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Abstract 

 

The aim of this study is creating threshold aerodynamic loading data for single 

axis PV tracker systems (PVT). Even if the increasing usage of this type of solar 

systems in recent years due to increasing efficiency and reducing cost, there are 

still not many studies about the aerodynamic interaction of the tracker support 

mechanisms. However, investors need benchmark wind loading data to secure 

their investment from any kind of wind damage. 

To test the aerodynamic behavior of 5 x 3 PVT array, 1/15 scale models were 

built and placed inside a wind tunnel turn table. Turbulence and boundary layer 

conditions simulated according to Eurocode I terrain profile and pressure 

coefficients were measured for different pitch and exposure angles for two 

different ground cover ratio (GCR) arrangements. Recorded pressure coefficients 

were used to calculate normal force and torque coefficients for three different 

loading zones.  

All test results were presented in peak loading graphs and tables. Graphs were 

organized for different rows and loading zones to investigate the effect of panel 

location to loading coefficients. Also, peak coefficient graphs were used to point 

out most critical location in the array. After presenting each set of results, 

necessary comments made considering the theoretical background of the 

problem. In addition to that, effect of the test variables such as pitch angle, 

exposure angle and ground cover ratio were investigated separately.   

 

 

 

Keywords: Atmospheric Boundary Layer, Wind Tunnel, PV Tracker, Wind 

Loading, Load Coefficient, Aerodynamics 
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Sommario 

 

Il presente studio è volto a definire i dati di carico aerodinamico per la 

progettazione di un generico sistema di inseguimento fotovoltaico ad asse singolo 

(PVT). Anche se negli ultimi anni questo tipo di sistema solare è stato interessato 

da un crescente utilizzo, specialmente a causa della maggiore efficienza e dei 

costi ridotti, pochi sono gli studi relativi ai carichi generati dal vento sulla 

struttura del PVT e gli investitori richiedono dati di riferimento per garantire 

l’impianto rispetto qualsiasi tipo di danno generato dal vento. 

Al fine di definire il comportamento aerodinamico di un generico schieramento 

5x3 di PVT, sono stati costruiti dei modelli in scala 1/15 degli inseguitori 

fotovoltaici, poi piazzati all’interno della sezione a strato limite atmosferico della 

galleria del vento del Politecnico di Milano. Sono state simulate le approriate 

condizioni di vento definite secondo l’Eurocodice e sono stati misurati i 

coefficienti di pressone per diversi angoli di pitch, di esposizione al vento e due 

diversi rapporti di copertura del terreno (GCR). Lo schieramento di pannelli è 

stato diviso in zone in cui gli inseguitori sono soggetti a carichi aerodinamici 

simili e per ciascuna zona sono stati definiti i coefficienti di carico per la 

progettazione.  

I risultati delle prove sono presentati come grafici e tabelle dei carichi di picco. I 

grafici sono organizzati per le diverse righe e zone di carico dello schieramento 

per studiare l’effetto della posizione del pannello sui coefficienti di carico. I 

coefficienti di carico massimi sono stati utilizzati per individuare le posizioni più 

critiche all’interno dello schieramento. Ogni set di risultati è stato commentato in 

base alle nozioni teoriche sul problema aerodinamico.  

 

Parole chiavi: Strato limite atmosferico, Galleria del vento, Inseguitore                         

fotovoltaico, Carichi aerodinamici, Coefficienti aerodinamici, Aerodinamica 

 



Chapter 1. Introduction   

1 

1 Chapter 1. Introduction 
 

1.1 Overview 
World electricity consumption is getting higher each year with increasing human 

population. According to Global Energy Statistical Yearbook [1], world energy 

consumption in 1990, was around 10.000 Thw, but it reaches up to 22.000 Thw 

in 2017, which means more than twice increase in consumption in 27 years. As a 

consequence, the challenge of supplying enough electricity to meet the demand 

pushes engineers to discover new and more efficient ways for producing 

electricty. In addition to that, with the increasing number of researches about the 

environmental effects of fossil fuels, now, we have a better understanding about 

how fossil fuels can be harmful for the future of our planet. Therefore, increase 

in the usage of renewable energy systems in recent years is not a surprise. This 

increase is related to two aspects of the renewable energy sources which are being 

clean and free. By using renewable power production systems, we can directly 

(solar systems) or indirectly (wind turbines etc.) extract the power coming from 

the sun which is an available source of energy for almost every country in the 

world, which makes it free source of energy. Also, this power source is 

considered as clean because there is no exhaust of greenhouse gases, which are 

the main reason of global warming.  

 

Figure 1.1 World electricity consumption between 1990 and 2017 [1] and gross 

energy production percentage by source in 2016 [2]  

From statistical report of International Energy agency [2], in 2016, generation 

from combustible fuels accounted for 67.3% of total world gross electricity 

production. Electricity generation from fossil fuels fell for the fifth consecutive 

year in 2017, with generation from total combustible fuels accounted for 59.4% 

of total OECD gross electricity production (compared to 72.8% for non-OECD). 
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Electricity generation from renewable sources such as wind (+15.1%) and solar 

(+21.9%) registered robust growth. The most dramatic increase is in solar 

industry because there is a continues and fast increase in solar cell efficiencies 

and decrease in panel costs.  

 

Figure 1.2 Solar PV energy consumption in years [2] 

 

 

Figure 1.3 Solar PV module prices vs cumulative capacity between 1976 and 

2016 [3] 

 Among all the power extraction methods from solar energy one of the widely 

commercialized solar energy technologies is the photovoltaic (PV) solar cells that 

convert the sunlight directly into electricity. The solar cells are made of 

semiconductor materials such as Silicon or Cadmium Telluride (CdTe). Sunlight 

contains energy particles called photons when light from the sun incidents on a 

solar cell, the photons are absorbed by the semiconductor material. The absorbed 

photons knock electrons (e-) out of their atoms in the semiconductor creating a 

hole (h+). The design of the semiconductor diode ensures that the released 

electrons move in a single direction and produces electricity. Sets of solar cells 

are combined to make a solar panel. They are installed by fastening them to a 

framework or support structure as standalone units or as an array of PV units. A 
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standalone solar PV structure may also comprise of several individual panels 

arrayed as a single structure. Furthermore, PV panels can be mounted on a tracker 

system to orient the panels toward the sun to increase energy production. Trackers 

are available as both single- and dual-axis, there are some key differences 

between the two: namely, while single-axis trackers tilt along the y-axis (enabling 

them to capture a bit more sun than the traditional fixed systems), dual-axis 

trackers move along both in the x- and y-axes. Thus, while fixed systems only 

collect maximum power for a few hours in the middle of the day, trackers can 

maintain this capacity throughout the entire day.  

 

Figure 1.4 Comparison of fixed solar vs solar tracker 

Figure 1.4 above [4] shows two 3kW PV arrays located on the same property in 

Vermont. The black line represents a dual-axis solar tracker; the red line 

represents a fixed roof-mount system, south-facing at 30° tilt. While the fixed 

system never reaches maximum power, the tracker maintains full power output 

throughout most of the day, from dawn to dusk. However dynamic behavior of 

PVT systems requires more complex design for the support structure of the 

panels. It is very important to know aerodynamic loadings on the system to 

minimize the risk of failure by designing reliable support mechanism. Therefore, 

this study investigates aerodynamic loading on a single axis 5 x 3 PVT array to 

provide threshold load coefficient data to the client. 

     

Figure 1.5 Example of PV tracker array and photo of a wind damaged system
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1.2 Motivation 
Despite the increasing popularity of PV tracker systems, there are not enough 
studies about the aerodynamic loadings on trackers. Wind engineers made many 
efforts to define wind loadings on structures to create building codes and 
standards in order to ease the design process. However, these standards alone do 
not provide the necessary guidance for solar field construction because even the 
small assumptions made according to codes may lead great errors during actual 
operation of a solar field. Panel manufacturers can optimize their design of 
support mechanism and investors secure their solar farm from any damage related 
with the gusts of wind by accurately knowing the wind loadings on the array. 
Thus, wind engineering studies can provide safe, yet economical designs for PVT 
systems. With the reducing cost and increasing reliability more people can choose 
to produce energy by using solar PVT systems. 

1.3 Objectives 
The main objective of this study is, providing peak normal force and torque 

coefficients for various locations in the full PVT array according to changing 

exposure angles, pitch angles and row spacings. In order to see the effect of row 

spacing, models were tested with two different ground cover ratios. Tests were 

carried out in wind tunnel of Politecnico di Milano, detailed information about 

the test facility and setup is provided in latter chapters. According to pressure data 

obtained from pressure taps on panel models, force coefficients are calculated to 

find the most critical sections in the array for different arrangements. At the end, 

this study aims to provide threshold wind loading data that needs to be considered 

during the design stage of the PVT array.   

1.4 Thesis Layout 
The thesis contains five chapters: 

• Chapter 1 provides introduction and description of the problem. 
Importance of solar systems and some of the trends related with them 
presented. PVT is described and the reasons why this kind of study is 
necessary are explained. Motivation and the objective of this study also 
presented in chapter 1.  
 

• Chapter 2 provides related fluid mechanics theory to create better 
understanding for the discussions presented in proceeding chapters. 
Required theoretical background for the aerodynamic investigation of 
PVT’s are described. In addition to that, general concepts and methods 
related with wind tunnel testing is presented at the end of this chapter. 
 

• Chapter 3 introduces the test setup and the wind tunnel used in this study. 
General specification of Politecnico di Milano wind tunnel facility 
(GVPM) is presented. Afterwards, necessary test conditions inside the 
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tunnel are explained and simulated ABL and turbulence conditions are 
presented.  Also test models and the instrumentation are explained in 
detail.   
 

• Chapter 4 introduces all set of test results starting with isolated first row 
test and continues for the results of full array tests. Result presented in 
peak coefficient graphs and the highest peak coefficient tables. All 
presented graphs and tables categorized according to two different GCR 
arrangements on the wind tunnel test section. Comments about the trends 
shown in the graphs and discussions for the effect of the test variables are 
also presented in this chapter.  
 

