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ABSTRACT

WIND TUNNEL INVESTIGATION OF WIND LOAD ON A GROUND MOUNTED

PHOTOVOLTAIC TRACKER

Wind loading is an important environmental factor to be considered in design of
components and support structures of ground mounted photovoltaic tracker systems
(PVT). Current understanding of action of wind on such systems is incomplete. Over the
past decade, a number of investigations devoted to this topic have been carried out.
However, majority of these efforts have been of proprietary nature. As a result, limited
amount of data on wind loading on PV systems can be found in open literature. This
study describes a wind tunnel study of wind effects on a generic ground mounted
photovoltaic tracker system. The study was carried out at the Wind Engineering and
Fluids Laboratory, Colorado State University. During the wind tunnel testing, the
dynamic wind loading exerted on an isolated PVT system was measured and the effects
of various parameters of the system on the wind loading were investigated. The
investigated parameters included: the system porosity, inclination angle, wind direction
and arrangement of the PV panels. A scaled model of the system was mounted on a High
Frequency Force Balance (HFFB) and wind induced forces and moments were measured
in a simulated atmospheric boundary layer flow. The work described herein presents an

overview of the study and discusses the obtained main findings. It is concluded that



certain combinations of the system parameters led to a significant reduction in the exerted
wind loads. A comparison of wind tunnel based design wind loads with those obtained
from American Society of Civil Engineers Standard (ASCE 7-05) demonstrated
reasonable agreement between the measured peak wind loads and design loads

recommended by the standard.
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1. INTRODUCTION

Recent years have seen a rising use of renewable energy all around the world. Various
innovative systems have been introduced to harness such energy. Globally, solar energy
is one of the fastest growing and the most popular renewable energy source. Solar energy
has several uses such as heating, cooking, power generation, etc. Solar power generation,
which is defined as harnessing of electric power from solar energy, is considered as the
most widespread form of solar energy used around the world. Electric power generated
from solar energy is not only considered to be renewable, but also clean, as it prevents
generation of pollution associated with operation of coal and nuclear power plants.
Despite the recent global financial crisis, in the area of solar power significant advances
have been achieved in the conversion of photovoltaic (PV) energy, using fixed and sun-
tracking systems. Worldwide, the installed solar photovoltaic capacity has grown by
44%, in the past year [18]. Representative examples of typical installations of PVT are

displayed in Figure 1.1.

The dominant factor affecting the performance and design of PVT is wind action. In
general, when wind flows past an object with sharp edges, flow separations occur at the
windward edges and corners. High negative pressures (suctions) are generated in such
areas and this leads to unfavorable aerodynamic loading — significant wind uplift, the
drag force and the overturning moment. Due to the complicated nature of flow patterns

and distribution of wind loading, these effects are typically evaluated during wind tunnel



tests carried out for generic configurations of PVT placed in representative wind
exposures.  Recent advances in laboratory instrumentation have allowed precise
measurement of dynamic wind loading exerted on PVTs. These data were used in
dynamic analyses of the PVT’s wind induced structural responses. In the majority
investigations of wind loading on PVTs, the primary objective has been to determine
wind loads on trackers that could be utilized in development of design guidelines for
specific PVTs and their configurations. With the increasing demand for the ground
mounted photovoltaic trackers (PVT), there has been a surge in efforts focused on
optimizing configurations of such trackers. The study of wind effects on individual solar
tracker allows better understanding and optimized design of the tracker arrays, typically
comprising of a large number of trackers in various spatial arrangements. Information on
wind loading on PVTs, available in open literature, is limited. Furthermore, there exists
the need for an efficient, non-conservative and thereby economical, structural design for
PVT systems. In addition, it has been recognized that there is a potential for
development of PVT configurations that would minimize the effect of wind load during

various operation stages.

The work reported herein explores the potential for reduction in wind loading on an
isolated generic ground mounted photovoltaic tracker (PVT), using aerodynamic
optimization achieved via geometrical modifications of the PVT geometry. This study is
focused on the experimental investigation of the effects of the porosity of the PV panel
assembly, carried out in a boundary-layer wind tunnel at the Wind Engineering and

Fluids Laboratory, Colorado State University.



2. LITERATURE REVIEW

2.1 INVESTIGATIONS OF WIND LOAD ON GROUND MOUNTED PHOTOVOLTAIC

TRACKERS

For a ground mounted photovoltaic tracker (PVT), whether erected in an open field or in
sub-urban area, wind loading is the primary load acting on the whole structure. Due to
the complexity of flow patterns of wind past PVTs, most of the studies of the wind
effects on trackers have been based on experimental studies. The majority of these
investigations were carried out in boundary layer wind tunnels, with approach flow being
a turbulent boundary-layer flow scaled for model conditions. In most cases, the primary
objective of such studies has been to determine wind loads on PVT, for inclusion in
guidelines for wind-resistant design [12, 16], or to investigate other important aspects of
PVT design, such as the variation of the convective heat transfer from PV assemblies as
functions of wind direction [8], and the effects of the wind velocity on settlement of dust
on solar collectors [4]. Aside from wind tunnel experiments, investigations of wind loads
acting on PVT systems have been carried out utilizing numerical simulations resulting
from tools such as Computational Fluid Dynamics (CFD) [13] and Computational
Structural Analysis (CSA) [17]. The CFD study carried out for isolated and array of solar
trackers reported by Shademan et al. [13] discusses the effect of wind direction and
tracker inclination angle on the load on an individual photovoltaic panel in a PVT system.

Unlike the turbulent boundary layer flow used in most of the wind tunnel experiments,



uniform flow was considered in this study. Lately, studies have been carried out to
optimize not only the wind load behavior but also to improve the reliability and
performance of the whole PVT system [7, 14]. Innovative methods, such as use of
motors and fluid filled dampers to adjust the orientation and tilt angle of the PV panels

[5], have been implemented to reduce wind effects on PVT.

2.2 WIND TUNNEL TESTING

The wind loads of interest in the wind tunnel based experiments typically include: the
overall along wind force (drag), vertical force (lift), pitching moment about the PVT
pivot axis, and pressure distributions over the PV panel surface. Various shapes, sizes of
trackers and spacings between trackers within an array of trackers have been considered
in the past studies. The most recent experimental study relevant to the work described
herein is a wind tunnel testing of parabolic trough solar collectors [6]. Wind loads were
obtained for a collector placed within an array field and they were compared with the
results obtained for an isolated collector. Two instrumentation set-ups were employed: a
model installed on a high frequency force balance to measure the overall fluctuating
loads, and a pressure-tapped model designed to map the distribution of the pressure loads
across the faces of the collector. The pitching moment at the pivot center of the collector
was measured using a torque transducer mounted at one end of the collector. For the
pressure measurements, a 1:45 scale rigid plastic model with 60 pressure taps was used.
A large number of the pressure taps were distributed near the PV panel edges and corners

to accurately capture the wind induced pressures in these regions. Wind loads on the



models were obtained for different wind directions and inclination angles of the collector.
Considerable reductions in wind loads were found for the collectors placed within an

array, due to the shielding effects.

A study of wind loading on heliostats and wind loading reduction was reported by
Peterka et al. [10]. The mean wind loads on solar collectors were obtained through tests
carried out in a boundary layer wind tunnel. The wind loads were measured using a Six
component (force and moment) balance. They were acquired for an isolated heliostat and
for heliostats in array configurations. The effects of the proximity of the heliostats in
array arrangement, and the effects of the array perimeter fences and spoiler devices
attached to the heliostats were investigated. Overall, the localized effects of the heliostat
geometry on the wind loads were found to be limited. The effects of the heliostat
proximity (within the heliostat array) were investigated in more detail. Based on the
obtained results a concept of a generalized blockage area (GBA) defined on the basis of
the parameters of the perimeter and in-field fences were developed. The report also
provided the force and moment coefficients induced by wind, for the studied heliostats,
for varying pitch (inclination) angles and wind directions. In a similar study of three
panel heliostats with 8.7% porosity [9], the effects of internal fences and nearby
heliostats on the wind loads were investigated in detail. The effects of the varying

geometry of the PVT system on wind loads were not evaluated in these studies.



2.3 WIND LOADS SPECIFIED IN BUILDING STANDARDS

Typically, the design of PVT systems is carried out using forces or pressures for
freestanding monoslope roofs, specified in various building standards. Scaletchi et al.
[12] have reported a comparative analysis of design guidelines incorporated in various
building standards around the world. As a part of this study the force and pressure
coefficients for monoslope roof were compared for various inclination angles of the roof.
It should be noted that although the definition of basic wind speed in all the considered
standards was different (e.g. 3-sec average gust in ASCE7-05, 10-min averages for EN
1991-1-4: Eurocode 1), the force coefficients discussed in this study were not converted
to a common reference (average) wind speed. Hosoya et al. [6] discuss this aspect — a
conversion of the basic wind speed specified in the ASCE 7-05 standard to mean hourly
speed - in a comparative discussion of the wind tunnel based design wind loads and the

loads specified in the building standards.



