and discrepancies are likely due to described assumptions and errors. 

However, the frequency of oscillations may still be compared. From the computer 

simulation, it was previously stated that a frequency of 17 Hz was recorded. Looking 

at the wind tunnel Fx frequency spectrum in Figure 8.8, a peak in the spectrum 

occurs not only at approximately 17 Hz, but also 10 Hz, 14 Hz, and 20 Hz. This 

does not however represent the frequency of vortex shedding off the solar panel, 

but represents the frequency of force oscillations from numerous sources. The 10 

Hz matches the theoretical prediction for vortex shedding off the panel, and 14 Hz 

matches the frequency of shedding expected off the building's leading edge. The peak 

at 20 Hz is likely a harmonic multiple of the panel's fundamental tone at 10 Hz, which 

can be present at the same time [21]. 

Besides errors sources, the source of discrepancies may be due to three dimen

sional effects in the wind tunnel that cannot be accounted for in the two dimensional 

computer simulation. The most obvious effect being that the actual solar panel width 

has end tips, which are not simulated in the computer. Just as an aircraft can develop 

wingtip vortexes, the solar panel may create similar fluctuating effects that are not 

shown in the LES computation, but in reality affect the solar panel model. The other 

possible cause could be edge effects from the side of the building. Being present in the 

wind tunnel, these effects are not simulated in the LES computation. Just as vortex 

shedding was observed off the leading edge of the building, similar vortexes could be 

shedding off the sides of the building and oscillating the wind flow in the Y-direction. 

Finally, the wind tunnel models a more accurate solar panel that included a post 

attached to the force plate. This means that forces measured represented the force 
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the panel at its base on the building rooftop. The LES computation did not include 

this post due to the 2D nature of the simulation, and instead measured the forces 

acting directly on the surface of the panel. This would produce slightly different 

torque values since the moment arm of the post is not included, as well as the drag 

induced by the post in the wind tunnel. 

The strut connecting the wind tunnel model to the force plate will contribute 

three quantities to the forces measured. First is the drag from the strut, second is the 

effect of the strut on the free air flow, and third is the models effect on the free air 

flow about the strut. The second and third items are called interference [14]. These 

properties are not measured in the computational models, and are thus not present 

in the result for the CFD simulations. 



Chapter 9 

Conclusions 

Successful research was performed to study the effect of wind over roof top solar 

panels. Using wind tunnel and CFD experiments, the flow characteristics of different 

solar panel configurations were obtained. It was found that the force and moment 

coefficients in the wind tunnel were insensitive to the Reynolds number. This allows 

for the coefficients to be used on full scale models to predict their expected loads. 

After examining numerous roof top configurations in the wind tunnel, the following 

conclusions were made. For groups of panels placed together, the closer they are 

placed together, the less drag force and bending moment will be placed on the panels. 

Conversely, spacing panels further apart will decrease lift forces. Similarly, when 

locating just two panels, it is best to place them one behind the other to again reduce 

drag forces. The location of a panel on the roof surface produces the least drag when 

it is closer to the building's leading edge; however this also produces higher lift force. 

When implementing azimuth angles, it will be important to know that the lift and 

drag are highest when the panel faces away from the wind direction. Maintaining 

an elevation angle below 60 degrees will significantly reduce the forces and bending 

moments on the panel. In regards to the independent direction of the wind, low 

lift forces, and much higher drag force and bending moment will be experienced on 

the panel if the wind approaches the building from the direction of its corner. High 
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velocity winds produce the most change in the drag force and bending moments. 

Computer simulations revealed a vortex shedding frequency of 17 Hz. Although 

this frequency is found in the wind tunnel data spectrum, the frequencies of 10 Hz, 20 

Hz, and 14 Hz are much more prominent, and match the theoretical values expected 

for the panel's fundamental tone, first harmonic, and building's shedding frequency, 

respectively. The force and moment values from each experiment are of the approxi

mate same magnitude, and although variations are present the reliability of the wind 

tunnel's measured frequency leads to more confidence in the wind tunnel values. 

The LES results, being based on a two dimensional model, likely did not represent 

the three dimensional wind tunnel experiment. However, assumptions such as panel 

rigidity, present in the computer simulation, may not be as confident in the wind 

tunnel. 

Considerations to improve the experiment and decrease error include a more rigid 

wind tunnel model, and a more rigid connection of the panel post to force plate. More 

accurate markings and alignment methods would provide greater accuracy when align

ing the building and panel models with the desired angles. A method for measuring 

the panel post height would also create a better confirmation of data. 