• Chapter 5 concludes the thesis by summarizing the test procedure and 
listing all major outcomes of this experiment. Some of the limitations of 
this study explained and finally, suggestions are made for possible future 
studies. At the end of chapter 5, references used in this thesis are listed. 
After references section some of the important drawings, photos and 
tables are presented in Appendix section.  
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2 Chapter 2. Theory 
 

2.1 Atmospheric Boundary Layer 
Atmospheric boundary layer (ABL) is the region of the lower troposphere where 

Earth’s surface strongly influences temperature, moisture and wind through the 

turbulent transfer of air mass. We can also define ABL as a part of the atmosphere 

we are live in which experiences momentum and heat exchange with boundary 

layer’s surface in short time scales (less than 1 hour) due to turbulent flow. As a 

result, ABL affects both the dynamics and thermodynamics of the atmosphere 

and generally extends up to 500-1000 m, air above this height inside the 

troposphere which extends up to 7-20 km considered as free atmosphere. 

According to Palmen and Newton [5], more than half of the atmosphere’s kinetic 

energy loss happens inside the ABL. Friction forces caused by the terrain 

roughness makes the wind’s flow turbulent that randomly varies in space and 

time. 

 

Figure 2.1 Schema representation of ABL 

Close to earth’s surface, the atmospheric flow becomes 

turbulent and breaks up in eddies that effectively transfer 

momentum and heat fluxes in vertical direction inside BL. 

Before describing turbulence, random swirls of motion 

called eddies need to be known because usually turbulence 

is superimposition of different size of eddies [7]. There are 

two main reasons for the flow to become turbulent close to 

ground; the first reason is vertical wind shear, which makes 

wind speed zero at ground and introduces hydrodynamic 

instability to flow. The second reason is negative buoyancy 

which is caused by the heating of earth’s surface by solar 

radiation. Heat exchange between surface and the flow creates statically unstable 

Figure 2.2 
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air due to change in air density causes mixing of flow. These two phenomena are 

represented in figure 2.2. The modified geostrophic balance due to surface shear 

changes the angle between mean wind vector and rotates isobars towards the low-

pressure side. These changes in 

wind speed and direction are 

explained by Ekman Spiral [6] (fig 

2.3). For strong winds, effects due 

to shear stress more significant than 

thermal effects, however for winds 

slower than 10 m/s, thermal effects 

cannot be neglected. Inside the 

following sub sections, concept 

that are related to ABL are 

explained briefly. 

 

2.1.1 Mean Wind Velocity Profile 

Mean wind velocity can be defined as average wind speed recorded over at least 

period of 10 minutes at a certain location. Inside the ABL, wind velocity profile 

mainly depends on the type of terrain because of the strong effects of surface 

roughness. Friction due to surface roughness induces a frictional drag force on 

the wind which causes the wind speed to become zero at the ground. On the other 

hand, pressure gradient inside the ABL, increases velocity of the wind with the 

increasing height from ground level.  Effects of terrain type on the wind velocity 

profile can be seen in fig 2.4. 

 

Figure 2.4 Wind velocity profile for urban, rural and off-shore areas 

Wind velocity at a particular point in space and time can be defined by three 

orthogonal velocity components. Each component represents instantaneous wind 

Figure 2.3 Ekman Spiral [6] 
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velocity in different directions, u is for mean wind direction, v horizontal 

direction normal to u and lastly, w vertical velocity component.  

! = !# + !% 
& = &# + &% = &% 
' = '# +'% = '% 

 

Figure 2.5 Representation in cartesian coordinate 

The subscript ‘m’ shows the mean value and the sign over the velocity 

components shows the fluctuating component. Mean velocity is equal to zero for 

horizontal and vertical components. In addition to that fluctuating components of 

the wind can be considered stationary with a zero-mean value. With knowing 

these, now, we can define the mean wind velocity according to height from 

ground (z). To do so, we can use logarithmic law which gives the mean wind 

velocity for systems that are located close to ground where surface roughness 

effects dominate. 

!#()) = !∗, -. ))/ 											!∗ = 1t/
r
				 

 !∗ is friction velocity, Von Karman constant (typically 0.4), )/ aerodynamic 

roughness length, r is air density and t/ is shear stress at ground level. It should 

not be forgotten that logarithmic law only valid for systems with height lower 

than atmospheric surface layer which is equal to 100 m for most of the strong 

wind applications. Over this limit, height of the boundary layer becomes more 

important than the effect of surface roughness. However, when we consider 

ground mounted PV trackers, we can say that applying logarithmic law is 

appropriate due to the small height and strong effects of surface roughness. To 

define surface roughness, aerodynamic roughness length (z0) is being used. 

Aerodynamic roughness length is related with the geometry and spacing of the 

terrain that the system is located on [7]. Different roughness lengths for different 
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terrain types are tabulated in different codes and standards. Eurocode terrain 

profiles and z0 values can be found in table 2.1.   

 

Table 2.1 Terrain categories and parameters  

2.1.2 Turbulence   

In many reference books and articles, turbulence is associated with chaotic 

changes in pressure and velocity. Unlike the case of laminar flow, stream lines 

are not collateral to each other and flow consists of random vortexes. Due to the 

randomness of the flow, it is really complex to describe turbulence with 

deterministic approach rather than stochastic approach. In low frequency levels 

which are related with the instabilities of mean flow, turbulence starts to be 

generated as large eddy bubbles. With increasing frequency, large eddies break 

up into smaller and smaller eddies by transferring their energy and forming an 

energy cascade. At some point where eddies become too small, viscosity becomes 

very significant property for the flow due to friction which causes energy 

dissipation as heat. These high frequency levels are associated to the turbulence 

inside the ABL. Special interest should be shown to turbulence for studies 

investigating the structural responses, because peak wind values are related to 

fluctuations inside the turbulent region. These fluctuations can be described as 

the superimposition of eddies with different sizes and frequencies. Estimation of 

the largest eddies is made with using integral length scales which are the cross 

correlation of wind velocity at two points in flow direction.   

One of the most important parameters to characterize turbulence is turbulence 

intensity which is the ratio of the standard deviation of the wind component to 

mean wind velocity at the reference height z. 

23()) = 43())!#())				 ; 			26()) = 46())!6())				 ; 			23()) = 46())!6())								 
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If we consider most of the cases in wind engineering applications, flow is 

typically in horizontal direction which creates much stronger turbulence in x-

direction. Therefore, in most of the applications, only 23()) is used to characterize 

the turbulence intensity over the system. 

2.2 Flow Over Immersed Bodies 
According to B. R. Munson [8], when a body moves through a fluid, an 

interaction between the body and the fluid arises, this interaction can be described 

by the forces at the fluid body interface. The forces acting on the body are related 

to wall shear stress due to viscosity and normal stress due to pressure. Because of 

the complexity of measuring shear stress and 

pressure distribution around the body, 

engineers often use resultant forces that are 

generated from the gradients over the body. If 

the fluid in motion is air, then this force is 

called aerodynamic force. There two 

components of aerodynamic force, the one, 

that is in the same direction with the flow is 

called drag force and the other one, that is 

perpendicular to the flow is called lift force. 

Good fluid dynamic background is needed to 

understand the loading around an immersed 

body because it depends on the air flow 

pattern around object in various shapes and 

sizes. There are 4 methods available for 

investigating aerodynamic forcing around a body; 

 

1. Full Scale Measurements: Before the availability of powerful 

computational tools we are using today, full scale field test was one of the 

popular options to collect wind data. However, it is difficult to perform 

since the lack of control on the large-scale environment which leads to 

uncertainties in the collected data. In addition to that, they are not suitable 

method for using during the design process. 

2. Analytical Formulations: There some available analytical formulations in 

literature based on simplifications such as potential flow, which is 

frictionless, irrotational flow. However, viscosity cannot be neglected in 

every situation and this leads huge errors between the ideal and real cases. 

So, analytical formulations are typically useful for very specific 

simplified cases. 

Figure 2.6 Forces on a 2-D immersed 

object a) pressure force b) shear stress c) 

resultant forces 
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3. Computational Fluid Dynamics (CFD): To describe the fluid motion 

inside the BL, Navier-Stokes equations that are set of nonlinear equations, 

can be treated via CFD approach. This method is becoming very popular 

with the increasing available level of computational power in research 

labs. Although it is a very practical approach for simple flow systems, 

CFD method still requires too much effort for complex flows due to 

increase in cost with increasing computational effort. 

4. Wind Tunnel Tests: Major part of the aerodynamic knowledge used in 

wind engineering is coming from wind tunnel tests on small scale models. 

There are many standards developed to make the environment inside the 

tunnel closest with a real case. According to these tests, building code and 

standards created to ease the design of many civil engineering projects. 

Further detailed information about wind tunnel tests is at the end of this 

chapter. 

2.2.1 Aerodynamic Forcing and Force Coefficients 

As introduced earlier, when there is a relative velocity between air and a body, 

aerodynamic forces arise due to the perturbation induced by the body to the flow. 

To define these forces, pressure and shear distribution should be integrated over 

the whole body. The aerodynamic force on a body has two components, the one 

parallel to the wind flow direction is called drag force. Drag force also has two 

parts which are friction drag and pressure drag. Friction drag is directly generated 

from the shear stress on the body. Thus, magnitude of friction drag is proportional 

with the shear stress on the body and the orientation of the body with the flow. If 

the surface is parallel to the flow then, all shear stress contributes the drag force 

[9], otherwise contribution to the drag force is according to sinus of the relative 

angle between the surface and the flow. However, due to working with low 

viscosity fluids or flows with high Re numbers, the contribution of friction drag 

to actual drag force is quite low in structural wind engineering applications. On 

the other hand, neglecting friction drag for highly streamlined bodies or low Re 

number flows, leads errors in calculations because the main portion of the actual 

drag force comes from the shear part. The second part of the drag force is the 

pressure drag, which is the direct result of pressure distribution around the 

immersed body. Pressure drag is highly dependent on the shape of the body, that 

is why, it is also called ‘form drag’ in literature. Like the case of friction drag, 

pressure drag is also proportional with the magnitude of the pressure difference 

along the flow and the orientation of the body with the flow, but this time, 

contribution is a cosine function of the angle between the incoming wind and the 

surface.  



                                                                 Chapter 2. Theory 

12 

 

Figure 2.7  In the first figure due to parallel position of the body, friction 

contribution is 100% while pressure contribution is 0%, vice versa for the last 

figure. For air foil, friction can be considered as 90% and for sphere it is 10%. 