3. EXPERIMENTAL CONFIGURATION

3.1 TEST SETUP

3.1.1 WIND TUNNEL MODELING OF ATMOSPHERIC BOUNDARY LAYER

The experimental tests reported in this thesis were carried out in the Meteorological Wind
tunnel (MWT), located at the Wind Engineering and Fluids Laboratory (WEFL),
Colorado State University (CSU), Figure 3.1. The atmospheric boundary layer (ABL)
flow at a geometrical scale of 1:24 was developed. The target prototype flow was the
turbulent ABL in open wind exposure — Exposure C. To model this flow, passive devices
such as spires and barriers, and floor roughness (bricks and chains) were used. The
configuration and arrangements of these devices and floor roughness were altered until
the modeled ABL matched the target ABL. The generated flow was measured using hot-
wire anemometry. A pitot-static probe placed at a reference height of 1 m above the
wind tunnel floor was employed to monitor the reference wind speed. Figure 3.2 shows

the wind tunnel setup developed to model the ABL.

The mean velocity and turbulence intensity profiles were acquired for this flow at the
center of the turntable (with the PVT model removed) and they were compared with the
corresponding profiles specified in the ASCE7-05 standard [2]. Several configurations of
the passive devices employed were tested until the acquired wind profiles were in a good

agreement with the ASCE standard. Figure 3.3 compares the measured values (denoted



CSU) with the target quantities (denoted ASCE). The mean velocity profile closely
matched the ASCE model, with a power coefficient of 0.18, Figure 3.3(a). The turbulent
intensity postulated by the ASCE standard was in agreement with the modeled turbulence
intensity up to approximately 1.5 times the height of PVT, Figure 3.3(b). As can be seen,
at larger heights the experimental values were smaller than those of ASCE. However,
these deviations (in the turbulence intensity) were considered acceptable in view of

approximations incorporated in turbulence intensity calculations using ASCE standard.

3.1.2 HIGH FREQUENCY FORCE BALANCE

To investigate wind forces on a single PVT, a High Frequency Force Balance (HFFB)
was used, to measure the drag and lift forces, and the pitching moment. The HFFB
system consisted of a high-frequency six-component force sensor (force balance), data
acquisition board, cables, connections, and software and drivers interfaced with the data
acquisition software developed at WEFL. A number of modifications were implemented
in the wind tunnel turn table to accommodate the force balance support and its isolation

from wind tunnel vibrations.

The force balance used was a Gamma US-15-50, fabricated by ATI Inc. A non-magnetic
aluminum breadboard was used to support the balance to ensure the support rigidity and
to minimize the relative motion of the whole system with respect to the wind tunnel floor.
The PVT model was firmly connected to the force balance by a series of aluminum base
plates and screws shown in Figure 3.4. The force balance electronics was connected with
a computer-mounted data acquisition board, using a shielded co-axial cable. The HFFB

data was acquired and processed using the data acquisition software developed at WEFL



using the LabView programming environment. This software provided an interface with

the support drivers and software supplied by ATI, Inc.

3.1.3 DESIGN AND FABRICATION OF MODELS OF PVT

Prior to the development of geometry of a generic large PVT, configurations, dimensions
and details of various trackers available in US market were examined [1, 3, 11, and 15].
Taking into account the flow blockage limitations of the available wind tunnel (MWT), a
1:24 geometrical scale was adopted to model a generic prototype PVT. The major
components of the developed model were: frame, pivot tube, supporting tube, base plates,
and plastic sheets. A square frame, 7.625 in. x 7.625 in., of the modeled PVT was
fabricated out of aluminum bars and pipes to reduce the model weight and to ensure
rigidity of the model assembly, see Figure 3.5. The center of the PVT (pivot axis) was
5.5 in. above the wind tunnel turn table. The pitch angle (inclination) of the panel of the
tracker was adjustable over approximately 180-degree range. An overall view of the
PVT model is shown in Figure 3.6. The displayed PV panels were modeled using 1/16-

in. thick plastic sheets, fastened to the frame using flat socket cap screws.

3.1.4 PVT TEST CONFIGURATIONS

Wind tunnel tests were carried out for three arrangements and four porosities of the tested

PVT. The arrangements of the PV panels are specified as follows:

e Single arrangement (Al): PV panels configured as one unit comprising of 32 PVs

(8 rows x 4 columns);

e Twin arrangement (A2): PV panels configured as two similar units comprising of

16 PVs (8 rows x 2 columns); and



e Quadruple arrangement (A3): PV panels configured as four similar units

comprising of 8 PVs (4 rows x 2 columns).

Arrangements A2 and A3 were employed in modeling three values of the PV panel
porosity: 5%, 10% and 15%. The porosity is defined herein as the ratio of the void area
to the overall area encompassing the PV panels. The resulting model configurations are

listed in Table 3.1, and shown in Figure 3.7.

Table 3.1 Definition of Model Configurations

Model Arrangement Porosity (%) L (in) B (in) A (in%)

1 Al 0 8 8 64.0
A2 5 8.43 8 67.5 )
A2 10 8.93 8 71.5 >

4 A2 15 9.43 8 755 )

5 A3 5 825 825 68.0 )
A3 10 8.43 8.43 712 >
A3 15 8.68 8.68 755

The wind-induced forces on the modeled PVT were acquired for the pitch angles ()
ranging from 0° through 90°, and for the wind directions () in the range of 0° through

180°. The pitch angle and the wind direction are defined in Figure 3.8.

10



3.1.5 DATA ACQUISITION

For each tested case, the force measurement was carried out over a period of 120 seconds
and the data was acquired at a sampling rate of 1000 samples per second. Thus, the
obtained data records comprised of 120,000 data points, for each data channel. These
data were subsequently used to calculate the mean and the standard deviation, and to
extract the maximum and minimum values of the coefficients of the wind induced drag
and lift forces, and the pitching moment exerted on the tested PVT. Two repetitions of
the measurements were carried out for each test configuration. The obtained

experimental results were used in a comparative analysis described in Chapter 4.

3.2 ANALYTICAL BACKGROUND

Figure 3.8 shows the Cartesian coordinate system and the force components considered
in this study. The drag and lift forces, and the pitching moment were obtained from the
force balance measurements and they were used to calculate the drag, lift, normal force,

and pitching moment coefficients, defined below

F
CD = ﬁ [31]
E P VH Aref
C = 1# [3.2]
N7 2
E P VH Aref

11



Cen = 1 —, [3.3]
E P VH Aref
M
Cuy =g [3.4]
P \_/H2 Aref B
2
where,
F, = force measured along the x — axis
F, = F_ =force measure along the z — axis; lift force
Fo =F,xcos(9)- F, xsin(0) [3.5]
= drag force (force along the wind direction)
F, = force measured along the y — axis
F. = F, xsin(8)—F, xcos(B) [3.6]

= normal force (force perpendicular to the PV surface, positive towards the exposed
PV surface, see Figure 3.8(b))
M, =M, —F xH [3.7]

= pitching moment (moment about the pivot axis, see Figure 3.8(a))

M,, = base pitching moment (moment about the y-axis as obtained from HFFB);
£ = mass density of air;

VH = hourly mean wind speed at model pivot height;

12



A, = reference area of PV panel surface (actual area enclosed by PV panel, see Table

3.1); and,
B = reference length (side dimension ‘B’ of PVT, see Figure 3.7).

H = Height of pivot axis of PVT model = 5.5in.

The wind speed V,, at the height of the pivot axis was calculated using the power law

_ H ¢
e
ref

where,

V., = reference wind speed measured at reference height of 1 meter above the wind

tunnel floor;

Z« = reference height = 1m; and

a = power law exponent of the modeled mean wind profile.

The force and moment coefficients in Eqgs. [3.1] through [3.4], are discussed in the next
chapter. They are used as the basis for discussion of the effects of the wind direction,

pitch angle and porosity of PV panels on the wind induced forces.