The data trends in this research may be used as a basis for further work that may 

be used to justify equivalence with the National Building Code of Canada. Continu

ation of this work will benefit the solar industry by providing an inexpensive means 

to bring a solar panel product from the prototype phase to the public installation 

phase that satisfies the building code. For further study, it is recommended that the 

following section be considered. 
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9.1 Future Testing and Design Considerations 

Many more opportunities exist to examine certain design cases and scenarios. This 

section will highlight key areas that may be examined in the future in the event that 

this project is taken to the next level of development. 

9.1.1 Significance of Snow Accumulation 

Atmospheric wind loads are just one of the factors that can affect the integrity of 

a rooftop mounted solar panel. Another significant load is the effect from snow 

accumulation. The significance of snow load increases the further north a solar panel 

is installed. The wind tunnel at Carleton University has in the past been used for snow 

drift experiments, leading to the idea that this type of experiment can be repeated 

with the introduction of the building and its solar panel. The grains used to simulated 

the snow will be of critical importance in replicating the same snow conditions that 

would exist for a full scale model. The effect of the wind on snow drifting will be the 

benefit of accumulating snow in the wind tunnel. Being able to predict the amount 

and distribution of snow on the solar panel will also be better for structural designs, 

as well as better planning for panel exposure to the sun. Research in this area will 

be importance for to conformation with data from the National Building Code of 

Canada. Developing methods that trigger the panel under high stress (either from 

high winds or snow load) to collapse and lay flat, using possibly a spring mechanism, 

would be a valuable design to investigate. 

9.1.2 Significance of Model Variation 

This project utilized a specific model design for the solar panel. Although a unique 

design, it would be hoped that general characteristics of the model such as its general 

two dimensional panel shape, it's relatively smooth front surface and structure back 
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surface, and positioning above the ground, would allow for a degree of relationship 

to exist between it and other solar panel designs of similar general characteristics. 

Such research that would establish these relationships would be the collecting of load 

data from various panel spans, chords, heights, and structural patterns. Any trends 

discovered could indeed reveal improved designs that would better withstand wind 

and snow loads. Furthermore, being able to relate the results of analysis on one 

panel could be more confidently interpolated into the design and manufacturing of a 

different panel. 

9.1.3 Panel Characteristics without Building 

During testing, the panel was continuously monitored while on the rooftop of the 

building. While this exposed the panel to its ideal environment, i.e. the atmospheric 

boundary layer moving over the building, the flow separation and vortex shedding 

of the building make it difficult to concentrate on the effect of the solar panel alone. 

Being able to test the solar panel without the building in a fully developed flow would 

allow a more complete understanding of the effects already tested in this project such 

as elevation angle, azimuth angle, and proximity to nearby panels. Also, while the 

current vision sees such solar panels existing on roof tops of large retail buildings, it 

is a fair assumption to say that investment may be made to have such solar panels as 

installations on the ground, even having large installations of many panels in a field. 

In such a case, testing the panel models without a building would be critical. 

9.1.4 Improve Model Assumptions 

As discussed earlier, it was assumed that the wind tunnel solar panel model was 

perfectly rigid. However, due to the material used in the model, this was not likely 

the case. Investigating new model materials, such as a type of metal (higher modulus 
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of elasticity), or perhaps changing the geometry, would allow for this assumption to 

become more valid. A more rigid model would reduce possible aeroelastic effects, as 

well as reduce the effect of bending moments on the solar panel post. However, using 

a different material may require a new manufacturing process, since rapid prototyping 

is not possible with metal. 

9.1.5 Panel Modification Suggestions 

The testing process can also become a design loop, in which the results of tests can 

lead to the design of a panel that can better withstand wind and snow loads. Adding 

structural devices to the leading or trailing edge of the solar panel could reduce the 

lift or drag on the panel. This effect is seen on such devices installed on aircraft 

wings. Besides the desire to change the loads, being able to channel the airflow along 

the panel would allow the ability to remove snow off of the panel's surface. This 

eliminates the need to sweep the panels of snow accumulation. 

9.1.6 FEM stress analysis 

With the magnitude of the solar panel loads being known, it would be interesting 

to have an idea of how these loads affect the distribution of stress on the structure. 

Being able to plot trends in stress just as this project plotted trends in wind loads 

would provide unique information that could be used to design a more efficient solar 

panel with various reinforcements at areas known to have high stress, and as well as 

a reduction in material at areas of relatively lower stress. Being able to both design 

and test the panel structure repeatedly within one project would be a very efficient 

method of design rather than solely testing a design and giving the results to another 

project or company to design themselves. 
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9.1.7 Aeroelastic Effects 

In reality, perfect rigidity cannot exist for the full scale solar panel, and thus testing 

a non-rigid model would provide dynamic information to compliment the static in

formation. Testing a flexible model would allow for the various modes of vibration 

that exist within the model, based on its mass distribution and shape, to be known. 