As mentioned before, the aerodynamic force component orthogonal to the flow 

is called lift force. If the immersed body is not symmetrical or does not produce 

a symmetrical flow, lift force normal to the stream arises. In order to provide 

better understanding of lift force generation, it is a common practice to apply 

Bernoulli equation to an airfoil; 
78 + 9:; + <= = >?@A .The first term stands for 

static pressure, second term is kinetic energy and the last one represents the 

gravitational force per unit mass. These are the three components of total energy 

inside the flow. If we neglect the energy dissipation along the flow and consider 

the flow as inviscid, total energy entering from upstream should be equal to the 

total energy at the downstream. Therefore, if a fluid particle moves into high 

pressure field on the same elevation, according to Bernoulli equation, speed of 

the particle should decrease. In fig. 2.8, typical flow over an airfoil is shown. As 

can be seen from the deflection of black lines, flow over the airfoil is faster than 

the flow under the airfoil, and from Bernoulli equation we know that this means 

lower pressure on the upper side (suction side, SS), higher pressure on the bottom 

side (pressure side, PS) of the airfoil. This pressure difference between PS and 

SS is the main reason of lift force generation.  

 

Figure 2.8 Flow over an airfoil 

BC = DE>?@(F)GH +DIJ sin(F) GH					[OP.. 1] 
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BT = D−E@V.(F)GH +DIJ cos(F) GH				[OP.. 2] 
From above equations, it is possible to find values of lift and drag forces. It is 

easy to understand the dependence of these two equations with the shape of the 

body because of dA terms in each integral sign. In wind engineering applications, 

many of the projects have complex shapes and very detailed geometries, therefore 

many engineers are using non-dimensional numbers called force, momentum and 

pressure coefficients to determine aerodynamic characteristic of a body. Due to 

being direct representative of body shape, objects with the same geometrical 

shape should have same aerodynamic coefficients under different dimensional 

scales and flow conditions.  

ZT = BT12[\;H							[OP.. 3]	; 										ZC =
BC12[\;H							[OP.. 4] 

Z_` = Ba12[\;Hb						[OP.. 5]; 							Zd =
E − E/12[\; 							[OP.. 6] 

Equations for lift, drag, momentum and pressure coefficients can be found above 

in the same order. B term inside the momentum coefficient equation is reference 

length and E/ inside the pressure coefficient equation is reference pressure. It 

should be noted that, to be able to use aerodynamic coefficients, we must know 

the reference system and reference lengths because aerodynamic coefficients are 

highly depended on the shape of the structure. Other than geometrical 

dependence, there are 4 other parameters that have a relatively fewer but still 

significant influence on the aerodynamic coefficients. These factors are; 

• Reynolds Number 

• Mach Number 

• Turbulence Intensity 

• Surface Roughness Ratio 

2.2.2   Boundary Layer Separation and Vortex Shedding 

 Let’s assume inviscid flow over a body with non-zero thickness such as a 

cylinder. As a result of the assumption of inviscid flow (µ=0), Re number of the 

flow will be infinite (fO = rgC
µ

 ) , that will create symmetrical streamlines along 

the flow path as shown in fig 2.9 (a). Due to not negligible thickness of the body, 

fluid velocity along the cylinder varies between 0 - 2U. Velocity is zero at the so-

called stagnation points which are located on the front and the back (points A-F). 

Moreover, flow reaches maximum velocity 2U at the top and bottom points of 
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the body (point C). This velocity distribution is shown in fig. 2.9 (b) where U and 

Ufs are upstream and free stream velocities. In fig 2.9 (c), pressure distribution 

with maximum (E/ + r\;/2	) and minimum (E/ − 3r\;/2) points are 

presented.  E/ represents the upstream pressure.  The most important observation 

can be made from fig 2.9 is the uniform pressure distribution around the cylinder. 

Pressures at the top equals to the pressure at the bottom and same condition also 

holds for the front and back sides. In the absence of viscous and pressure forces, 

drag force acting on the cylinder must be equal to zero.  

 

Figure 2.9 Inviscid flow around a cylinder [10] 

On the other hand, inviscid flow assumption is just an ideal concept and does not 

exist in real applications. As we know from previous section, immersed body 

should experience a drag force. From above experiment, we can easily assume 

that this drag force is direct consequence of viscous forces inside the flow. 

However, if we make the same experiment with different fluids with decreasing 

viscosity, we will observe a drag force even inside the systems that are operating 

with fluids with negligibly small viscosity. This result leads us to concept that is 

called D’Alembert’s Paradox which basically specifies that [10] the drag force 

on a body immersed in an inviscid flow equal to zero, but the drag force on a 

body inside a flow with a vanishingly small viscosity does not equal to zero. 
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When Prandtl introduced boundary layer concept in 1904, he enlightened 

D’Alambert’s paradox by explaining pressure distribution inside boundary layer. 

Without viscous losses inside the flow, whole pressure energy can be recovered 

from kinetic energy, just like the case in fig 2.9. However, if we account the 

viscous effects inside BL, full energy recovery cannot be possible due to the 

friction force acting on the body. This case we need to consider a viscous flow 

over a cylinder which is shown in fig 2.10.    

 

Figure 2.10 Boundary layer profile of a cylinder (a) BL separation (b) BL 

velocity profiles at different point on the cylinder (c) surface pressure 

distribution for inviscid and viscous flows[10] 

Due to loss of energy along the fluid path inside the BL, fluid particles cannot 

recover all of the pressure energy. If the fluid is moving in an adverse pressure 

gradient (
i7ij>0), fluid flows until the point where it can withstand the centrifugal 

inertial forces. When the balance between pressure and inertial forces is distorted, 

BL starts to separate from the surface (point D) and flow cannot reach stagnation 
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pressure (point F). Due to pressure difference between front and rear sides, drag 

force forms. Even if we consider a flow with very small viscosity, there is a net 

drag acting on the body independent from viscosity term µ. BL separation can be 

observed on any curved surfaces and separation point depends on the curvature 

radius. When an object has small curvature radius, there will be high centrifugal 

forces that flow cannot withstand. Streamlined bodies like airfoils are specially 

designed to prevent BL separation which can cause stall condition (significant 

increase in drag force and sharp decrease in lift force) on the blade so, a flow over 

a bluff body inside an adverse pressure field  will definitely be more prone to BL 

separation than a flow over an airfoil inside favorable pressure gradient (
i7ij < 0). 

The size of the wake region after the separation point is also depends on the 

characteristics of the flow other than curvature radius of the body. Due to high 

kinetic energy associated to swirling and random motions inside a turbulent BL, 

flow can move further along the curved surface and creates a narrow wake zone 

after separation. Drag that is generated from pressure difference due to BL 

separation will be lower inside turbulent BL even though it has higher friction 

than flow inside a laminar BL due to high shear related with turbulent flow. 

 On bodies with sharp edges like PV trackers, BL separates from corners which 

brings us to the topic of vortex shedding. Vortex shedding is basically alternating 

pressure change around the body due to boundary layer separation from opposite 

parts of the body. This phenomenon can typically be observed in flows with sharp 

edge separation and it causes fluctuating force that can damage the object. 

Fluctuation frequency is directly associated to Strouhal relation; mn = oA gC , D is 

body dimension, U is mean flow velocity and St is Strouhal number which 

depends on the shape and Re number. If mn becomes equal to natural frequency 

of the system for some wind velocity, the object starts to vibrate in resonance 

condition. This effect is called lock-in and amplitude of the vibration may reach 

very high values. Flow speed at lock-in is called Strouhal speed and can be 

calculated with using this formula; \np = qrCsp  , where mt is natural frequency of 

the system. We should also know that, \np is not the only velocity that makes mn 
equal to the system natural frequency, there is a velocity range that causes lock-

in effect. Inside this velocity range immersed body vibrates with high amplitudes 

and eventually it may experience fatigue failure. To prevent this to happen, 

engineers are introducing disturbances on the structure to decrease the coherence 

of vortex shedding frequency along the body surface. Created unbalance prevents mn to match with the frequency of any section along the body and reduces the 

vibration amplitude. The most typical example for this application is wrapping 

wire around immersed cylinders like chimneys or antennas. Another method to 
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reduce vortex shedding for rectangular bodies like PV panels, is using rounded 

edges rather than sharp ones. Using rounded edges reduces the size of the vortices 

and shortens the wake region in the downstream of the body. These two 

applications can be seen in figures 2.11 and 2.12, visual aspects of vortex 

shedding can also be seen in figures 2.13 and 2.14. Additionally, table 2.2 shows 

Strouhal numbers of some of the most typical geometries.  

 

Figure 2.11 Helical wrapping to prevent vortex shedding 

 

 

Figure 2.12 Corner vortex shedding on rectangular bodies. Slightly reduced 

effect in 2nd picture is the result of rounded edge. 
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Figure 2.13 Vortex shedding behind a cylinder 

 

 

 

Figure 2.14 Meteorological observation of vortex shedding 

 

 

Table 2.2 Strouhal number for different cross sections 
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2.3 Introduction to Wind Tunnel Testing 
One of the most common methods to investigate wind effects on a structure is 

testing it in a proper wind tunnel facility by creating similar wind conditions. 

Although full scale testing is the most reliable way to understand aerodynamic 

behavior of a body, it is usually not feasible to perform because of the high costs 

related with the method or the size of structure to be tested such as buildings, 

bridges, stadiums etc. So, using reduced scale models inside a wind tunnel test 

section makes it more feasible to investigate civil engineering structures and 

unusual shaped bodies like solar panels which are not well covered by wind 

engineering codes.  

The first enclosed wind tunnel invented by British aero engineer Frank Wenham 

(1824-1908) in 1871. It was quite simple design with 3.7 m length and maximum 

of 17 m/s wind speed. The popularity of wind tunnel studies increased in early 

20th century in parallel to developments in aviation industry. Today, world’s most 

comprehensive wind tunnels were built by NASA to test aerospace vehicles and 

aviation systems. Despite the different wind tunnel designs around the world, an 

operational wind tunnel has four fundamental parts; 

• A contoured duct to control the passage of the working fluid through the 

tunnel. 