13



4. RESULTS AND DISCUSSION

4.1 COMPARISON OF REPRESENTATIVE RESULTS WITH DATA REPORTED IN OPEN
LITERATURE

Representative results obtained during the present study — the mean force coefficients
along x-axis (C,) and z-axis (C.,), and the mean pitching moment coefficients (5My)
acquired for pitch angle of 45°and two porosities (5% and 10%) — are compared with the
results reported by Peterka et al. [9] for a three-panel heliostat of 8.7% porosity, shown in
Figure 4.1. For each value of the porosity, the data is displayed for two arrangements of
the PV panels: twin arrangement (A2) comprising of two rectangular vertical panels and
quadruple arrangement (A3) comprising of four square panels of the same overall area as
that of arrangement A2. Figures 4.2 and 4.3 compare the data obtained from the present
study (of the twin and quadruple arrangements) with the results reported in [9] and
denoted as CSU-85, for pitch angle of 45°. It can be seen that C,, C., and C,,, obtained
during the present and past studies [9], vary with the wind direction in a similar manner.
C., (for both the arrangements) are found to be close to those reported in [9]. C.,
obtained in the present study for 5% porosity are similar to those of CSU-85, whereas
they are larger for the 10% porosity. Similar trends are observed for the EMy. Though

the CSU-85 coefficients are close to those of the present 5% porosity results, lower
values of the CSU-85 data exhibited at some wind directions are attributed to the uniform

spatial distribution of openings in the CSU-85 PV panel assembly.
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4.2 EFFECTS OF POROSITY ON WIND LOADS

After validation of the obtained results with data from past tests has been completed, the

drag (Cp), lift (C_), normal force (C, ), and the pitching moment (C,, ) coefficients

were analyzed, to assess the effects of the porosity and the PVT configurations i.e. the PV
panel arrangement, wind direction and pitch angle. The effect of the wind direction for
the 30° inclined solid (Model 1, 0% porosity) and porous models (Models 3 & 6, 10%
porosity) are discussed first. Subsequently, the effects of the pitch angle, for the same
representative models (0% and 10% porosity), are analyzed for 0° wind direction. In the
above comparisons, the twin and quadruple arrangements of PV panels are considered for
the porous models. To evaluate the relative effects of the PV panel porosity (p), the
mean, standard deviation and peak force, and the moment coefficients obtained for the
porous PVT models were normalized using results obtained for the solid PVT (Model 1,

0% porosity).

The obtained mean, standard deviation and peak (hon-dimensional) reduction factors,
Y =C(p)/C(p=0), are plotted for two representative wind directions (0° and 180°),

four pitch angles (15° 30°, 45° and 60°) and the two PV panel arrangements: arrangement

A2 (twin PV modules) and arrangement A3 (quadruple PV modules). For each case an
average fit (over the considered pitch angles) of the load reduction factor y. is included

in the plots. A full listing of the statistical properties of wind load coefficients obtained

for all the test configurations is presented in Appendix A.
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4.2.1 DRAG FORCE

Drag force coefficients (C,) calculated for porous models: Model 3 and Model 6 (10%

porosity) are compared with the solid model (Model 1, 0% porosity). Representative

comparisons of these coefficients are presented in Figures 4.4 and 4.5. It can be seen that

for all the wind directions the mean (C,), standard deviation (GD) and peak (CD)

coefficients for the porous models are lower than those for the solid model. Similar
effects of the model porosity were found for the remaining configurations.
Representative comparisons for wind direction of 0° and varying pitch angles are
presented in Figures 4.6 and 4.7, respectively, for the twin and quadruple arrangements of
PV panels. It can be seen that for higher values of pitch angles the differences in the drag

force coefficients, obtained for the porous and the solid models, are bigger.

The drag force reduction factors (y,) obtained for the twin and quadruple PV panel

arrangements are presented in Figures 4.8 through 4.11, for wind directions 0° and 180°.
Plots pertaining to the twin arrangement show that with an increasing porosity the
average fits of the mean drag force reduction factor are found to have decreased by 10%
(Figure 4.8). Similar effects of porosity are exhibited by the standard deviation and the
peak reduction factors, with decrements of about 15~20%. Comparisons of the average
fits of the drag force reduction factors obtained for the quadruple PV panel configuration,

show 10~15% reductions for the same porosity range.
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4.2.2 LIFT FORCE

The effects of the PV panel porosity and wind direction on the lift force coefficient (C,)

are depicted in Figures 4.12 and 4.13, for a pitch angle of 30°. The lift force coefficient is
largest for the wind direction normal to the y-axis of the tracker, i.e. wind directions of 0°
and 180° and the lowest for the 90° wind direction, as expected. The mean, standard
deviation and peak values obtained for both the twin and quadruple arrangements are
found to be lower for the porous models. The lift force coefficient dependence on the
pitch angle, for wind direction of 0°, is shown in Figures 4.14 and 4.15, respectively for
PV panel arrangements A2 and A3. It is observed that for either of the arrangements, the
mean, standard deviation and the peak coefficients attain the highest value at a pitch
angle of 30°. Reduction in the lift force coefficient is exhibited by porous models for all
the considered pitch angles. The degree of this reduction is quantified next by examining

the lift force reduction factor.

Plots of lift force reduction factor ( y ), for three porosity levels and PV panel

arrangement A2, are shown in Figures 4.16 and 4.17. It can be seen that a reduction up to
25% can be achieved, for the average fits (over the considered pitch angles) when
porosity is introduced. The effects of porosity, for arrangement A3 are displayed in
Figures 4.18 and 4.19. It can be seen that in this case, introduction of porosity leads to
smaller reductions in the lift force up to 15%. For wind direction of 180° the displayed
results, obtained for arrangements A2 and A3, indicate that the porosity effects are highly
dependent on the pitch angle and they range from beneficial through adverse. A

comparison of the lift force reduction factors obtained for both the arrangements indicates
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that the porous twin arrangements are more beneficial than the quadruple arrangements

with similar porosity levels.
4.2.3 NORMAL FORCE

To have a better understanding of the net force (F ) acting perpendicular to the PV

surface, the normal force coefficient ( C., ) was calculated using Eq. 3.3. In the

following discussion, the normal force is considered to be positive when acting towards

the exposed PV surface, see Figure 3.8 (b).

Figures 4.20 and 4.21 illustrate the effects of porosity and wind direction on the normal

force coefficient, for PVT models with pitch angle of 30°. It is observed that regardless

of the arrangement of the PV panels, the porous models exhibit lower values of C, than
the solid model. The results obtained for the wind direction of 0°, presented in Figures
4.22 and 4.23, reveal the reduction in C., as a function of the pitch angles as the
porosity is introduced. It is observed that as the pitch angle is increased, C., increases

gradually up to the pitch angle of 45° and then it remains approximately constant. The

effects of porosity onC, are more significant for higher pitch angles. These effects are

exhibited more clearly by the normal force reduction factors showed for representative

pitch angles (15°, 30°, 45° and 60°) in Figures 4.24 through 4.27.

It can be seen that for wind direction of 0° introduction of porosity leads to a reduction of
20% in mean normal force coefficient ( C., ), for both the considered PV panel

arrangements (A2 and A3). The standard deviation and the peak values of the normal

force reduction factors are found to be reduced by 15 ~ 20% for the twin arrangement
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(A2) and by 10% for the quadruple arrangement (A3). As it was in case of the lift force
reduction factors, for wind direction of 180° the effects of porosity on normal force

reduction factors are found to be strongly dependent on the pitch angle.
4.2.4 PITCHING MOMENT

The absolute values of the obtained pitching moment coefficient, C,, , calculated using

My ?
Eq. 3.4 is discussed herein. As expected, the maximum pitching moment coefficient is
attained at wind flowing perpendicular to the y-axis, i.e. wind direction of 0° and 180°,

Figure 4.28. Reductions in the mean and fluctuating values of C,, are observed as the

porosity is increased, for all of the monitored wind directions with the exception of 90°.
Similar dependencies were observed for the quadruple PV panel arrangement (A3), see
Figure 4.29. In Figures 4.30 and 4.31 the effects of the porosity and the pitch angle on

Cyy» for wind direction 0° are respectively shown for arrangements A2 and A3. It is

seen that the largest value of the pitching moment is attained at the pitch angle of 30°. It
should be noted that the largest value of the lift force coefficient was also obtained at this

pitch angle, as discussed in Section 4.2.2.

The average fit of the pitching moment reduction factors ( y,,,) presented in Figures 4.32

through 4.35 indicated that with the PV panel arrangement A2, for wind direction of 0°,
the pitching moment was significantly reduced up to 35%. When moderate levels of
porosity were introduced, the reduction factors obtained for PV panel arrangement A3,

did not indicate benefits of the increasing panel porosity.