The mass and shape of the model would need to be properly related to the full scale 

model. These frequency modes could be verified with computational software, and 

could provide guidance on what the operating parameters of the solar panel are so 

that it may avoid aeroelastic fluctuations at key modal frequencies. Coupling FEM 

with CFD to model aeroelastic effects would be an ideal computational simulation. 

Identifying the stresses induced from fluttering, and the stability of the system along a 

spectrum of wind frequencies, would provide a complete understanding of the panel's 

operating conditions. 



List of References 

[1] "Canadian action plan - ecoEnergy." http://www.ecoaction.gc.ca/ecoenergy-
ecoenergie/index-eng.cfm. 

[2] H. H. Mehrdad Shademan, "Wind loading on solar panels at different inclination 
angles," 2009. 

[3] C. A. v. B. Chris P.W. Geurts, "Local wind loads on roof-mounted solar energy 
systems," 2007. 

[4] C. C. on Building and F. Codes, "National Building Code of Canada Volume 
1," tech. rep., National Research Council of Canada - Institute for Research 
Inconstruction, Ottawa, 2005. 

[5] C. C. on Building and F. Codes, "National Building Code Structural Commen
taries," tech. rep., National Research Council of Canada - Institute for Research 
Inconstruction, Ottawa, 2005. 

[6] C. C. on Building and F. Codes, "National Building Code of Canada Volume 
2," tech. rep., National Research Council of Canada - Institute for Research 
Inconstruction, Ottawa, 2005. 

[7] E. S. D. U. ESDU70015, "Fluid forces and moments on flat plates," tech. rep., 
ESDU International Ltd, London, 1970. 

[8] E. S. D. U. ESDU80003, "Mean forces and moments on rectangular prisms -
surface mounted structures in turbulence shear flow," tech. rep., ESDU Interna
tional Ltd, London, 1979. 

[9] Y.-C. F. Jerry M. Chen, "Strouhal numbers of inclined flat plates," Journal of 
Wind Engineering and Industrial Aerodynamics, 1996. 

[10] C. KNISELY, "Stouhal numbers of rectangular cylinders at incidence: A review 
and new data," Journal of Fluids and Structures, 1989. 

104 

http://www.ecoaction.gc.ca/ecoenergyecoenergie/index-eng.cfm
http://www.ecoaction.gc.ca/ecoenergyecoenergie/index-eng.cfm


105 

[11] A. Davenport, "The relationship of wind structure to wind loading," tech. rep., 
University of Western Ontario, London, 1963. 

[12] V. Karman, "The fundamentrals of statistical theory of turbulence," tech. rep., 
California Institute of Technology, California, 1933. 

[13] A. Davenport, "Rationale for determining design wind velocities," tech. rep., 
University of Bistol, England, 1960. 

[14] W. H. Rae and A. Pope, Low-Speed Wind Tunnel Testing. John Wiley and Sons, 
1984. 

[15] A. Davenport, "The dependence of wind loads on meteorological parameters," 
tech. rep., University of Western Ontario, London, 1967. 

[16] H. Irwin, "The design of spires for wind simulation," tech. rep., National Research 
Council of Canada, Ottawa, 1980. 

[17] S. McTavish, "Boundary layer wind tunnel spire, roughness, and turntable de
sign." Carleton University, Ottawa, 2010. 

[18] AMTI, HE6X6 User's Manual and Install Guide. AMTI, 176 Waltham Street, 
Watertown, MA 02472 USA, version 2.0 ed., October 2005. 

[19] AMTI, NetForce Acquisition Software Manual. 176 Waltham Street, Watertown, 
MA 02472 USA, 2.04.00 ed., December 2007. 

[20] W. G. S. Hugh W. Coleman, Experimentation, Validation, and Uncertainty Anal
ysis for Engineers. Wiley, 2009. 

[21] S. S. Rao, Mechanical Vibrations. Prentice Hall, 5th edition ed., 2010. 

[22] J. L. Devore, Probability and Statistics for Engineering and the Sciences. 
Duxbury, 5th edition ed., 2000. 

[23] E. Matida, "Aero4304 - lecture 10 notes," 2010. 

[24] E. Matida, "Aero4304 - lecture 12 notes," 2010. 

[25] H. Versteeg and W. Malalasekera, An introduction to Computational Fluid Dy
namics: The Finite Volume Method. Prentice Hall, 1995. 

[26] H. C. L. et al, "Flow around a cube in a turbulent boundry layer: LES and exper
iment," tech. rep., School of Engineering Sciences, University of Southhampton, 
UK, 2009. 