• A drive system to move the working fluid 

• A test section to mount a reduced or full-scale model 

• Instrumentation to make necessary flow measurements 

Among the all wind tunnel types, ABL wind tunnels are especially important for 

testing civil engineering structures because they can simulate natural wind flow 

conditions around a body with an advantage of full control on the wind. By using 

active or passive turbulence generating elements, similar boundary layer 

conditions with matching turbulence intensities can be created in ABL wind 

tunnels. However, reliability of wind tunnel tests depend on geometric, kinematic 

and dynamic similarity between the scaled model and the real structure [13]. To 

satisfy geometric similarity, the model has to be the reproduction of every shape 

on the real body that has aerodynamic relevance within a pre-determined scale. 

In addition to that, kinematic and dynamic similarity can only be satisfied by the 

equality of dimensionless parameters. These dimensionless parameters are 

obtained by grouping relevant dimensional variables according to physical laws 

related with the test. This method is called Buckingham pi theorem. It helps the 

engineer by reducing the number of dimensional variables to be dealt and ensures 

similarity when the equality of the dimensionless parameters that are coming 



                                                                 Chapter 2. Theory 

20 

from the model and the real structure is obtained. Table 2.3 shows common 

variables and dimensionless groups in wind tunnel applications.  

 

Table 2.3 Common dimensionless parameters 

To understand which dimensionless groups we should use during the test, the 

structural behavior of the model must be understood. If we are working with 

aeroelastic models such as suspension bridges, dynamic properties of the 

structure are required to be scaled, so we must use the dimensionless parameters 

that are containing mechanical properties of the structure, mass (m), damping 

ratio (z) and earth’s gravity (g) alongside flow properties such as density (r), 

wind speed (U), viscosity (µ), frequency (ƒ). On the other hand, if rigid models 

are used, like the solar panel models that we used in the test, only requirement is 

matching the flow conditions between the real and simulated cases, therefore 

using dimensional flow variables is sufficient to get required dimensionless 

parameters which are Reynolds number, Strouhal number and force/pressure 

coefficients. 

This is the end of chapter 2, all theoretical concepts that are related to the 

aerodynamic investigations of PV trackers are introduced and explained in this 

chapter. Following chapter will introduce the test facility, set up and PV tracker 

models used during this study. 
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3 Chapter 3. Wind Tunnel Test  
 

3.1 GVPM, Politecnico di Milano WT 
Required tests for understanding aerodynamic behavior of PV trackers were held 

in wind tunnel facility of Politecnico di Milano. Before explaining the test setup 

and the procedure, brief information about this facility is introduced in this part 

of the thesis. GVPM is a closed-circuit wind tunnel facility which is located in 

Bovisa campus of Politecnico di Milano. Vertically arranged layout of the facility 

provides two test sections, one for boundary layer tests and one for low turbulence 

and open jet tests. 1.8m diameter, 100kW 14 fans in 2x7 matrix arrangement 

produce 1.4MW total power inside the tunnel and each fan can be controlled 

independently. Flow loop inside the tunnel is represented in figure 3.1. 

 

Figure 3.1 GVPM close circuit flow loop 

Vertical arrangement with two test sections can be understood more easily with 

looking at the above figure. The lower part of the loop has the smaller test section 

with more uniform flow. This section is used for low turbulence tests, honeycomb 

screen and porosity wire nets create the required uniform flow for this section. 

The upper bigger test section is used for boundary layer tests. As we know, this 

is the section where PV trackers are tested. General specifications of boundary 

layer test section are; 

• Dimensions: 35 m long, 13.84 m wide, 3,83 m height  
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• 16m/s max. wind speed 

• %5 mean velocity variation 

• Turbulence intensity: 2% (smooth flow condition), up to 35% (BL 

simulation)  

• 13m diameter turntable 

Turbulence generation inside the tunnel is provided by spires and roughness 

elements. 35 m length of tunnel makes possible to simulate different terrain types 

with different arrangements of these passive turbulence generating elements. 

Interested readers can learn more about GVPM and previous tests from [14] in 

reference section. 

 

Figure 3.2 Roughness elements and spires in GVPM 

3.2 Test Method and Procedure 
In this section of the report, information about the test models, flow condition and 

measurement methods that are used to get aerodynamic load coefficients of PV 

tracker panels are explained. To calculate aerodynamic coefficients, pressure 

distributions on panels’ lower and upper faces are measured by pressure taps. Full 

array layout of PV panels consists of 5 rows and 3 columns arrangement with 

1/15 rigid models of full-scale PV tracker structures which have dimensions of 

3.9x45 m. Pressure readings are made for different ground cover ratios (GCR), 

wind exposure angles and panel pitch angles. All tested variables are listed in 

table 3.2. Other than full array test, isolated first row with 3 columns of tracker 

was also tested to understand pressure tap sensitivity which gives us to minimum 

acceptable number of taps that we can use on panel measurement sections. Two 

different tests were organized for this study, the first test was held in October 

2017 and the second in April 2018. During the second test, pressure distributions 
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for panel pitch angles ± 15° for GCR 2.65 and ± 15°, +30°, +60° for GCR 4 were 

added to the first test results. Recorded raw test data was processed in a Matlab 

interface named Elaboriamo created by Ing. Stefano Giappin. All discussion 

about the test results according to changing variables are presented in Chapter 4, 

this section of the thesis describes only the test organization for measuring the 

load coefficients on PV trackers.  

 

Quantity Unit 
Full Scale 

Value 
Description 

lL - 1/15 
Geometric scale of the 

model 

B m 3.9 Panel chord 

H m 2.11 
Reference height of torque 

tube 

r Kg/m3 - Air density 

a degree - Wind exposure angle 

b degree - Panel pitch angle 

GCR - 2.65 Ground Cover Ratio 

Table 3.1 List of symbols 

 

TEST GCR b a 
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0 
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+5 
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Full Array                             

 
 
 
 
 
 

 
 

2.65 

± 30 

0 
15 
30 
45 
135 
150 
180 

± 60 

0 
15 
30 
45 
135 
150 
180 

Full Array 4.00 

0 

0 
15 
30 
45 
135 
150 
180 

± 15 

0 
15 
30 
45 
135 
150 
180 

± 30 

0 
15 
30 
45 
135 
150 
180 

± 60 

0 
15 
30 
45 
135 
150 
180 

Table 3.2 All tested configurations with changing exposure and pitch angles 
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3.2.1 Flow Conditions Inside GVPM 

Wind tunnel test of PV tracker array was performed in ABL test section of 

GVPM. To ensure the relevance of collected data, characteristics of the natural 

wind was scaled carefully. This is an essential requirement for the test in order to 

get correct reproduction of wind effects on PV tracker models. For a correct 

reproduction of natural wind, variation of mean wind velocity with the height 

from the ground and wind turbulence characteristics should match with the 

natural condition. As a general requirement for wind tunnel studies, wind 

turbulence spectrum of three turbulent velocity components should be 

represented properly, especially for the low frequency end of the spectrum which 

contains eddies with high level of energy. Therefore, simulated flow must contain 

these high energy eddies at low frequencies for a suitable reproduction of natural 

wind. However, ABL wind tunnels are normally used to test civil engineering 

structures with model scales between 1/200 and 1/400, but PV panel model scales 

typically much larger than that. In order to have proper placement of the 

instrumentation (pressure taps and pvc tubing) and correct reproduction of 

geometrical details, PV model scales are typically in between 1/20 to 1/50. 

According to study made by Banks in 2011 [18], when model scale is much larger 

than the typical flow scales, tunnel cannot simulate the low frequency turbulence 

correctly. To show the mismatch, Banks presented velocity spectrum graph of 

1/40 scale model inside ABL wind tunnel with a flow simulated for 1/300 scale. 

Area under the curves represents the square of turbulence intensity, and it is 

evident that it is much lower than the needed value. 

 

Figure 3.3 Velocity spectrum for 1/40 scale model [18] 
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To solve this problem, Banks proposes the method of high frequency spectrum 

matching which is aims to match the curves above 3 second line without worrying 

about missing energy at low frequencies for two reasons [18]; 

1. In many jurisdictions, design wind speeds are provided as 3 second gusts. 

So, we only need to measure what might happen during those 3 seconds. 

Anything of longer duration than 3 seconds has already been accounted 

for in the meteorological analysis. 

2. If we do need them, these length scales are greater than 10 times the size 

of the model, and so can be accounted for using quasi-steady theory.  

 

Figure 3.4 [18] High frequency spectrum matching, 1/40 scale model [18] 

By reducing turbulence intensity, correct amount of energy can be provided at 

length scales which matter the most because large scale models are located in 

higher levels of the boundary layer where turbulence is lower and length scale is 

higher. This behavior is well described by Dyrbye and Hansen (1997). A very 

good match between full scale and tunnel can be seen in figure 3.4 for 3 second 

and smaller wind gust. If we look at the figure 3.6 and 3.7, spectrum comparison 

of Eurocode and wind tunnel condition created for this test can be seen. Both 

graphs are also showing adequate match to make the experiment relevant if we 

consider the above discussion.      

Required wind speed measurements inside the tunnel are carried out with using 

three component multi-hole pressure probe anemometers that is positioned by an 

automatic traversing system. Selected terrain profile to match with natural 

condition is Eurocode Category I ()/ = 0.01u). The simulation of natural wind 
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condition with desired BL behavior and turbulence characteristics is achieved by 

spires and roughness elements. Spires are located at the starting point of the flow 

and roughness elements are placed on the wind tunnel floor to create desired 

velocity profile and turbulence. Comparison between selected Eurocode wind 

velocity profile and the velocity profile inside the tunnel can be seen in figure 3.5. 

Vertical profile of wind turbulence intensity is also shown in figure 3.5. 

Normalization of the wind velocity data is made according to reference torque 

tube height,2.11m. Furthermore, in figures 3.6 and 3.7, normalized wind 

turbulence spectrum data at two different heights (2.11 m and 10 m) can be found.  