19



4.3 NORMAL FORCE COMPARISON WITH ASCE 7-05 WIND LOADING PROVISION

Approximate loading on a PVT system can be determined using the building standards,
such as ASCE 7-05, [2]. When ASCE 7-05 is used, a PVT system is typically idealized
as a monoslope free roof. For a generic tracker (approximated as a monoslope roof), of
prototype dimensions of 16 ft x 16 ft (with 0% porosity) and 11 ft elevation (height of
pivot axis above ground), the net pressure coefficients can be obtained from Figure 6-
18A of ASCE 7-05. Subsequently, these values can be used to calculate the normal force

on the PVT system, associated with a specific basic (design) wind speed, V,,. ASCE 7-

05 defines the basic wind speed as a 3-sec gust, at 33 ft height (above ground) in wind
exposure category C. Thus the ASCE basic wind speed cannot be directly used to
calculate the wind forces using the force coefficients based on the reference average wind
speed. It needs to be converted to hourly mean wind speed, at the pivot height of the

PVT. For comparison purpose, design wind speed of 90 mph is assumed hereafter

The corresponding hourly mean wind speed at the 33-ft elevation above the ground is

V= - 90 _sgg mph

%153 153 [4.2]

Using the terrain exposure constants from Table 6-2 of ASCE 7-05, the hourly mean

wind speed at the pivot height of PVT, H = 11 ft, is obtained from power law

S L

V. =[PP _sg.eof 2™ Z52.34 mph
= — | =5882|==| =52.34m
o833 33 P [4.3]
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This design wind speed is used along with the normal force coefficients to obtain the

design wind loads

Fu =0A Cey

ref

[4.4]
where,

q :(0.00256 )\_/}_2I = the design pressure corresponding to mean hourly wind speed at PVT

pivot height

A, = prototype reference area of solid PVT = 16ft x 16ft = 256 ft°

The results of the above calculations along with the design loads obtained from ASCE 7-
05 for open wind exposure (C) and wind directions: 0° and 180° are shown in Figure
4.36. The details of the above calculations are presented in Appendix B. Prototype
design loads calculated from the standard are obtained for load cases A and B, and for
clear wind flow referred in ASCE 7-05. While there is no discussion describing the two
load cases, load cases A and B in ASCE 7-05 pertain to fluctuating loads and represent
the upper and lower limits of the instantaneous wind load. It can be seen that the normal
force calculated using the ASCE7-05 wind loading provision, and the peak normal
loadings obtained from wind tunnel tests, are of comparable magnitudes and exhibit

similar dependences on the pitch angle.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

The key outcomes of the experimental study are:

1. The mean force (along x and z axes) and pitching moment coefficients obtained
during the wind tunnel study for twin arrangement (A2) of PV panels were in a
good agreement with the results of a prior related investigation.

2. The drag force coefficient was reduced when PV panel porosity was introduced.
The peak and standard deviation values exhibited higher levels of the reduction
than the mean values.

3. The lift force coefficient was the largest at 30° pitch angle for 0° and 180° wind
directions. Relatively weak impact of the PV panel porosity, for wind direction of
180°, was found on the mean, standard deviation and peak lift force coefficients.
Lift force on the porous models at wind direction of 0° was lower than that on the
non-porous model.

4. Normal force coefficients for the porous models decreased with an increasing
porosity. These reductions for the mean and fluctuating components were more
pronounced for wind direction of 0° than for 180°. The porosity effects were
small for the quadruple arrangement of PV panels.

5. The pitching moment coefficient exhibited a maximum reduction of 35%, for the

twin arrangement of PV panels. Minimal reduction in pitching moments was
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observed for PV panels with quadruple arrangement. The pitching moment was
found to be highest for the PVT pitch angle of 30°, for wind flowing normal to the
pivot axis.

6. Introduction of porosity was not effective in reduction of wind forces on the
tracker with quadruple arranged PV panels.

7. Design wind loads were calculated for the prototype scale of PVT using the
normal force coefficients obtained from the wind tunnel tests and compared with
ASCE 7-05 standard results for 0° and 180° wind directions. The peak design
forces from wind tunnel results were found to be in good agreement with the

ASCE 7-05 based design loads.

5.2 RECOMMENDATIONS
In view of the above findings, the following recommendations for further work are

proposed:

1. The effects of higher porosities on PVT system should be explored in order to
further investigate the reduction in wind loads. New PV panel arrangements, such
as arranging the PV panels in three and more columns, to accommodate higher
porosity levels are recommended. Inclusion of aerodynamic fairings to break the
flow of wind over the PV panel edges should be investigated.

2. In future studies, torque transducers should be employed to directly measure the
pitching moment at the tracker pivot height.

3. Studies of wind loading on trackers could be aided by using differential pressure

measurements, to map the localized wind loads.
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4.

It is recommended that wind tunnel tests be carried out for a broad range of wind
speeds to evaluate the Reynolds number effects on the loading measured on small
porous models.

Future tests should incorporate field studies for isolated trackers, and trackers
surrounding the instrumented tracker model in array arrangements.

Experimental investigations could be supplemented by parametric simulations

carried out using numerical (CFD) calculation.
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FIGURES

Figure 1.1 Examples of installations of ground mounted photovoltaic trackers (PVT),
[1, 3, 11 and 15]
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Figure 3.1 Layout of Meteorological Wind Tunnel at Wind Engineering and Fluids
Laboratory (WEFL), Colorado State University (CSU)
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Figure 3.2 Experimental configuration developed for wind tunnel testing
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Figure 3.3 (a) Wind velocity and (b) Turbulence intensity profiles
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Figure 3.4 High frequency force balance

Figure 3.5 Structural components of PVT model
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Figure 3.6 Overall view of PVT model with PV panel assembly

Al: Single A2: Twin A3: Quadruple
(0%) (5%, 10% & 15%) (5%, 10% & 15%)

Figure 3.7 PVT configurations and porosities of PV panel assembly
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Figure 3.8 Definition of PVT position angles and wind loading components

e

Figure 4.1 Heliostat model used by Peterka et al. [9]
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Figure 4.2 Comparison of mean (a) force along x-axis, (b) force along z-axis and (c)
pitching moment coefficients, Arrangement A2 & CSU-85, Pitch Angle 45°
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pitching moment coefficient, Arrangement A3 & CSU-85, Pitch Angle 45°
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Figure 4.4 Effects of porosity on (a) mean, (b) standard deviation and (c) peak drag force
coefficients, Arrangement A2, Pitch Angle 30°
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Figure 4.5 Effects of porosity on (a) mean, (b) standard deviation and (c) peak drag force
coefficients, Arrangement A3, Pitch Angle 30°
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Figure 4.7 Effects of porosity on (a) mean, (b) standard deviation and (c) peak drag force
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Figure 4.8 Drag force reduction factor: (a) mean, (b) standard deviation and (c) peak,
Arrangement A2, Wind Direction 0°
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Figure 4.9 Drag force reduction factor: (a) mean, (b) standard deviation and (c) peak,
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Figure 4.10 Drag force reduction factor: (a) mean, (b) standard deviation and (c) peak,
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Figure 4.11 Drag force reduction factor: (a) mean, (b) standard deviation and (c) peak,
Arrangement A3, Wind Direction 180°

39



(b)
0 T T T T T T T T T T T 1
0 30 60 90 120 150 180
3 -
. —X—-Model 1 (0%)
2 1 |_—=—Model 3 (10%)
1 _
‘o ©
(
-1 -
-2 —[

Figure 4.12 Effects of porosity on (a) mean, (b) standard deviation and (c) peak lift force
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Figure 4.15 Effects of porosity on (a) mean, (b) standard deviation and (c) peak lift force
coefficients, Arrangement A3, Wind Direction 0°
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Figure 4.16 Lift force reduction factor: (a) mean, (b) standard deviation and (c) peak,
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Figure 4.17 Lift force reduction factor: (a) mean, (b) standard deviation and (c) peak,
Arrangement A2, Wind Direction 180°
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Figure 4.18 Lift force reduction factor: (a) mean, (b) standard deviation and (c) peak,
Arrangement A3, Wind Direction 0°
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Figure 4.19 Lift force reduction factor: (a) mean, (b) standard deviation and (c) peak,
Arrangement A3, Wind Direction 180°
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Figure 4.20 Effects of porosity on (a) mean, (b) standard deviation and (c) peak normal
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Figure 4.22 Effects of porosity on (a) mean, (b) standard deviation and (c) peak normal
force coefficients, Arrangement A2, Wind Direction 0°

50



EFN (a)
CFN (b)
5 -
4| —*—-Model 1 (0%)
1| =B—Model 6 (10%)|  _————Z= X ————- He——m
25 - _
> ' (c)
Cen 1 _-
x
0 I I ! ! T 1
o 15 30 45 60 75 %0
25 Pitch Angle, B (Deg.)