Appendix A 

The Taylor Series Method 

Considering the experimental result Fx as an example, it is a function of the 12 data 

channels, the data reduction equation for Fx takes the form of: 

Fx = (Ax * Sll) + (Ay * S12) + (Az * S13) 

+ (Bx * 514) + (By * 515) + (Bz * 516) 

+ (Cx * 517) + (Cy * 518) + (Cz * 519) 

+ (Dx * S110) + (Dy * Sill) + (Dz * S112) 

In this equation, the values Sl l through Si 12 are representations of the calibration 

matrix supplied by the force plate manufacturer. The uncertainty of the result, Fx, 

is given by: 
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where C/^x, UAy... etc are the uncertainties in the measured variables Ax, Ay, Az, 

Bx, etc, called the absolute uncertainties [20]. These uncertainties are expressed with 

the same level of confidence, assumed to be 95 
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where UFX/FX is the relative uncertainty of the result Fx. Factors like UAx/Ax are 

the relative uncertainties for each variable. The factors in parentheses that multiply 

the relative uncertainties of the variables are called uncertainty magnification factors 

(UMFs) [20], defined as the example below: 
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Substituting the UMFs into the relative uncertainty equation for the result Fx 
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For the purpose of this analysis, it will be assumed that the measured variables 

are of the same value, i.e. Ax = Ay = Az = Bx = .... This reduces the above 

equation to the much simpler form below: 

\ x / relativeuncertainty x 



Appendix B 

Wind Tunnel Results Matrix 

This appendix will present a tabulated representation of the entire dataset collected 

in the wind tunnel. The data code in the leftmost column that represents each data 

set is explained in the following diagram: 

wind velocity (fcm/h) aztmuth angle (degrees) 

isi *•" 4-—- panel location or cluster size 

40-45-0-0-O 
, , , """" v¥ind direction (degrees) 

elevation angle (degrees) 

For each trial run, sampling was performed at 50 Hz over 100 seconds, creating 

a time series of 5000 samples. Since temperature, pressure, and the physical setup 

remained the same, only variations in the force existed. These values are averaged 

together to provide a single data point. The standard deviation from this mean is 

found using the following equation: 

S = ^]v3i|>-*)a (R 1> 

where S is the standard deviation of the sample observed from the mean, N is 
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the amount of samples, x is the value of the sample items, and x is the mean value 

of the sample observed [22]. For this experiment, N was 5000, while the mean value 

and sample item value varied for each experiment trial. 

The wind tunnel data set and the sample standard deviations are presented in the 

follwing tables, first with a table for force values, and then for moments. 

Data Code 
15-45-0-0-O 
20-45-0-0-O 
2S-45-0-0-O 
30-45-0-0-O 
35-45-0-0-0 

40-15-0-0-O 
40-30-0-0-O 
40-45-0-0-CLG 
40-45-0-O-CSM 
40-45-0-0-CSP 
40-45-0-0-DE 
40-45-0-0-DE' 
40-45-0-0-DN 
40-45-0-0-DN* 
40-45-0-0-DS 

40-45-0-0-DS' 
40-45-0-0-N 
40-45-0-0-N' 
40-45-0-0-O 
40-45-0-0-S 
40-45-0-0-S' 
40-45-0-0-W 

40-45-0-0-W 
40-45-0-15-O 
40-45-O-30-O 
40-45-0-45-O 
40-45-120-0-O 
40-45-150-0-G 
40-45-180-0-G 
40-45-30-0-O 
40-45-60*0 
40-45-90-0-O 
40-60-0-Q-O 

45-45-0-0-O 

Fx(N) 
0.0073 
0.0155 
0.0269 
0.0389 
0.0528 

0.0245 
0.0532 
0.0315 
0.0241 
0.0485 
0.0634 
0.0611 
0.0359 
0.0547 
0.0572 

0.0573 
0.0502 
0.0356 
0.0688 
0.0634 
0.0565 
0.0540 
0.0552 
0.0661 
0.0860 
0.1037 
0.0412 
0.0819 
0.0864 

0.0555 
0.0180 
0.0047 
0.4126 
0.0862 

Fy(«) 
0.0018 

0.0010 
0.0003 
0.0009 
-0.0015 

-0.0123 
-0.0085 
-0.0033 
-0.0016 

-0.0028 
0.0195 
0.0201 

0.0022 
0.0086 
0.0140 
0.0154 
0.0018 
-0.0023 
-0.0024 
-0.0008 
-0.0018 
-0.0005 
0.0026 
-0.0030 
-0.0026 
-0.0001 