 

Figure 3.5 (left to right) Mean wind vertical velocity profile and along-wind 

vertical turbulence intensity profile 

 

 

Figure 3.6 Along wind turbulence spectrum at reference height 2.11m 
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Figure 3.7 Along wind turbulence intensity profile at 10m 

3.2.2  PV Tracker Models 

 

Figure 3.8 PV tracker models and the test setup in GVPM 

In order to collect pressure data, 1/15 scale PV tracker models are built in GVPM 

workshop by using plywood. To select a proper length scale, tradeoff between 

geometric detail and blockage percentage inside the tunnel should be made. This 

means models should be large enough to reproduce geometrical details that are 

relevant with the aerodynamic behavior of the structure and they should also be 

large enough for the required instrumentation while keeping the blockage at 

reasonable values. Blockage can be found by dividing frontal area of the model 

to cross-sectional area of the wind tunnel test section and it should not be much 

higher than 5% [15]. Set blockage limit for this experiment is 8%, if this value is 

exceeded, distortions on the flow become significant and validity of the test 

results disappears. So, without exceeding blockage limit, 1/15 scale models 



                                                                 Chapter 3. Wind Tunnel Test 

30 

provided enough space for measurement instrumentation and the reproduction of 

most of the design details provided by the client. It should be noted that, these 

models are not the exact reproductions of full-scale trackers. There are some 

minor design simplifications made on the model of the support system and PV 

panel geometry. The gap between single panels was not reproduced to make it 

possible to place necessary tubing for pressure taps. Total of 522 pressure taps 

were used for pressure measurements from inner and outer surfaces of each panel. 

To calculate pressure difference between bottom and top face of the models, 

pressure taps are located in the same position in opposite sides. There is one outer 

and one inner pressure data for each measurement point. By looking at the 

models, pressure tap locations can be understood from small holes which are 

indicating the pressure measurement points on each panel. These points can be 

seen on technical drawings in appendix section. These small holes are connected 

to the pressure scanners via PVC tubes. Air flow inside each tube was carefully 

controlled before the test to prevent loss of any pressure data. 4 vertical 

measurement points are located on one chord of the model and there are total of 

8 chords on each panel. Location of these chords were decided upon expected 

pressure gradients, thus border of the models, where effects of boundary layer 

separation and vortex shedding create high pressure gradients, were instrumented 

with higher number of pressure taps to collect more pressure readings from these 

critical locations. All the measurements were performed using Pressure Systems 

DTC Initium and Chell Quad-Daq high speed scanning pressure equipment and 

miniaturized ESP pressure scanner. As stated in GVPM Wind Tunnel Procedures, 

Rev. 3[15], these scanners contain an array of 32 silicon piezoresistive pressure 

sensors for each measurement point and analog output of these sensors are 

multiplexed and amplified within the scanners. The calibration of ESP scanner is 

maintained through periodic online calibration. During the test, pressure readings 

are corrected according to frequency response of PVC tubes. This pneumatic link 

between the taps and scanners is evaluated by an analytical estimation verified by 

previous experimental investigations developed in GVPM. 

   

Figure 3.9 Photos of pressure taps and connection tubes 
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To ease the identification of each pressure tap 5 digit code ‘SRCrc’ is created and 

the method of this coding is; 

• ‘S’ indicates the surface where the pressure is measured, ‘S’ equals to 1 

for outer and 2 for inner surface of the models. 

• ‘R’ indicates the row of the panel array. 

• ‘C’ indicates the column of the panel array 

• ‘r’ indicates the row of the pressure tap on a model. 

• ‘c’ indicates the column of the pressure tap on a model. 

For example, 12311 defines outer face of the first row of the first chord on the 

model that is located in second row, third column of the tracker array. After 

instrumentation, the models were placed on the turntable in 5 x 3 matrix 

arrangement. Only the first three upwind rows at 0° wind exposure angle were 

instrumented with pressure taps. Other than these 9 instrumented models, 6 

dummy models in 2 rows were used to simulated correct boundary conditions 

during the test. 

 

Figure 3.10 Top view of the test arrangement for GCR 2.65 

 

 

Figure 3.11 Pressure tap locations and chord arrangement for the first column 

tracker models 
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Figure 3.12 Full array arrangement on tunnel's turntable 

 

Figure 3.13 Model orientations at 0° and 180° wind exposure angle. Blue boxes 

are showing the instrumented models for the pressure readings 

 

3.2.3  Equations and Measurements  

3.2.3.1 Pressure Coefficients 

Each envelope of pressure tap measurements were processed in Matlab and 

collected as non-dimensional surface pressure coefficients. Pressure coefficients 

are calculated according to following formulation; 

 

Z7,aw,; = Ea − E/12 r\x;  
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Ea is the absolute pressure at the i-th pressure tap, E/ is the static pressure inside 

the tunnel, \x is the mean wind speed at reference height H and r is air density. 

The term in denominator, 
w; r\x; , gives mean velocity pressure at refence height 

H. Numbers 1 and 2 represents the surface where the pressure is measured, again 

1 is outer and 2 is inner surface measurements. Calculated pressure coefficients 

were named with 5-digit code of the pressure tap which the pressure reading was 

obtained from.  With knowing pressure coefficients of each pressure tap, we can 

calculate the net pressure coefficients for each measurement point on the tracker 

models; 

Z7,atyp = Z7,aw − Z7,a;  

The net pressure coefficients were obtained by subtracting the inner pressure 

coefficient from the outer at each measurement point. The number that is 

indicating the outer or inner surface of the panel in 5-digit code (1,2) was changed 

to 3 for naming net pressure coefficient values. For example, net pressure 

coefficient value that is coming from the subtraction of pressure coefficients 

12235 and 22235 is assigned with 32235 5-digit code. Last 4 digit in the code is 

still representing the measurement location inside the tracker array. 

3.2.3.2 Sectional Loads and Zoning 

Normal force (Zt,z) and torque 

(Z#,z)  coefficients were computed 

for each chord section. These 8 

chords with 8 pressure taps (4 

outer, 4 inner) on each are 

identified with 4 digits that are 

showing the location of the chord. 

For example, sections on the 

model in third row, first column 

are coded from 3101 to 3108 

showing 8 different chords on the model. Third digit, that shows the row number 

of a pressure tap, is always zero in this method of coding. Normal force 

coefficient on the model’s j-th section can be calculated from; 

 

Zt,z =	 mt,z12 r\x;b = 	
∑ Ea|a}a~w12 r\x;b = 	�Z7,a	(|ab)a

 

Figure 3.14 Model's aerodynamic 

loading 
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So, normal force coefficient can be found from the sum of the multiplication of 

i-th pressures coefficient in j-th chord with the ratio of chord portion assigned to 

that tap ‘|a’ to chord length ‘B’.  To calculate torque coefficient; 

Z#,z = m#,z12 r\x;b; 

‘m#,z’ is the moment of j-th section on a model. With considering the similarity 

of loading coefficients, zoning for the model array was performed. In order to not 

miss any aerodynamic behavior of the models, the first zones selected according 

to the model’s row location inside the full array. As shown in figure 3.15, R1 

represents the first upwind and downwind rows, R2 the second upwind and 

downwind, R3 central row. Further separation was made according to similarity 

of load coefficients inside the same row. Outside of each instrumented model is 

named A1 and extends through 8m until A2 zone starts and continues for rest of 

(37m) the outside column models. Also, all normal force and torque coefficients 

of central column trackers were assigned to zone A3. 

 

Figure 3.15 Load zone classification for the tracker array 

This is the end of chapter 3, all necessary information about the test conditions 

and PVT model specifications were explained in this chapter. In chapter 4, test 

data is provided according to peak and min values of normal force and torque 

coefficients measured for above mentioned zones. Tests for exposure angles 

between 0°- 90°, represents the pressure readings made during the upwind 

orientation of the instrumented rows and the data in between exposure angles 90°- 

180° covers the downwind orientation in the tunnel test section. With using 

positive and negative pitch angles, models were tested for every location inside 

the array. Fig 3.12 and Fig 3.13 can be helpful to understand this movement of 

the tracker array with the rotation of the turntable.    
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4 Chapter 4. Results & Discussions 
 

4.1 Isolated First Row Test 
During the wind tunnel test in October 2017, single row arrangement was tested 

to analyze the sensitivity of pressure taps and compare the isolated first row data 

with standards. This test arrangement is useful for revealing minimum number of 

pressure taps that are necessary to measure correct sectional coefficients by 

integration of each tap reading. Less number of pressure taps may lead to loss of 

significant wind effects, on the other hand, too many pressure taps increase 

complexity and computational effort related with the test. Sensitivity was 

analyzed by comparing force coefficients for pressure tap arrangements of 4 and 

9 on each side of section 1204 (1st row, 2nd column, 4th chord). Isolated row test 

is named as GCR0 and only the fourth chord of central tracker have instrumented 

with additional 5 taps on each side. Measured  Zt,w;/Ä, Z#,w;/Ä values can be 

compared for 4 taps and 9 taps in figure 4.1. 

 

Figure 4.1 Normal force and torque coefficients for section 1204 with 4 and 9 

pressure taps 

As can be seen from above figures, although there is a small difference at higher 

absolute values of the pitch angle, 5 additional pressure taps do not change the 

computed coefficients significantly. Therefore, 4 pressure taps arrangement on 

inner and outer surfaces was found acceptable for this study.  

After sensitivity analyze, zone loads of the isolated first row were compared to 

proposed standards. To do so, all pressure fluctuations on the models that are 

induced by fluctuation of incoming wind pressure (turbulence) and flow-body 

interactions (self-induced turbulence) were normalized according to gust wind 

kinetic pressure at torque tube height 2.11m. The scaling factor (@m = PÅx/PÇx) 
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has been calculated by using the simulated wind profile and it is equal to 0.47. 

Before presenting load zones, all values were normalized according to wind 

kinetic pressure with the calculation procedure shown below. 

Z7,aw,; = 7`É7ÑÖ:rgÜ: = 7`É7ÑáÅÜ 	Þ		Zt,z =	∑ Z7,a 	(àầ)a 	Þ		@m = áÅÜáÇÜ 		Þ  Zt,z,n = Zt,z ∗ @m 

The normalized results for zones A1 and A3 of isolated first row are compared to 

the results from ASCE 7-10, chapter 27.4.3 and UNI-EN 1991-1-4 section 7.3.  

ASCE 7-10 chapter 27.4.3 is specially dedicated for wind loads on open buildings 

with mono slope, pitched, or troughed free roofs and UNI-EN 1991-1-4 sec 7.3 

is for measuring wind loads for canopy roofs which is defined by Eurocode as the 

roof of a structure that does not have any walls. Normally, coefficients in 

Eurocode standards are normalized according to the height of the roof top, 

however in this study reference height is considered as torque tube height. 