Figure 4.23 Effects of porosity on (a) mean, (b) standard deviation and (c) peak normal
force coefficients, Arrangement A3, Wind Direction 0°
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Figure 4.24 Normal force reduction factor: (a) mean, (b) standard deviation and (c) peak,
Arrangement A2, Wind Direction 0°
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Figure 4.25 Normal force reduction factor: (a) mean, (b) standard deviation and (c) peak,
Arrangement A2, Wind Direction 180°

53



1.2 - 1.1 -

1.1 -
1
Ven 05 i & 77FN
l o X X
4 A
O
08 7 A 6 |
07 T T 1 07 T T 1
0% 5% 10% 15% 0% 5% 10% 15%
Porosity (%) Porosity (%)
(a) (b)
1.2 -
A B=15°
11~ o B=30°
0 PB=45°
1 X PB=60°
};FN — Awg.
0.9 _ Fit
0.8 - z
Vy@ /, X
07 T T 1 ~ | : :’,./
2P
0% 5% 10% 15% <3
. qa\‘lo/r
Porosity (%) 0°
(c)

Figure 4.26 Normal force reduction factor: (a) mean, (b) standard deviation and (c) peak,
Arrangement A3, Wind Direction 0°
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Figure 4.27 Normal force reduction factor: (a) mean, (b) standard deviation and (c) peak,
Arrangement A3, Wind Direction 180°
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Figure 4.28 Effects of porosity on (a) mean, (b) standard deviation and (c) peak pitching
moment coefficients, Arrangement A2, Pitch Angle 30°
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Figure 4.29 Effects of porosity on (a) mean, (b) standard deviation and (c) peak pitching
moment coefficients, Arrangement A3, Pitch Angle 30°
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Figure 4.30 Effects of porosity on (a) mean, (b) standard deviation and (c) peak pitching

moment coefficients, Arrangement A2, Wind Direction 0°
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Figure 4.31 Effects of porosity on (a) mean, (b) standard deviation and (c) peak pitching
moment coefficients, Arrangement A3, Wind Direction 0°
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Figure 4.32 Pitching moment reduction factor: (a) mean, (b) standard deviation and (c)
peak, Arrangement A2, Wind Direction 0°
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Figure 4.33 Pitching moment reduction factor: (a) mean, (b) standard deviation and (c)
peak, Arrangement A2, Wind Direction 180°
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Figure 4.34 Pitching moment reduction factor: (a) mean, (b) standard deviation and (c)
peak, Arrangement A3, Wind Direction 0°
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Figure 4.35 Pitching moment reduction factor: (a) mean, (b) standard deviation and (c)
peak, Arrangement A3, Wind Direction 180°
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Figure 4.36 Comparison of prototype design wind loads on PVT
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Al. DRAG AND LIFT FORCE COEFFICIENTS

APPENDIX A

Model 1 CD C|_
+ - + -

(dgg.) (deeg.) P(ezzk Mean P(eglk S.D. P(ezik Mean P(egk SD.
0 | 0 | 109 | 014 | -075 | 019 | 095 | 0.02 | -1.04 | 023
0 | 30 | 095 | 017 | 049 | 016 | 1.10 | 009 | -1.05 | 0.23
0 | 45 | 099 | 018 | -053 | 016 | 1.06 | 0.07 | -1.04 | 0.23
0 | 60 | 1.18 | 018 | -0.72 | 018 | 1.07 | 0.07 | -1.18 | 025
0 | 90 | 111 | 020 | -061 | 018 | 1.20 | 037 | -058 | 0.19
0 | 120 | 1.06 | 016 | -050 | 017 | 1.06 | 0.08 | -1.01 | 0.21
0 | 135 | 1.01 | 016 | -058 | 016 | 1.03 | 0.08 | -1.04 | 0.23
0 | 150 | 1.03 | 015 | -058 | 019 | 1.18 | 0.07 | -1.27 | 024
0 | 180 | 1.14 | 012 | -0.74 | 018 | 0.98 | 003 | -1.03 | 0.22
15 | 0 | 105 | 025 | -033 | 0.15 | 065 | -0.41 | -1.83 | 0.32
15 | 30 | 094 | 023 | -030 | 0.14 | 0.76 | -0.35 | -1.86 | 0.31
15 | 45 | 095 | 022 | -031 | 014 | 082 | -0.30 | -1.64 | 028
15 | 60 | 095 | 019 | -043 | 015 | 0.89 | -0.16 | -146 | 0.26
15 | 90 | 1.07 | 014 | -0.71 | 018 | 092 | 0.05 | -0.93 | 0.21
15 | 120 | 1.03 | 020 | -058 | 019 | 152 | 0.35 | -0.72 | 021
15 | 135 | 115 | 023 | -053 | 018 | 147 | 046 | -052 | 023
15 | 150 | 1.23 | 022 | -062 | 019 | 164 | 054 | -044 | 021
15 | 180 | 1.34 | 021 | -0.77 | 021 | 155 | 0.46 | -044 | 022
30 | 0 | 1.80 | 056 | -021 | 026 | 049 | -0.89 | -2.65 | 0.42
30 | 30 | 157 | 045 | -039 | 024 | 061 | -0.74 | -2.63 | 039
30 | 45 | 122 | 033 | -031 | 018 | 057 | -0.55 | -211 | 0.33
30 | 60 | 1.08 | 024 | -045 | 047 | 076 | -0.37 | -1.94 | 029
30 | 90 | 1.03 | 012 | -066 | 018 | 092 | 0.00 | -1.01 | 0.20
30 | 120 | 1.25 | 0.28 | -048 | 019 | 1.62 | 0.47 | -050 | 024
30 | 135 | 154 | 041 | -041 | 024 | 202 | 0.68 | -046 | 027
30 | 150 | 1.85 | 050 | -051 | 026 | 247 | 0.87 | -020 | 029
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Model 1 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
30 | 180 | 2.00 | 049 | -054 | 028 | 1.82 | 0.74 | -0.30 | 0.25
45 | 0 | 276 | 1.02 | -0.08 | 0.37 | 034 | -0.93 | -2.51 | 0.36
45 | 30 | 249 | 084 | 019 | 0.33 | 052 | -0.82 | -2.50 | 0.37
45 | 45 | 1.88 | 059 | 027 | 0.26 | 056 | -0.66 | -2.23 | 0.34
45 | 60 | 128 | 037 | -0.38 | 0.20 | 063 | -043 | -1.84 | 0.29
45 | 90 | 1.00 | 015 | -053 | 0.17 | 1.10 | 0.08 | -0.85 | 0.21
45 | 120 | 160 | 042 | 042 | 022 | 1.75 | 0.60 | -0.44 | 0.25
45 | 135 | 1.94 | 0.64 | -0.44 | 028 | 1.93 | 0.74 | -0.36 | 0.27
45 | 150 | 210 | 0.71 | -0.34 | 029 | 1.79 | 0.69 | -0.31 | 0.24
45 | 180 | 240 | 0.77 | 034 | 032 | 1.76 | 0.67 | -0.34 | 0.24
60 | 0 | 370 | 1.25 | -0.16 | 046 | 0.38 | -0.66 | -2.10 | 0.30
60 | 30 | 293 | 1.02 | -022 | 038 | 036 | -0.63 | -1.99 | 0.29
60 | 45 | 213 | 0.75 | -024 | 031 | 045 | -0.60 | -1.89 | 0.28
60 | 60 | 160 | 044 | -044 | 023 | 053 | -041 | -1.60 | 0.24
60 | 90 | 093 | 0.14 | -052 | 015 | 0.82 | 0.03 | -0.73 | 0.18
60 | 120 | 1.75 | 053 | -028 | 023 | 132 | 045 | -0.40 | 0.21
60 | 135 | 203 | 0.73 | -024 | 027 | 138 | 050 | -0.39 | 0.21
60 | 150 | 240 | 084 | -022 | 033 | 1.91 | 1.00 | 014 | 0.22
60 | 180 | 2.75 | 0.95 | -025 | 036 | 1.90 | 0.87 | -0.09 | 0.22
75 | 0 | 407 | 1.47 | 001 | 051 | 050 | -0.24 | -1.15 | 0.19
75 | 30 | 313 | 1.17 | -013 | 042 | 052 | -0.26 | -1.06 | 0.18
75 | 45 | 246 | 087 | -026 | 034 | 049 | -0.24 | -1.05 | 0.17
75 | 60 | 169 | 053 | -028 | 024 | 057 | -0.18 | -0.96 | 0.18
75 | 90 | 077 | 045 | -039 | 012 | 0.77 | 010 | -0.53 | 0.14
75 | 120 | 1.79 | 059 | -026 | 024 | 1.01 | 0.34 | -0.35 | 0.16
75 | 135 | 235 | 083 | -011 | 030 | 1.05 | 0.36 | -0.30 | 0.16
75 | 150 | 2.78 | 1.01 | -0.06 | 0.36 | 1.03 | 0.37 | -0.29 | 0.15
75 | 180 | 299 | 1.18 | -009 | 041 | 1.04 | 035 | -0.32 | 0.16
9 | 0 | 390 | 1.45 | -005 | 050 | 062 | 0.02 | -0.58 | 0.14
9 | 30 | 310 | 1.21 | -011 | 042 | 064 | 007 | -051 | 0.3
90 | 45 | 264 | 088 | -018 | 0.34 | 066 | 0.04 | -0.54 | 0.14
90 | 60 | 1.90 | 054 | -032 | 024 | 0.60 | 0.00 | -0.61 | 0.13
9 | 90 | 071 | 041 | -036 | 011 | 059 | 0.03 | -0.62 | 0.14
90 | 120 | 1.77 | 056 | -026 | 0.24 | 069 | 0.08 | -0.52 | 0.14
90 | 135 | 230 | 087 | -013 | 031 | 068 | 011 | -0.46 | 0.14
90 | 150 | 298 | 1.11 | -0.13 | 040 | 0.76 | 0.16 | -0.44 | 0.14
90 | 180 | 354 | 1.25 | -019 | 047 | 0.76 | 0.12 | -0.48 | 0.14
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Model 2 CD C|_
+ - + -