0.0515 
0.0444 
-0.0077 
-0.0369 
-0.0311 
0.0083 
-0.0259 
-0.0037 

mm 
-0.0031 
-0.0021 
-0.0008 
0.0018 
0.0030 
-0.0203 
0.0129 
-0.0163 
-0.0140 
-0.0021 
0.0001 
-0.0010 
-0.0225 
-0.0101 
-0.0062 

-0.0043 
-0.0056 
-0.0102 
0.0050 
0.0055 
0.0020 
0.0028 
-0.0011 
0.0077 
0.0260 
0.0346 

-0.0933 
-0.1191 
-0.1180 
-0.0027 
-0.0228 
-0.0541 
-1.6948 
0.0063 

5JFX(NJ 
0.0183 
0.0164 
0.0185 
0.0319 
0.041? 
0.0233 
0.0358 
0.0397 
0.0448 
0.0472 
0.0501 
0.0496 
0.0462 
0.0503 
0.0478 
0.0S04 
0.0567 
0.0603 
0.0516 

0.0465 
0.0379 
0.1138 
0.0848 
0.0500 
0.0459 
0.0366 
0.0440 
0.0594 
0.0648 

0.0377 
0.0232 
0.0246 
0.0758 
0.0692 

sjnm 
0.GQ69 

0.0074 
0.0082 
0.0126 
0.0176 
0.0136 
0.0175 
0.0192 
0.0215 
0.0225 
0.0234 
0.022S 
0.019S 
0.0222 
0.0219 
0.0229 
0.0241 
0.0224 
0.0217 
0.0224 
0.0190 
0.1021 

0.1003 
0.0221 
0.0211 
0.0181 

0.0439 
0.0353 
0.0215 
0.0332 
0.0360 
0.0311 
0.3651 
0.0267 

SJ^W 
0.0303 

0.0310 
0.0227 
0.0393 
0.0390 

0.0476 
0.0471 
0.0333 
0.0366 
0.0381 
0.0402 
0.0395 
0.0366 
0.0391 
0.0372 
0.0379 
0.0428 
0.0457 
0.0379 

0.0386 
O.0325 
0.0636 
0.0535 
0.0393 
0.0379 
0.0324 

0.0450 
0.0538 
0.05S4 

0.0368 
0.0346 
0.0338 
0.1556 
0.0460 
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Data Code 

15-45-0-0-0 

20-45-0-0-0 

25-45-0-0-0 
30-45-0-O-O 

35-45-0-0-O 

40-15-0-0-0 

40-30-0-O-O 

40-45-0-0-CLG 

40-45-0-Q-CSM 

40-45-0-0-CSP 

40-45-0-O-OE 

40-45-0-0-OE' 

40-45-0-0-ON 

40-45-0-0-DN' 

40-45-0-O-DS 

40-45-0-0-OS' 

40-45-0-O-M 

40-45-0-0-N' 