Necessary calculations, procedures and tables proposed by ASCE and Eurocode 

are presented in appendix section.  Peak values of normal force and torque 

coefficients for the isolated row are presented in figures 4.3 and 4.4. In addition 

to these, comparison of sectional 

coefficients for A1 and A3 with the 

standard values can be found in 

figures 4.5 to 4.8. If we investigate 

figure 4.3, we can see the increasing 

trend of Zt with the increasing pitch 

angle. This is an expected result due 

to the increase in effective pressure 

area. Minus and plus signs are only 

representing the panels facing with 

wind direction. It can be better 

understood from figure 4.2. By 

looking at the wind and force 

directions, it is not hard to understand why peak absolute values of force 

coefficient are presented in force coefficient envelopes at max 90°- 180° and min 

0°- 90°. In between the 0° starting point and 90° mid-point, wind first touches the 

inner face (2) of the model and creates negative force coefficient that has a 

horizontal component in the same direction with the flow. When horizontal 

component of the force coefficient is in the same direction with the wind, 

maximum absolute values in each of the envelopes (0°-90°/ 90°-180°) can be 

reached. A smaller force also appears opposite to the flow direction due to wind 

flow inside the tunnel, coefficient envelopes of max 0°-90° and min 90°- 180° 

cover these forces which are in the opposite direction with the flow.  

Figure 4.2 Panels facing and direction of 

negative/positive values of normal force 

coefficient 
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Figure 4.3 Peak normal force coefficients for each load zone on the isolated row 
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Figure 4.4Peak torque coefficients for each load zone on the isolated row 
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Figure 4.5 Comparison of peak normal force coefficients for A1 of the isolated 

row with values proposed by standards 
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Figure 4.6 Comparison of peak torque coefficients for A1 of the isolated row 

with values proposed by standards 
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Figure 4.7 Comparison of peak normal force coefficients for A3 of the isolated 

row with values proposed by standards 
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Figure 4.8 Comparison of peak torque coefficients for A3 of the isolated row 

with values proposed by standards 
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The highest value of Zt is in zone A1 due to vortex shedding on outer sections of 

each row. Although A2 and A3 shares almost similar lines in graphs, zone A2 has 

slightly higher values of  Zt than A3.  

Even if Zt values increase with pitch angle, the highest values of Z# is 

experienced at mid values of the pitch angle. This is because increasing pitch 

angle decreases the torque arm length, and results with decrease in peak torque 

coefficient for higher values of pitch. If we continue with figures 4.5 and 4.7, it 

is clear to see the good agreement between ASCE cases A, B, Eurocode standards 

and the peak coefficient envelopes which have a force coefficient in the same 

direction with the wind (max 90°-180°/min 0°-90°). Although coefficient values 

do not overlap, peak values measured in the tunnel for envelopes min 90°-180° 

and max 0°-90° also follow the same trend with ASCE cases while having a 

significant difference with Eurocode standards. Almost similar agreements can 

be seen in figures 4.6 and 4.8, one difference can be noted that reference peak 

torque coefficients for ASCE is computed by only using case B. In every peak 

torque coefficient graph, Eurocode standard value takes the highest value 

compared to tunnel data and ASCE case B.   

4.2 Zone Loads    
After completing isolated first row tests, full array of 5 x 3 matrix arrangement 

was set up on the turntable. The first full array test was done in October 2017, 

afterwards another test was organized in April 2018 to test pitch angles of  ± 15° 

for GCR 2.65 and ±15°, +30°, +60° for GCR 4. At the end of both test, measured 

data presented in reports prepared by Ing. Alessandro Fontanella, Phd candidate 

who works with Prof. Marco Belloli. Zone loading graphs presented in this 

section are full set of results organized by Alessandro for the second test report 

in July 2018. Graphs are organized under subtitles according to see behavior of 

the same load zone in different rows and different load zones in the same row. 

Also, Eurocode type peak coefficient table is prepared to provide better 

understanding for the critical location inside the array. Although some of the 

discussion about the graphs is made in this section, effect of each test variable is 

investigated in Discussion section in this chapter, under dedicated subtitle for 

each variable.  

4.2.1 Same Load Zone in Different Rows 

By investigating the same load zone located in 1st, 2nd and 3rd upwind or 

downwind rows, we see that how aerodynamic loading is changing with row 

location for different sections inside the array. These data are also useful for 

comparing load coefficients for upwind and downwind orientation of the array, 
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so facing of the panels according to incoming wind during 0°-90° and 90°-180° 

exposures should be considered carefully. It should be remembered that R1 

represents the first upwind, last downwind rows, R2 second upwind and 

downwind, and R3 is for the central row in the tracker array. In order to remember 

zoning of the full array, readers may visit back to related section (3.2.3.2) in 

chapter three. Graphs presented in following pages are separated in two subtitles 

according to two different GCR values that were used during the test. In each 

subtitle, two graphs (Zt	&@	b , Z#	&@	b)  for each load zone, total of 6 peak load 

coefficient graphs are provided. Peak load coefficients for the same zone in 

different rows are compared in each graph.  

Let’s start with figures 4.9, 4.11 and 4.13, peak normal coefficient graphs for 

GCR 2.65 model arrangement in tunnel test section. The first thing can be noticed 

immediately is high values of peak Zt recorded at 15° pitch inside the envelopes 

of max 0°-90° and min 90°-180°.  If we consier the almost linear increase in Zt 

with the pitch angle during the isolated row tests, it will not be hard to relate this 

sharp increase at low pitch angles with the row interactions inside the array.  In 

addition to this irregularity in max 0°-90° and min 90°-180° graphs, very small Zt values at 15° pitch in min 0°-90° and max 90°-180° graphs implies a pressure 

increase on the downwind surface of models.  It is the surface facing the interior 

rows of the array. However, for higher degrees of pitch angle, this fluctuation in 

pressure disappears, peak loading direction and wind direction matches again. 

For exposure between 0° and 90° at high pitch angles, positive Zt  values are very 

small and close to each other in every row, however, negative Zt values R1 takes 

the highest absolute value in every load zone when we compare it with the inner 

rows. It is an expected result because R1 represents the most outer rows in the 

array. Although Zt increases with pitch angle for R1 in every load zone, it is not 

the case for R2 and R3. This opposite trend can be seen better in graphs of A2 

and A3, there is a slight decrease in Zt at high pitch angles due to increase in 

blockage of the first row. Because of being located on the most outer sections of 

each row, A1 is under exposure of cornering winds which increase load on the 

surfaces with creating corner vortices. So, it is also an expected result for A1 to 

reach the highest value of peak Zt in graphs. We can see the same trends for 90°-

180° exposures in opposite direction. One important difference that can be 

compared is loading values at 15° pitch angle. Even if the highest measured 

absolute values are in min 90°-180° graphs for R1 at 15°, peak Zt decreases 

significantly in subsequent rows for zone A2 and A3. This trend is not that clear 

in max 0°-90° graphs despite the fact that the flow interaction which is creating 

the high loading at 15° has the same effect in opposite direction during 0°-90° 
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exposure. Therefore, differences between two faces of the model, such as torque 

tube and support system, may be the cause of this dissimilarity.   

Peak Zt values for GCR 4 can be found in figures 4.15, 4.17 and 4.19. Many of 

the above discussions also hold for the graphs of GCR 4. An important difference 

can be seen in max 0°-90° and min 90°-180° graphs is the significant increase in 

peak Zt. Decreasing trend between 15° and 30° seems to be loss for GCR 4 in 

A1. For zone A1, absolute value of Zt increases with pitch angle in each row for 

both exposure ranges. Even if this increase settles in graphs of A2 and A3 for 

interior rows, load on R1 keeps increasing with pitch angle and creates high loads 

in both directions during 0°-90° exposure. By looking at min 90°-180° graphs, 

we can say that the same condition is not experienced in A2 and A3 during 90°-

180° exposure because trends in these graphs are almost similar with the ones 

presented in GCR 2.65. One last thing that can be pointed from GCR 4 Zt graphs, 

is the significant decrease in the values measured from R3 in max 90°-180° and 

min 0°-90° graphs. Sharp increase between 15° and 30° seems like swapped with 

steady increase between 15° and 60°. Even if this steady increase is enough for 

having almost similar peak Zt with GCR 2.65 at 60° in zones A2 and A3, peak Zt values at 30° are significantly smaller in all zones when compared to values 

measured for GCR 2.65. 

To investigate peak torque coefficients, we need to look to figures 4.10, 4.12 and 

4.14. Trend of peak Z# is almost similar for different rows in the same load zone. 

Measurements made during isolated first row test matches with the values 

obtained from the load zones located on the first row. In Zt graphs, the highest 

value is measured from R1 in every condition, however the highest peak Z# is 

on R2 for zones A2 and A3 at 30° pitch during 0°-90° wind exposure. This 

difference can be seen clearer in GCR 4 because in GCR 2.65, values measured 

from different rows are too close to each other for comparison. 
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4.2.1.1 GCR 2.65 

 

Figure 4.9 GCR 2.65 Zone A1 peak normal force coefficients for three 

instrumented rows 
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Figure 4.10 GCR 2.65 Zone A1 peak torque coefficients for three instrumented 

rows 
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Figure 4.11 GCR 2.65 Zone A2 peak normal force coefficients for three 

instrumented rows 
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Figure 4.12 GCR 2.65 Zone A2 peak torque coefficients for three instrumented 

rows 
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Figure 4.13 GCR 2.65 Zone A3 peak normal force coefficients for three 

instrumented rows 
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Figure 4.14 GCR 2.65 Zone A3 peak torque coefficients for three instrumented 

rows 
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4.2.1.2 GCR 4 

 

Figure 4.15 GCR 4 Zone A1 peak normal force coefficients for three 

instrumented rows 
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Figure 4.16 GCR 4 Zone A1 peak torque coefficients for three instrumented 

rows 
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Figure 4.17 GCR 4 Zone A2 peak normal coefficients for three instrumented 

rows 
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Figure 4.18 GCR 4 Zone A2 peak torque coefficients for three instrumented 

rows 



                                                                Chapter 4. Results & Discussions 

56 

 

 

Figure 4.19 GCR 4 Zone A3 peak normal force coefficients for three 

instrumented rows 
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Figure 4.20 GCR 4 Zone A3 peak torque coefficients for three instrumented 

rows 
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4.2.2 Different Load Zones in Same Row 

After row to row comparison graphs in previous section, zone comparisons for 

each row is presented to provide better understanding of peak loading variation 

with sectional position in each row. Graphs in following pages, present and 

compare the peak values of Zt and Z# measured from three different load zones 

that are located in the same row. Graphs are divided according to the same GCR 

categorization made in previous section. 