(dgg.) (dgg.) P(egk Mean Pfaa)lk S.D. P(ea)k Mean Pfegk SD.
0 | 0 | 097 | 021 | -044 ]| 014 | 122 | 032 | -058 | 020
0 | 30 | 090 | 017 | -043 | 0.14 | 1.05 | 0.06 | -0.99 | 0.22
0 | 45 | 093 | 0.16 | -044 | 0.15 | 097 | 0.03 | -1.04 | 021
0 | 60 | 110 | 016 | -061 | 0.17 | 096 | 0.03 | -1.00 | 0.22
0 | 9 | 105 | 013 | -0.74 | 0.20 | 091 | 001 | -0.91 | 020
0 | 120 | 1.09 | 0.15 | -053 | 0.16 | 092 | 0.06 | -0.96 | 0.21
0 | 135 | 089 | 0.15 | -045 | 0.14 | 1.09 | 0.06 | -1.01 | 0.21
0 | 150 | 087 | 013 | -049 | 0.14 | 1.02 | 0.05 | -1.02 | 021
0 | 180 | 1.01 | 011 | -0.63 | 0.14 | 093 | 002 | -1.02 | 020
15 | 0 | 101 | 021 | -036 | 015 | 058 | -0.38 | -1.58 | 0.27
15 | 30 | 101 | 028 | -027 | 014 | 061 | -0.35 | -1.56 | 0.26
15 | 45 | 1.02 | 025 | -032 | 045 | 0.67 | -0.27 | -1.47 | 0.25
15 | 60 | 110 | 019 | -049 | 016 | 0.73 | -0.18 | -1.36 | 0.23
15 | 90 | 1.08 | 019 | -052 | 017 | 1.14 | 025 | -0.74 | 0.20
15 | 120 | 1.08 | 020 | -057 | 047 | 1.47 | 048 | -047 | 0.20
15 | 135 | 117 | 022 | -048 | 017 | 1.55 | 050 | -0.49 | 0.20
15 | 150 | 115 | 022 | -049 | 018 | 1.50 | 056 | -0.32 | 0.20
15 | 180 | 124 | 021 | -054 | 019 | 1.46 | 046 | -042 | 0.20
30 | 0 | 170 | 058 | -015 | 023 | 043 | -0.82 | -2.40 | 0.38
30 | 30 | 149 | 049 | -015 | 020 | 046 | -0.63 | -2.14 | 0.35
30 | 45 | 122 | 033 | -034 | 018 | 054 | 049 | -1.83 | 0.31
30 | 60 | 117 | 023 | -045 | 017 | 0.75 | -0.26 | -1.54 | 0.27
30 | 90 | 102 | 015 | -059 | 017 | 0.94 | 0.05 | -0.92 | 0.19
30 | 120 | 125 | 028 | -046 | 0.18 | 156 | 0.47 | -0.48 | 0.22
30 | 135 | 154 | 040 | -041 | 021 | 183 | 0.66 | -0.27 | 0.24
30 | 150 | 1.92 | 050 | -036 | 024 | 1.93 | 0.74 | -0.24 | 0.25
30 | 180 | 210 | 053 | -068 | 026 | 194 | 0.73 | -0.17 | 0.24
45 | 0 | 272 | 093 | -008 | 0.36 | 036 | -0.84 | 2.42 | 0.36
45 | 30 | 243 | 0.79 | 020 | 0.32 | 043 | -0.79 | -2.40 | 0.36
45 | 45 | 177 | 057 | 029 | 0.25 | 045 | -0.64 | -2.01 | 031
45 | 60 | 130 | 0.34 | -054 | 0.20 | 056 | -041 | -1.63 | 0.27
45 | 90 | 092 | 014 | 057 | 047 | 1.00 | 0.08 | -0.79 | 0.9
45 | 120 | 154 | 041 | 045 | 021 | 162 | 056 | -0.35 | 0.22
45 | 135 | 1.88 | 059 | -0.34 | 0.25 | 1.78 | 0.65 | -0.27 | 0.22
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Model 2 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
45 | 150 | 218 | 0.70 | -0.20 | 0.28 | 1.69 | 0.67 | -0.20 | 0.22
45 | 180 | 223 | 0.73 | -0.30 | 0.30 | 158 | 0.65 | -0.22 | 0.21
60 | 0 | 325 | 1.19 | -004 | 044 | 040 | -0.56 | -1.83 | 0.27
60 | 30 | 3.08 | 1.01 | -009 | 038 | 049 | -0.58 | -1.81 | 0.27
60 | 45 | 209 | 073 | -033 | 031 | 048 | 052 | -1.62 | 0.26
60 | 60 | 146 | 042 | -044 | 023 | 054 | -0.37 | -1.46 | 0.23
60 | 90 | 086 | 0.13 | -047 | 015 | 0.89 | 0.08 | -0.67 | 0.17
60 | 120 | 1.66 | 050 | -034 | 023 | 127 | 042 | -0.36 | 0.19
60 | 135 | 200 | 0.70 | -025 | 028 | 1.36 | 0.46 | -0.33 | 0.19
60 | 150 | 233 | 0.86 | -008 | 031 | 141 | 053 | -0.27 | 0.19
60 | 180 | 260 | 0.94 | -0.18 | 0.36 | 1.66 | 0.75 | -0.03 | 0.20
75 | 0 | 366 | 1.36 | 0.06 | 047 | 041 | 028 | -1.11 | 0.18
75 | 30 | 306 | 1.18 | -006 | 041 | 049 | -0.21 | -1.02 | 0.18
75 | 45 | 258 | 081 | -022 | 033 | 039 | -0.27 | -1.09 | 017
75 | 60 | 1.73 | 045 | -035 | 023 | 047 | -0.18 | -0.96 | 0.7
75 | 90 | 068 | 013 | -036 | 012 | 0.70 | 0.08 | -0.47 | 0.13
75 | 120 | 1.73 | 051 | -022 | 022 | 1.04 | 044 | -0.14 | 0.14
75 | 135 | 213 | 0.77 | 015 | 0.30 | 110 | 0.35 | -0.29 | 0.15
75 | 150 | 263 | 0.95 | -0.19 | 0.35 | 120 | 0.44 | -0.24 | 0.15
75 | 180 | 291 | 1.05 | -006 | 0.37 | 1.09 | 0.37 | -0.28 | 0.15
9 | 0 | 379 | 1.49 | 008 | 049 | 054 | 0.03 | -051 | 041
90 | 30 | 327 | 1.23 | 005 | 041 | 061 | 041 | -0.36 | 0.11
90 | 45 | 243 | 089 | -008 | 034 | 057 | 0.04 | -050 | 0.11
90 | 60 | 1.60 | 052 | -023 | 022 | 062 | 0.09 | -047 | 0.12
9 | 90 | 062 | 013 | -032 | 011 | 0.64 | 0.09 | -0.44 | 0.12
90 | 120 | 1.72 | 057 | -029 | 024 | 0.79 | 020 | -0.37 | 0.13
90 | 135 | 241 | 081 | -019 | 031 | 0.79 | 027 | 029 | 0.12
90 | 150 | 290 | 1.01 | -012 | 037 | 085 | 033 | -0.23 | 0.12
90 | 180 | 322 | 1.14 | -010 | 042 | 069 | 0.14 | -0.40 | 0.12
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Model 3 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
0 | 0 | 089|019 |-037] 013 | 097 | 024 | -0.71 | 0.8
0 | 30 | 098 | 029 | -0.26 | 0.14 | 1.14 | 0.34 | -0.63 | 020
0 | 45 | 112 | 032 | -032 | 015 | 1.33 | 040 | -055 | 0.20
0 | 60 | 091 | 016 | -053 | 016 | 1.01 | 0.06 | -0.94 | 020
0 | 9 | 118 | 015 | -0.68 | 0.18 | 086 | 0.08 | -0.76 | 0.18
0 | 120 | 112 | 017 | 055 | 047 | 098 | 015 | -0.73 | 0.19
0 | 135 | 085 | 015 | -047 | 0.15 | 094 | 0.08 | -0.80 | 0.19