40-45-0-0-0 

40-45-0-0-S 

40-45-0-0-S' 
40-45-0-0-W 

40-45-0-0-W 

40-45-0-15-O 
40-45-0-30-O 

40-45-0-45-O 

40-45-120-0-O 

40-45-150-0-O 

40-45-18Q-0-O 

40-45-3O-0-O 

40-45-60-0-0 

40-45-90-0-O 

40-60-0-G-O 

45-45-0-0-O 

M« (Nmj 
-0.0029 

-0.0028 

-0.0027 

-0.0025 

-0.0024 

-0.0029 

-0.0024 

-0.0026 

-0.0025 

-0.0023 

-0.0020 
-0.0020 

-0.0025 

-0.0022 

-0.0021 

-0.0021 

-0.0022 

-0.0026 

-0.0022 

-0.0017 

-0.0022 

-0.0032 

-0.0027 

-0.0021 

-0.0017 

-0.0013 

-0.0005 

-0.0009 

-0.0026 

-0.0044 

-0.0045 

-0.0027 

0.0102 

-0.0020 

, M y {Nmj 
-0.0027 

-0.0032 

-0.0037 

-0.0044 

-0.0051 

-0.0035 

-0.0045 

-0.0043 

-0.0042 

-0.0050 

-0.0053 

-0.0053 

-0.0045 
-0.0051 

-0.0052 

-0.0052 

-0.0050 

-0.0045 

-0.0059 

-0.0057 

-0.0052 

-0.0058 

-0.0059 

-0.0056 

-0.0068 
-0.0074 

-0.0056 

-0.0076 

-0.0078 

-0.0047 

-0.0032 

-0.0034 

-0.0417 

-0.0068 

Mz. ifiml 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 

0042 

0044 

0046 

0046 
0049 

0042 

0035 

0045 

0045 

0044 

0044 

0043 

0045 
0047 

0047 

0045 

0040 

0042 

0049 

0038 

0046 
0034 

0043 

0040 
0051 

0048 

0047 

0040 

0044 

0041 

0034 

0040 

0010 

0050 

£„Mx (Mm} 
0.0007 

0.0006 

0.0007 
0.0012 

0.0016 

0.0027 

0.0023 
0.0019 

0.0023 

0.0021 

0.0021 
0.0022 

0.0025 
0.0023 

0.0021 

0.0021 

0.0024 

0.0034 

0.0022 

0.0020 

0.0016 

0.0045 

0.0035 

0.0021 

0.0019 
0.0015 

0.0026 

0.0028 
0.0020 

0.0021 

0.0020 

0.0018 

0.0148 

0.0029 

SJMy(Mm} 

0.0004 

0.0007 

0.0007 

0.0011 

0.0016 

0.0023 

0.0020 

0.0017 

0 0021 

0.0021 

0.0022 

0.0022 

0.0022 

0.0022 

0.0021 

0.0021 

0.0025 
0.0032 

0.0022 

0.0020 
0.0017 

0.0049 

0.0041 

0.0022 

0.0020 

0.0016 

0.0027 

0.0032 

0.0029 

0.0018 

0.0019 

0.0019 

0.0057 

0.0029 

SCMf2{Nm) 

0.0005 

0.0007 

0.0007 
0.0010 

0.0014 

0.0011 

0.0015 
0.0016 

0.0018 

0.0019 

0.0019 
0.0020 

0.0018 

0.0019 

0.0019 

0.0019 

0.0020 

0.0022 

0.0018 

0.0019 

0.0016 

0.0023 

0.0019 

0.0018 

0.0018 

0.0015 

0.0016 

0.0020 

0.0020 

0.0013 

0.0013 

0.0012 

0.0078 

0.0024 



Appendix C 

Non-dimensionalized Results 

To allow for more direct comparison with similar model experiments, the results need 

to be non-dimensionalized. This removes the physical units from the results, creating 

a coefficient that may be used on another panel of different scale or wind condi

tions. Only using this method may drag coefficients be compared. Using different 

approaches to achieve force and moment coefficients will make them incomparable. 

The force coefficients for are found in the following manner: 

0.5pV2A 

where p is the density of air, V is the wind velocity in front of the panel in the 

streamwise direction, and A is the projected frontal area of the panel model. The 

projected area is constantly changing as the panel changes its elevation angle, and 

its azimuth angle. The surfaces that must be projected are the panel stop surface, 

its front edge, the side edge, and the support post. The following equation is used to 

calculate the projected area: 
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A = CsinaWcoscj) + TcosaWcoscj) + CTsincj) + D (L - O.hCsina) (C.2) 

where C is the panel chord, a is the panel elevation angle, T is the panel thickness, 

W is the panel width, </> is the panel azimuth angle, D is the support post diameter, 

and L is the support post length. Substituting this equation along with the proper 

wind velocity into the equation for CF(x,y,z) allows for the force coefficient to be at

tained. For the moment coefficients, a similar manner is following, using the following 

equation: 

_ M(x,y,z) 
CM{X^Z) ~ O.bpV^AC {L-3} 

where now the panel chord, C, is introduced as a characteristic length to elim

inate the additional unit present in the moments compared to the previous forces. 

Using these equations for the force and moment coefficients, the forces and moments 

tabulated in the previous appendix are now listed again in their non-dimensionalized 

forms in the following table: 
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Data Code 

15-45-0-0-0 

20-45-0-0-0 
25-45-0-0-0 
30-45-0-0-0 
35-45-0-0-0 
40-15-0-0-0 
40-30-0-0-O 
40-45-0-0-CLG 
40-45-0-0-CSM 
40-45-0-0-CSP 
40-45-0-0-DE 
40-45-0-0-DE' 
40-45-0-0-DN 
40-45-0-0-DN' 
40-45-0-0-DS 
40-45-0-0-D51 

40-45-0-0-N 
40-45-G-Q-N' 
40-45-0-0-O 
40-45-0-0-S 
40-45-0-0-S' 
40-45-0-0-W 
40-45-0-0-W 
40-45-0-15-0 
40-45-0-30-O 
40-45-0-45-0 
40-45-120-0-O 
40-45-150-0-O 
4O-45-180-0-O 
40-45-30-0-O 
40-45-60-0-O 
40-45-90-0-O 
40-60-0-0-O 
45-45-0-0-0 