By looking at direct zone to zone comparisons of peak Zt values, it is easier to 

spot A1, the most outer section, has the highest peak loading values. Although 

they have generally close values, we can say that A2, inner region of the outer 

column, reaches higher peak values than A3, the central column. The difference 

is clearer in GCR 4 graphs, especially for max 0°-90° and min 90°-180°. In min 

0°-90° and max 90°-180° graphs, despite the different values, lines are showing 

the almost same trend according to pitch angle. Pitch angles of the extreme points 

are the same in every load zone if we compare the graphs with same orientation. 

Graphs presented in this section are especially important for comparing the first 

row of full array and the isolated first row arrangements due to having the same 

zone to zone arrangement in result graphs. As previously mentioned, there is a 

distinct difference between max 0°-90°, min 90°-180° graphs of R1 and the same 

ones from isolated first row test at 15° pitch. However, in peak Z#	graphs this 

difference is not as distinct as the one for 	Zt, full array graphs seem slightly 

shifted downwards, if we compare them with the ones in single row test. The 

same magnitude ranking of load zones also holds in graphs of peak Z#. Graphs 

reach their peak points at 15° and 30° pitch, as experienced in the isolated first 

row test. During 0°-90° exposure, the highest peak Z# value recorded is at 30° 

pitch and during 90°-180° exposure, it is at 15° pitch for zone A1 in both of the 

GCR arrangements.  Although during 90°-180° exposure, zones A2 and A3 have 

the highest loading values at the same pitch with zone A1, graphs of GCR 4 and 

the graph of R1 in GCR 2.65 reach their extremities at 15° pitch for zone A2 and 

A3 during 0°-90° exposure. These extreme points on graphs can be seen and 

compared more easily from the Eurocode type peak coefficient tables in next 

section.  

With the below figures, all peak load coefficient graphs related to the test will be 

presented. In these last two sections, trends in these graphs are explained and 

critical locations are pointed out. Further discussion about peak load coefficients 

is carried out in the following section called peak load coefficient tables.  
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4.2.2.1 GCR 2.65 

 

Figure 4.21 GCR 2.65 R1 peak normal force coefficients for three load zones 
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Figure 4.22 GCR 2.65 R1 peak torque coefficients for three load zones 
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Figure 4.23 GCR 2.65 R2 peak normal force coefficients for three load zones 
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Figure 4.24 GCR 2.65 R2 peak torque coefficients for three load zones 
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Figure 4.25 GCR 2.65 R3 peak normal force coefficients for three load zones 
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Figure 4.26 GCR 2.65 R3 peak torque coefficients for three load zones 
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4.2.2.2 GCR 4 

 

Figure 4.27 GCR 4 R1 peak normal force coefficients for three load zones 
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Figure 4.28 GCR 4 R1 peak torque coefficients for three load zones 
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Figure 4.29 GCR 4 R2 peak normal force coefficients for three load zones 
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Figure 4.30 GCR 4 R2 peak torque coefficients for three load zones 
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Figure 4.31 GCR 4 R3 peak normal force coefficients for three load zones 
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Figure 4.32 GCR 4 R3 peak torque coefficients for three load zones 
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4.2.3 Peak Load Coefficient Tables  

Extremities for each pitch angle in above graphs are tabulated according to zone 

and row numbers. To clarify the most critically loaded sections, extreme points 

are chosen under the consideration of 1 full rotation of the turntable, full range of 

0°-180° wind exposure. So, two ranges of wind exposure presented in graphs are 

merged into one full range peak coefficient envelope to point out the highest peak 

coefficient values. One more important alteration that should be mentioned is the 

reduction made in zone numbers. With considering the small peak values 

presented in zone A3 and its mostly similar behaviors with zones A2, zoning to 

investigate highest peak values done with using 2 zones. New load zones are 

described in figure 4.33, separation made between zones A2 and A3 is removed 

while row dividing is still the same. A1 represents the most outer columns and 

A2 is the new central position created with merging the data measured from 

previous load zones A2 and A3.    

 
Figure 4.33 Zoning for peak coefficient tables 

The absolute global peak value in each column is highlighted with red. These 

highlighted numbers are showing the maximum value of the load coefficient 

experienced by each dedicated section at specific pitch angle and GCR 

arrangement. Therefore, data in these tables are useful to understand which 

sections require special interest at particular operation conditions. The global 

values are chosen by comparing 10 significant figure measurements obtained 

from graphs but, due to ease in representation, these values are rounded to the 

closest 2-digit values inside the table. 0 inside the cells is representing the values 

smaller than 0.05. 

 There are couple of important comments needed to be made from the following 

tables. We already know from graphs that, normal force coefficient peaks at 

higher pitch angles while torque coefficient is peaking at middle pitch angles. It 

is easier to see this behavior with few exemptions. In GCR 4, it seems like global 

peak value of Zt is reached at 15° for central zones in second and third row but 
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these values are particularly small if we compare them with A1 values. It should 

also be noted, global peak Zt for GCR 2.65 is generally in negative direction 

while it is pointing positive direction for GCR 4. However, most of the time, the 

difference between global positive peak and negative peak is not more than 0,3 

for each column. Global peaks of Z# is showing straighter pattern than Zt and it 

always peaks for positive torque values. For A1, torque coefficient always peaks 

at 30°. For A2, the global peak is at 15° in GCR 4 and at 30° in GCR 2.65. 

However, the differences between the global peaks measured at 15° and 30° is as 

small as 0,02 in GCR 2.65, so attention should also be paid to the operations at 

15°.  

These tables are the last set of results that will be presented. The tables are again 

categorized according to GCR and showing the most critical sections and 

operating conditions. In the next discussion section, further comments related to 

these results will be introduced.  

       

4.2.3.1 GCR 2.65 

 

 

Table 4.1 Peak normal force coefficients during 0°-180° wind exposure 

 

 

Table 4.2 Peak torque coefficients during 0°-180° wind exposure 

A1 A2 A1 A2 A1 A2

Max 0,3 0,2 0,4 0,1 0,2 0,1

Min -0,5 -0,4 -0,4 -0,3 -0,4 -0,3

Max 1,0 0,9 0,9 0,9 1,0 0,7

Min -1,3 -1,1 -1,0 -0,8 -1,1 -0,5

Max 1,5 1,0 1,3 0,5 1,4 0,6

Min -1,3 -1,0 -1,2 -0,9 -1,2 -0,7

Max 1,6 1,2 1,2 0,5 1,4 0,4

Min -1,8 -1,2 -1,1 -0,5 -1,4 -0,3

ROW NUMBER

Cn GCR 2.65
 R1 R2 R3

0◦

15◦

30◦

60◦

Pitch Angle

A1 A2 A1 A2 A1 A2

Max 0,2 0,1 0,1 0,1 0,1 0,1

Min -0,1 -0,1 -0,1 -0,1 -0,1 -0,1

Max 0,2 0,2 0,2 0,2 0,3 0,1

Min -0,1 0,0 -0,1 -0,1 -0,1 -0,1

Max 0,3 0,1 0,2 0,2 0,3 0,2

Min -0,1 0,0 -0,1 -0,1 -0,1 -0,1

Max 0,2 0,1 0,1 0,1 0,2 0,1

Min -0,1 -0,1 -0,1 -0,1 -0,1 -0,1

Pitch Angle

0◦

15◦

30◦

60◦

ROW NUMBER

Cm GCR 2.65
 R1 R2 R3
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4.2.3.2 GCR 4 

 

 

Table 4.3 Peak normal force coefficients during 0°-180° wind exposure 

 

 

Table 4.4 Peak torque coefficients during 0°-180° wind exposure 

4.3 Discussion 
In this section above results are evaluated according to panel inclination, row 

spacing and wind exposure angle. Inside the following subtitles, relevance of the 

test results to the concepts introduced in chapter 2 are investigated by considering 

the test variables. After this section, chapter 4 will be concluded, and the final 

conclusion chapter will start. Discussions inside the next pages are made with 

considering the comments from similar wind studies, for interested readers, these 

documents can be found inside references. 

4.3.1 Effect of Panel Pitch Angle 

It is clear to see the increase in aerodynamic loading on the trackers with the pitch 

angle. As already mentioned, this result is not a surprise if we consider the change 

in effective loading area with the pitch. On the other hand, increasing pitch angle 

has an opposite effect on the moment arm length, this is the reason of small Z# 

values inside above tables at 60° pitch. Another important aspect of the pitch 

angle is sheltering effect of the first row on the following rows in the array. 

A1 A2 A1 A2 A1 A2

Max 0,4 0,2 0,4 0,2 0,3 0,1

Min -0,4 -0,4 -0,4 -0,4 -0,4 -0,3

Max 1,0 0,9 1,0 0,9 0,9 0,7

Min -1,3 -1,0 -1,2 -0,7 -1,1 -0,6

Max 1,5 0,9 1,3 0,7 1,4 0,6

Min -1,7 -0,6 -1,5 -0,6 -1,5 -0,6

Max 1,8 1,1 1,6 0,3 1,7 0,4

Min -2,0 -0,7 -1,5 -0,6 -1,6 -0,6

Pitch Angle

0◦

15◦

30◦

60◦

ROW NUMBER

Cn GCR 4
 R1 R2 R3

A1 A2 A1 A2 A1 A2

Max 0,1 0,1 0,1 0,1 0,1 0,1

Min -0,2 -0,1 -0,1 -0,1 -0,2 -0,1

Max 0,3 0,1 0,2 0,2 0,2 0,2

Min -0,1 0,0 -0,1 0,0 -0,1 -0,1

Max 0,3 0,1 0,3 0,1 0,3 0,1

Min -0,1 -0,1 -0,1 0,0 -0,1 -0,1

Max 0,2 0,1 0,1 0,1 0,1 0,1

Min -0,1 -0,1 -0,1 -0,1 -0,1 -0,1

Pitch Angle

0◦

15◦

30◦

60◦

ROW NUMBER

Cm GCR 4
 R1 R2 R3
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Sheltering effect is the blockage of the first row applied on to the inner rows and 

it can be seen in the graphs presented in section 4.2.1. If we investigate the 

behavior between 30° and 60°, we will see that Zt increases from 30° to 60° for 

R1 but it decreases for R2 and R3 despite the increase in their effective loading 

area. The reason of this behavior is that increase in the effective area of the first 

row, also means increase in the area causing the blockage and decreases the direct 

wind effect on the inner rows. Due to being related to direct wind effect, this 

behavior can be better investigated from envelopes of max 90°-180° and min 0°-

90° where direct wind effects are dominant.  