0 | 150 | 077 | 013 | -042 | 013 | 099 | 011 | -0.84 | 0.19
0 | 180 | 073 | 0.09 | -055 | 0.14 | 090 | 0.0 | -0.80 | 0.18
15 | 0 | 095 | 022 | -034| 014 | 0.70 | -0.18 | -1.38 | 0.25
15 | 30 | 093 | 024 | -037 | 014 | 0.70 | -0.16 | -1.31 | 0.24
15 | 45 | 092 | 020 | -042 | 045 | 0.73 | -0.15 | -1.28 | 0.23
15 | 60 | 1.03 | 019 | -048 | 047 | 0.73 | -0.13 | -1.23 | 0.21
15 | 90 | 097 | 012 | -059 | 0.16 | 0.86 | 0.03 | -0.78 | 0.18
15 | 120 | 0.96 | 0.16 | -0.60 | 016 | 1.12 | 0.25 | -0.61 | 0.19
15 | 135 | 0.94 | 020 | -0.40 | 045 | 149 | 055 | -0.25 | 0.19
15 | 150 | 1.04 | 020 | -0.44 | 045 | 146 | 053 | -0.30 | 0.19
15 | 180 | 1.06 | 019 | -050 | 0.16 | 1.41 | 045 | -0.34 | 0.19
30 | 0 | 170 | 059 | -017 | 024 | 052 | -0.64 | 2.22 | 0.36
30 | 30 | 158 | 054 | -023 | 021 | 0.71 | -040 | -1.97 | 0.34
30 | 45 | 133 | 045 | -022 | 018 | 086 | -0.22 | -1.61 | 0.29
30 | 60 | 123 | 023 | -059 | 0.18 | 064 | -028 | -1.44 | 0.4
30 | 90 | 101 | 0.15 | -055 | 0.16 | 0.91 | 0.09 | -0.78 | 0.18
30 | 120 | 115 | 029 | -043 | 018 | 163 | 054 | -0.37 | 0.22
30 | 135 | 144 | 040 | -043 | 020 | 1.92 | 0.73 | -0.14 | 0.23
30 | 150 | 1.77 | 045 | -039 | 022 | 1.97 | 081 | -0.13 | 0.23
30 | 180 | 1.78 | 050 | -041 | 0.25 | 1.89 | 0.74 | -0.22 | 0.24
45 | 0 | 246 | 089 | -011 | 035 | 036 | -0.77 | -2.29 | 0.34
45 | 30 | 228 | 0.77 | 025 | 0.31 | 046 | -0.64 | -2.18 | 0.33
45 | 45 | 1.80 | 053 | 030 | 0.24 | 053 | -054 | -1.88 | 0.30
45 | 60 | 138 | 034 | 047 | 021 | 052 | -037 | -1.44 | 0.4
45 | 90 | 102 | 014 | -054 | 0.16 | 092 | 0.05 | -0.73 | 0.8
45 | 120 | 1.36 | 0.38 | -0.37 | 020 | 148 | 047 | -0.38 | 0.20
45 | 135 | 1.73 | 054 | 020 | 0.23 | 1.70 | 0.83 | -0.02 | 0.20
45 | 150 | 2.06 | 0.63 | 023 | 0.26 | 1.77 | 0.83 | 0.01 | 0.20
45 | 180 | 210 | 0.71 | -0.34 | 0.28 | 1.76 | 0.75 | -0.05 | 0.20
60 | 0 | 306 | 111 | -008 | 041 | 038 | -049 | -1.55 | 0.25
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Model 3 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
60 | 30 | 276 | 0.96 | -024 | 0.36 | 039 | -050 | -1.82 | 0.25
60 | 45 | 224 | 073 | -019 | 0.30 | 048 | -040 | -1.52 | 0.25
60 | 60 | 154 | 044 | -036 | 022 | 063 | -0.21 | -1.22 | 0.21
60 | 90 | 084 | 0.14 | -048 | 015 | 0.80 | 0.08 | -0.64 | 0.15
60 | 120 | 149 | 047 | -029 | 021 | 134 | 052 | -0.23 | 017
60 | 135 | 192 | 063 | -017 | 025 | 147 | 0.68 | 002 | 017
60 | 150 | 223 | 082 | -0.18 | 030 | 1.34 | 053 | -0.16 | 0.18
60 | 180 | 242 | 091 | -0.14 | 033 | 144 | 0.62 | -0.09 | 0.19
75 | 0 | 350 | 1.34 | -002 | 046 | 039 | -0.29 | -1.08 | 0.17
75 | 30 | 301 | 1.07 | -0.14 | 039 | 049 | -0.25 | -0.99 | 0.17
75 | 45 | 225 | 081 | -015 | 032 | 041 | -0.26 | -1.01 | 0417
75 | 60 | 150 | 045 | -040 | 022 | 042 | -0.19 | -0.97 | 0.16
75 | 90 | 071 | 012 | -039 | 012 | 0.60 | 0.05 | -054 | 0.13
75 | 120 | 162 | 050 | -026 | 023 | 0.83 | 0.24 | -0.33 | 0.13
75 | 135 | 214 | 0.75 | -011 | 028 | 095 | 0.31 | -0.37 | 0.14
75 | 150 | 249 | 0.92 | -004 | 0.33 | 1.09 | 043 | -0.16 | 0.14
75 | 180 | 2.89 | 1.07 | -002 | 0.36 | 101 | 043 | -0.15 | 0.14
9 | 0 | 368 | 1.32 | 0.00 | 046 | 055 | 0.0 | -0.35 | 0.10
9 | 30 | 315 | 1.15 | -007 | 039 | 0.73 | 0.25 | -0.24 | 0.1
90 | 45 | 241 | 085 | -015 | 032 | 054 | 0.06 | -0.39 | 0.1
9 | 60 | 157 | 049 | -033 | 022 | 054 | 0.06 | -0.45 | 0.1
9 | 90 | 062 | 041 | -032 | 011 | 051 | 0.06 | -0.40 | 0.10
90 | 120 | 157 | 051 | -025 | 022 | 064 | 012 | -0.38 | 0.11
90 | 135 | 216 | 0.78 | -019 | 029 | 0.78 | 0.29 | -0.25 | 0.1
90 | 150 | 251 | 0.96 | -008 | 034 | 0.70 | 0.16 | -0.36 | 0.11
90 | 180 | 313 | 1.13 | -011 | 038 | 0.62 | 0.12 | -0.38 | 0.11
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Model 4 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
0 | 0 |08l 017 |-039] 012 | 083 | 017 | -050 | 0.14
0 | 30 | 090 | 0.5 | -029 | 0.12 | 093 | 025 | -0.57 | 0.16
0 | 45 | 081 | 016 | -038 | 013 | 0.74 | 007 | -0.75 | 017
0 | 60 | 091 | 016 | -050 | 0.16 | 089 | 011 | -0.78 | 017
0 | 9 | 106 | 012 | -0.71 | 0.18 | 067 | -0.03 | -0.83 | 0.16
0 | 120 | 1.03 | 0.15 | -050 | 0.16 | 0.76 | 0.05 | -0.75 | 0.16
0 | 135 | 082 | 015 | -046 | 0.14 | 083 | 0.09 | -0.79 | 0.16
0 | 150 | 076 | 0.13 | -0.40 | 0.13 | 0.73 | 0.10 | -0.64 | 0.16
0 | 180 | 077 | 0.08 | -045 | 0.12 | 0.74 | 010 | -0.62 | 0.16
15 | 0 | 085 | 020 | -029 | 043 | 048 | -0.29 | -1.31 | 0.22
15 | 30 | 085 | 019 | -029 | 043 | 050 | -0.25 | -1.27 | 0.21
15 | 45 | 099 | 019 | -048 | 015 | 056 | -0.20 | -1.11 | 0.20
15 | 60 | 1.00 | 016 | -062 | 0.16 | 0.66 | -0.10 | -1.06 | 0.19
15 | 90 | 111 | 013 | -0.74 | 018 | 081 | 0.07 | -0.70 | 0.16
15 | 120 | 098 | 017 | -048 | 0.16 | 1.06 | 0.24 | -058 | 0.17