CRc 

0.76 

0.90 
1.00 
1.00 
1.00 
0.87 
1.06 
0.46 
0.35 
0.70 
0.92 
0.89 
0.52 
0.79 
0.83 
0.83 
0.73 
0.52 
1.00 
0.92 
0.82 
0.78 
0.80 
0.96 
1.25 
1.51 
1.16 
1.36 
1.25 
0.92 
0.51 
3.37 
4.97 
0.99 

CFy x 

5.51 

1.67 
0.36 
0.69 
0.80 

12.71 
4.92 
1.41 
0.67 
1.18 
8.25 
8.48 
0.95 
3.64 
5.93 
6.51 
0.75 
0.97 
1.00 
0.36 
0.77 
0.23 
1.08 
1.26 
1.11 
0.05 

42.30 
21.49 
3.27 
17.87 
25.52 

175.49 
9.09 
1.23 

CFi 

4.43 

1.68 
0.42 
0.65 
0.78 
9.83 
3.53 
3.24 
2.79 
0.41 
0.02 
0.21 
4.48 
2.00 
1.24 
0.85 
1.11 
2.02 
1.00 
1.09 
0.40 
0.55 
0.22 
1.52 
5.16 
6.87 
35.95 
27.05 
23.43 
0.62 
8.80 

534.54 
279.23 

0.99 

CM« 

9.13 

5.02 
3.11 
2.03 
1.42 
3.15 
1.48 
1.19 
1.10 
1.03 
0.89 
0.90 
1.14 
0.97 
0.95 
0.93 
0.98 
1.16 
1.00 
0.78 
0.99 
1.45 
1.21 
0.95 
0.74 
0.60 
0.29 
0.40 
1.17 
2.01 
2.87 
4.89 
3.80 
0.71 

CMf 

3.23 

2.14 
1.61 
1.32 
1.12 
1.44 
1.05 
0.73 
0.72 
0.86 
0.90 
0.90 
0.77 
0.87 
0.88 
0.88 
0.85 
0.76 
1.00 
0.96 
0.88 
0.98 
1.01 
0.94 
1.15 
1.25 
1.35 
1.31 
1.33 
0.81 
0.77 
2.33 
5.86 
0.91 

CM* 

6.11 

3.58 
2.39 
1.68 
1.30 
2.10 

0.98 
0.92 
0.92 
0.90 
0.89 
0.88 
0.92 
0.96 
0.95 
0.92 
0.82 
0.86 
1.00 
0.77 
0.93 
0.70 
0.88 
0.81 
1.05 
0.97 
1.35 
0.83 
0.90 
0.84 
0.97 
3.33 
0.18 
0.81 



Appendix D 

Computat ional Fluid Dynamics 

Background 

D.l Modelling Turbulence using RANS and LES 

Reynolds averaged Navier-Stokes (RANS) is a method of modelling turbulence by 

taking the Navier-Stokes equation: 

3Ut }UdUl_ 1 OP | M d2Ut 

dt 3 dx3 pdxt pdxjdx-, 

and substituting for velocity the average velocity with the addition of a velocity 

component fluctuating from the average, shown as Ut = Ut + u% then averaging the 

Navier Stokes equation becomes: 

^ + ̂ ^ = _ l ^ + IAf dA_ u;u\ (D2) 
dt J dxj p dx% pdxj \ dxj 3 J 

where Ut = ^ £ U%{t)dt. [23] 

RANS, however, does not capture turbulent structures such as eddies and vortex 
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shedding. To capture these unsteady structures, more computationally expensive 

methods may be used. 

Large eddy simulation (LES) approximates small scale turbulent structures while 

simulating the large structures. LES is similar to using RANS on small scale tur

bulence, and Direct Numerical Simulation on the large structures. Using filtering, 

the total field containing only large scale components of the velocity field must be 

initially defined. This large scale field is the local average of the complete field. The 

filtered Navier-Stokes equations used are: 

I - <"»> 

du d . . 1 dp drtJ d2ut 

dt dx3
 % 3 pdxt dxj dxjdxj 

where rtJ = u{a3 — uxu0 

By using the eddy viscosity model, the stresses become T%] —$~Tkk = —2[ITS13, 

where \xTS is the large scale strain rate tensor. The eddy viscosity, JJ,T, is written as 

fJ'T = (CSA)2\S\, where Cs is the Smagorinsky constant used in this model. [24] 

D.2 Finite Volume Method 

A numerical method is needed to model and solve the Navier-Stokes equations. The 

finite volume method can be implemented by following three main steps: 

Step 1: Grid generation: The domain is divided into discrete control volumes. 