4.3.2 Effect of Wind Exposure Angle 

As described in chapter 3, test was held on the turntable of the test section to 

measure load coefficients for different wind exposures. As expected, the load 

coefficients that are recorded at the exposure angles which makes panel 

orientation perpendicular to incoming wind direction have higher value than the 

load recorded at skewed winds. This is because the direct wind loading that is 

causing the normal force on the trackers also becomes skewed unlike 0° and 180° 

exposures. To see this behavior on the test data, figure 4.34 can be investigated. 

 

Figure 4.34 Local maximum peak normal force coefficients, GCR 2.65 
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The graph is showing the peak positive loading values for each chord inside the 

different rows with indicating the pitch and exposure angles at the point where 

the peak values are measured. As seen in above figure, data from 5 rows are 

presented rather than 3 rows presentation that is used inside the graphs of previous 

sections. This is accomplished by rotating the turntable with arranging the panel 

tilt to the negative or positive angles. For negative pitch and 0° exposure angle, 

the first instrumented row also is the first row of the full model array. On the other 

hand, positive pitch angle and 180° rotation of the turn table put the first 

instrumented row to the fifth row which is the last downstream row of the array. 

This is also true for the second instrumented row which is located in the second 

row for negative pitch angles and the fourth row for the positive pitch angles. 

With knowing this angular arrangement, it can be better understood why 5th row 

is experiencing positive peak at 180° and 1st row at 0°. Even if this statement is 

holds for most of the central chords, it cannot be said for the most outer chords in 

each column. Chords that have 7-8 or 1-2 as a second digit are representing the 

most outer sections and the chord alignment in each row is in same order with the 

placement in ‘location Cc’ axis. If we look at these outer sections, we will see 

that, slightly skewed winds create higher peak loads. It is because of the vibration 

induced by the slightly skewed winds on these outer sections. This vibration 

reduces for the central chords due to being closer to the panel supports. In addition 

to the effect of vibration, the reason of the odd behaviors that are seen for outer 

sections of the third column, can be related to the rotational direction of the 

turntable which leads more exposure of direct wind on the third column rather 

than the columns that are away from the wind source. Similar behaviors can also 

be experienced in GCR 4, measured data is presented in figure 4.35. 

 

Figure 4.35 Local maximum peak normal force coefficients, GCR 4 
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4.3.3 Effect of Row Spacing 

There are two different GCR values used during the test to investigate the effect 

of row spacing. GCR is the ratio of ground area occupied by the tracker array to 

the total area of PV panels. During the design stage of a solar energy field, GCR 

value set according to prevent shading which reduces energy production of the 

field. Therefore, these two GCR arrangements were proposed by the client which 

are representing 12 m and 16 m row spacings in the actual PV tracker field.  Main 

aerodynamical effect of row spacing is related to blockage applied by upwind 

rows to the downwind ones. A similar study to investigate the effect of row 

spacing was held by CPP [16] and result showed that increasing row spacing 

slightly amplifies the loading on the downwind rows due to reduction in 

sheltering effect. In addition to that, there is another report [17] which uses CFD 

simulation to see aerodynamic behavior of PV panels, it states that minimum load 

coefficient for the downstream body happens when effective dimension of the 

body approximately equals to the gap between two bodies, which is not the case 

in our experiment even if for the GCR 2.65 arrangement. Therefore, expected 

increase in load coefficient for inner rows is not as clear as the reference tests. 

However, if we compare the peak coefficient tables for GCR 2.65 and GCR 4, 

we will see an increase around 0.2-0.4 in normal force coefficients measured from 

A1 of the inner rows, when we change the row arrangement to GCR 4. This 

increase is relevant to the results presented in both references. It can also be seen 

that this increase is highest at 60° pitch angle which induces the maximum 

blockage to the inner rows. To maximize and ease visual inspection of the results, 

[17] tests the models at 90° pitch, the difference between load coefficients 

measured from two different row spacing arrangements reaches as high as 0.6. 

When the pitch is reduced to 60° difference downs to 0.3 and the difference is 

almost 0 at 30° pitch angle. These results coincide with our data if we compare 

the peak load tables for two ground arrangements. It should be also noted that the 

smaller load coefficient values measured form A2 make hard to do the same 

comparison, but it can be still seen that absolute maximum values measured at 

60° for GCR 4 are higher than the ones for GCR 2.65. If we extend our discussion 

to torque coefficient tables, we can say that row spacing does not have as much 

as effect on peak Z# values because it reaches to the maximum at mid-values of 

the pitch angle where sheltering effect is very little.  

This is the end of chapter 4, all test results and related discussions were carried 

out. All of the referred documents in this section can be found in references. 

Major key points presented in this section will be summarized alongside with the 

future work and limitations of this study in conclusion chapter.  



Chapter 5. Conclusion   

 77   

5 Chapter 5. Conclusion  
The scope of this study was providing better understanding for aerodynamic 

forcing on 5 x 3 PVT array. The load coefficient data presented in the thesis are 

necessary for the client to secure its investment from any structural damage. This 

kind of a damage cuts down the production of the field and leads to a sizeable 

amount of reparation cost. Therefore, provided measurements and the discussions 

should be carefully investigated during the design stage of the field. In conclusion 

chapter, the thesis will be finalized with summarizing the test procedure, listing 

some of the major outcomes of the experiment and discussing the possible future 

studies alongside with the limitations of this work. 

In order to measure pressure data, 1/15 plywood models were constructed 

according to information provided by the client. To experience relevant 

aerodynamic behavior, boundary layer and turbulence conditions of the real PVT 

field were carefully simulated in the tunnel. With using appropriate 

instrumentation, models were tested for different exposure angles, pitch angles 

and ground cover ratios. After recording pressure data that are measured from 

522 pressure taps, normal force and torque coefficients were calculated for each 

section which were integrated to create the data presented in load zones. Data 

presented were normalized according to gust wind kinetic pressure. The results 

were presented with peak load graphs and tables to ease comparison of different 

load zones in different row locations. The summary of the major outcomes from 

these graphs and tables are listed below;     

• The highest value of the normal force coefficients is reached at the highest 

pitch angle tested. 

• The highest value of the torque coefficients is reached at the mid-values 

of the pitch angles tested. 

• The load values experienced by the first and the last rows are higher than 

the values recorded from the inner rows of the PVT array. 

• The load values experienced by the outer sections of each row are higher 

than the values recorded from the central sections due to the vortices 

created by the cornering winds. 

• In every row and load zone, the highest value of the peak torque 

coefficient is in positive direction. 

• The highest aerodynamic loading values are typically measured at 0° and 

180°, which are direct wind exposure angles. 

• Typically loading values are higher when the direction of the force 

coefficient matches with the direction of wind exposure. 
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• Increasing the pitch angle increases the blockage on the inner rows of the 

array. This effect reduces for GCR 4 arrangement due to higher spacing 

between rows that allows to more direct wind penetration on to the inner 

rows. The difference between the normal force coefficient values for inner 

rows of GCR 2.65 and GCR 4 is higher at the outer sections. 

• Row spacing does not have a clear effect on torque coefficient values 

because highest values of Z# are reached at intermediate pitch angles that 

have almost insignificant blockage. 

The results of this study found under consideration of Eurocode category I terrain 

profile. Different terrain profiles and surrounding structures yields to the different 

result, so before referring these result, ground profile of the solar field and the 

surroundings should be investigated. Also, array arrangement on the test section 

should be considered because this study only covers simple 5 x 3 rectangular 

arrangement of PVT array. Found critical locations may be different for other 

type of solar field configurations. Model dimensions should also be taken into 

account, because constructed models are reproduction of aerodynamically 

relevant geometries of a specific PVT system provided by the client and different 

systems may have different shapes that should be reproduced.  

In this study the effect of three different parameters tested for different row and 

column locations in the array. However, effect of panel height can be investigated 

in future studies. Also test result may be extended for different type of terrain 

profiles with different turbulent and boundary layer conditions. For different 

meteorological conditions, this test can also be carried out for changing wind 

speeds. To support the test results, CFD simulation can be created to test the same 

array arrangement. In addition to that, FEM analysis of the models can be 

prepared to visualize mechanical stress and deflection on the support mechanism. 

Another possible extension to this study can be addition of oil or smoke flow over 

smaller models to visualize flow pattern on the tracker systems. This method can 

be helpful to locate boundary layer separation or any irregular flow pattern.  

To conclude, this study was prepared by combining the result of two wind tunnel 

tests which were supervised by Prof. Marco Belloli, operated by Ing. Alessandro 

Fontanella and Ing. Stefano Giappino. All of the findings of these tests were 

presented, and all necessary comments were made with considering the 

theoretical background of the problem. Photos taken during the test were 

presented in Appendix section to provide better visual description to reader.        
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7 Appendix 

7.1 Appendix A- Standards 
ASCE 7-10 Section 27.4.3 Open building with Monoslope, Pitched or Troughed 

Free roofs; 
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Eurocode UNI EN 1991-1-4 Section 7.3 Canopy Roofs; 

 

 

 

 

 



  Appendix 

 83   

 

 



Appendix   

84 

7.2 Appendix B- Technical Drawings of Test Models 
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7.3 Appendix C- Test Photos 
Instrumentation & Test Models; 
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Isolated First Row Test; 
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Full Array Tests; 
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