Nodal points are placed in between the boundaries of the control volumes. It is 

common practice to align the physical boundaries with that of a control volume 

boundary. Nodal points are identified by a P, with its neighbours on the left and 
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right in a one-dimensional geometry identified by W and E respectively. West sides 

of a control volume are designated by a w, and the east side by an e. The distances 

between nodes W and P and nodes P and E are respectively identified as Sxwp and 

SXPE- As such the space between the face w and point P and between P and face e 

are respectively 5xwp and Sxpe. The width of the control volume is 5 = Sxwe. [25] 

Step 2: Discretization: The integration of the governing equations over a control 

volume yields a discretized equation at its nodal point P. A diffusive flux of cj> exiting 

the east face minus the diffusive flux of 4> entering the west face equals the generation 

of <fi. The interface diffusion coefficient V and the gradient d<f>/dx at east and west 

are required to derive useful forms of the discretized equations. An approximate 

distribution of properties between nodal points is used, called central differencing. [25] 

In addition to east and west neighbours a two dimensional grid node P will also 

have north, N, and south, S neighbours. The general discretized equation for the 

interior nodes becomes: 

aP4>P = aw4>w + o,Ecf)E + +aN(j)N + as4>s + Su (D.5) 

where: 

aw 

1 ui^lu) 
SXWP 

aE 

1 e-Ae 
5xPB 

as 

1 s-As 

5xSP 

aN 

1 ?7. -An 
Sxpfj 

ap 

aw + Q>E + as + aN ~~ Sp 

The variable A is the cross sectional area, and S components are source terms. For 

two dimensions, the face areas in a two-dimensional case are Aw = Ae — Ay; An = 

As = Ax. The distribution of the property 4> is given by obtaining a discretized 

equation at each grid node of the two dimensional domain. [25] 

Step 3: Solution of equations: The discretized equations must be found for each 

nodal point. Control volumes beside the domain boundaries are modified to incor

porate the boundary conditions. The system of equations is solved using a matrix 
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solution technique to obtain the distribution of the property (f> at the nodal points. [25] 

D.2.1 Central Differencing Finite Volume Advection Scheme 

This scheme is an approximation used for diffusion terms appearing on the right side of 

the equation and trying linear interpolation to compute cell face values for convective 

terms on the left side of the equation. [25] The central differencing expression for the 

discretized convection-diffusion equation are: 

ap(f)p = a\v(f)p = aw4>w + O-E4>E (D.6) 

where 

aw 

n + Ek 

aE 

A, + f 

ap 

aw + aE + (Fe - Fw) 

This equation can be discretized for all grid nodes, yielding a set of algebraic 

equations that can be solved to obtain distribution of the transported property <f>. [25] 

Discretization scheme properties are fundamental properties that determine whether 

numerical results will be physically realistic. The most important ones are conser-

vativeness, boundedness, and transportiveness. Discretized conservative equations 

involves fluxes of <f> through control volume faces. 

The major inadequacy of the central differencing scheme is its ability to identii^ 

flow direction. Values of 0 at a west cell face are equally influenced by both 4>p and 

<t>wi when a strongly convective flow from west to east should receive a much stronger 

influence from node W than node P. [25] 
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D.3 LES Flow Around Bluff Bodies 

The standard turbulence models used in most codes are inadequate, specifically for 

flow around bluff bodies such as buildings. Unsteady techniques, like large eddy 

simulation (LES), are more appropriate and sometimes required for correct identi

fication of critical unsteady features of flows. Significant loads created by extreme 

low pressure regions within the flow by the shedding of concentrated vorticity can 

be identified using LES since it directly computes the dynamically significant flow 

structures. LES has several retaining issues that must be specifically resolved. Such 

issues are rough wall boundary conditions and the definitions of inflow conditions. 

LES can capture major features of the flow around bluff bodies submerged in a thick, 

rough walled, simulated atmospheric boundary layer. Separate precursor simulations 

of the approaching flow must be performed. [26] 

The governing equations for LES consider an incompressible fluid of kinematic 

viscosity v in motion with kinematic pressure p and velocity Uj = (u,v,w), along 

the Cartesian axes Xj = (x,y,z). To resolve the filtered velocity field, scale-limited 

solutions are required of the Navier-Stokes equations. LES of bluff body flows require 

generation of inflow turbulence, analogous to the upwind environment of a building. 

The amount of wind shear, level of turbulence intensity, and integral scale of the 

turbulence must be reproduced. A precursor simulation is ideal because the inflow it 

generates should contain the natural physical coherent structures non-artificially. The 

fluctuating velocity field (u,v,w) at the location of the precursor's outflow boundary is 

sampled at each time step and saved in a database. The turbulent inflow for the bluff 

body simulation uses this data. [26] This thesis will utilize this method by running 

a steady state simulation and using its results as the initial values for the final large 

eddy simulation. 