15 | 135 | 094 | 019 | -043 | 015 | 1.14 | 0.34 | -0.42 | 0.16
15 | 150 | 1.08 | 020 | -051 | 045 | 1.11 | 0.37 | -0.35 | 0.16
15 | 180 | 1.03 | 018 | -045 | 045 | 1.18 | 0.37 | -0.32 | 017
30 | 0 | 151 | 053 | -014 | 022 | 033 | 057 | -1.99 | 0.31
30 | 30 | 142 | 050 | -020 | 020 | 051 | -0.37 | -1.57 | 0.28
30 | 45 | 120 | 030 | -037 | 019 | 043 | -040 | -1.52 | 0.24
30 | 60 | 131 | 022 | -059 | 020 | 054 | 019 | -1.19 | 0.21
30 | 90 | 1.04 | 015 | -067 | 0.18 | 089 | 0.0 | -0.62 | 0.15
30 | 120 | 131 | 028 | -040 | 017 | 139 | 050 | -0.20 | 0.19
30 | 135 | 129 | 035 | -043 | 019 | 144 | 0.60 | -0.14 | 0.19
30 | 150 | 143 | 040 | -034 | 020 | 1.67 | 0.66 | -0.05 | 0.19
30 | 180 | 171 | 048 | -029 | 022 | 1.74 | 0.68 | -0.11 | 0.22
45 | 0 | 235 | 084 | 015 | 032 | 022 | -0.74 | -2.04 | 0.30
45 | 30 | 209 | 0.66 | -0.36 | 0.28 | 020 | -0.65 | -1.91 | 0.29
45 | 45 | 162 | 047 | 034 | 023 | 029 | -053 | -1.65 | 0.26
45 | 60 | 139 | 031 | 056 | 0.21 | 052 | -029 | -1.29 | 021
45 | 90 | 093 | 011 | -058 | 0.16 | 0.74 | 0.03 | -0.62 | 0.14
45 | 120 | 137 | 034 | 039 | 049 | 123 | 042 | -0.21 | 017
45 | 135 | 1.74 | 051 | 028 | 0.22 | 133 | 051 | -0.16 | 017
45 | 150 | 1.70 | 0.60 | -0.37 | 0.23 | 137 | 057 | -0.16 | 017
45 | 180 | 1.99 | 0.63 | 020 | 0.26 | 1.71 | 0.84 | 0.07 | 0.9
60 | 0 | 281 | 1.12 | -003 | 039 | 032 | -0.47 | -1.45 | 0.22
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Model 4 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
60 | 30 | 251 | 095 | -003 | 033 | 040 | -0.38 | -1.38 | 0.21
60 | 45 | 207 | 074 | -012 | 028 | 049 | -0.30 | -1.29 | 0.21
60 | 60 | 137 | 039 | -038 | 021 | 040 | -0.27 | -1.18 | 0.19
60 | 90 | 087 | 015 | -046 | 0.14 | 0.77 | 012 | 050 | 0.13
60 | 120 | 154 | 045 | -025 | 020 | 1.02 | 0.37 | -0.16 | 0.14
60 | 135 | 1.80 | 0.62 | -0.13 | 024 | 1.06 | 0.44 | -0.12 | 0.14
60 | 150 | 212 | 0.76 | -041 | 027 | 125 | 0.58 | -0.04 | 0.15
60 | 180 | 2.39 | 0.83 | -007 | 030 | 1.38 | 0.66 | 0.01 | 0.16
75 | 0 | 344 | 1.23 | 005 | 043 | 032 | -0.30 | -1.04 | 0.16
75 | 30 | 281 | 1.00 | -015 | 0.37 | 035 | -0.27 | -0.96 | 0.15
75 | 45 | 229 | 073 | -026 | 0.30 | 032 | -024 | -0.89 | 0.15
75 | 60 | 155 | 041 | -039 | 021 | 038 | -0.18 | -0.83 | 0.14
75 | 90 | 071 | 041 | -041 | 013 | 054 | 0.03 | -047 | 0.12
75 | 120 | 169 | 047 | -027 | 022 | 0.71 | 020 | -0.30 | 0.12
75 | 135 | 202 | 0.71 | -0.16 | 027 | 0.90 | 0.34 | -0.20 | 0.12
75 | 150 | 2.33 | 0.89 | -0.05 | 031 | 0.95 | 0.37 | -0.20 | 0.13
75 | 180 | 295 | 1.04 | 0.07 | 034 | 093 | 036 | -0.16 | 0.13
9 | 0 | 347 | 1.35 | 007 | 043 | 069 | 0.23 | -0.23 | 0.1
9 | 30 | 282 | 1.08 | -001 | 036 | 055 | 0.06 | -0.47 | 0.1
90 | 45 | 227 | 082 | -010 | 030 | 056 | 0.04 | 049 | 041
9 | 60 | 152 | 046 | -027 | 021 | 054 | 0.04 | 043 | 041
9 | 90 | 058 | 010 | -031 | 041 | 055 | 0.03 | -0.48 | 0.11
90 | 120 | 1.60 | 051 | -026 | 022 | 064 | 0.12 | -0.34 | 0.1
90 | 135 | 1.99 | 0.72 | -012 | 026 | 0.60 | 0.13 | -0.35 | 0.11
90 | 150 | 259 | 0.93 | -002 | 033 | 0.65 | 0.15 | -0.32 | 0.1
90 | 180 | 282 | 1.08 | -0.06 | 037 | 057 | 0.10 | -0.44 | 0.1
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Model 5 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
0 | 0 | 100 | 014 | -052| 014 | 090 | 0.07 | -0.85 | 0.20
0 | 30 | 086 | 016 | -041 | 013 | 1.10 | 0.09 | -0.82 | 020
0 | 45 | 087 | 0.6 | -0.44 | 015 | 096 | 0.09 | -0.84 | 020
0 | 60 | 093 | 017 | -057 | 0.16 | 095 | 0.08 | -0.86 | 0.20
0 | 9 | 102 | 014 | -070 | 0.18 | 085 | 0.03 | -0.89 | 0.19
0 | 120 | 1.02 | 0.6 | -052 | 0.16 | 097 | 0.04 | -0.98 | 0.20
0 | 135 | 080 | 0.15 | -047 | 0.14 | 086 | 0.02 | -1.00 | 021
0 | 150 | 087 | 0.14 | -042 | 013 | 094 | 0.01 | -0.98 | 0.21
0 | 180 | 091 | 011 | -052 | 0.13 | 087 | -0.02 | -1.06 | 0.20
15 | 0 | 108 | 023 | -036 | 014 | 067 | -0.34 | -1.65 | 0.27
15 | 30 | 1.04 | 021 | -043 | 014 | 062 | -0.32 | -1.62 | 0.26
15 | 45 | 092 | 020 | -033 | 0.14 | 0.64 | -0.26 | -1.44 | 0.25
15 | 60 | 095 | 019 | -046 | 015 | 0.94 | -0.10 | -1.23 | 0.22
15 | 90 | 1.07 | 015 | -056 | 0.16 | 0.93 | 0.07 | -0.82 | 0.18
15 | 120 | 1.01 | 019 | -053 | 047 | 1.26 | 0.28 | 059 | 0.19
15 | 135 | 1.00 | 021 | -045 | 017 | 1.37 | 0.38 | -053 | 0.20
15 | 150 | 112 | 024 | -045 | 018 | 144 | 044 | 042 | 0.21
15 | 180 | 127 | 022 | -064 | 019 | 1.30 | 0.39 | -0.48 | 0.20
30 | 0 | 172 | 056 | -024 | 025 | 049 | -0.80 | -2.56 | 0.38
30 | 30 | 159 | 050 | -0.14 | 021 | 046 | -0.70 | -2.36 | 0.35
30 | 45 | 141 | 037 | -027 | 018 | 047 | -0.56 | -1.99 | 0.31
30 | 60 | 113 | 026 | -042 | 017 | 059 | -0.33 | -1.50 | 0.25
30 | 90 | 086 | 0.15 | -050 | 015 | 1.02 | 0.07 | -0.78 | 0.19
30 | 120 | 125 | 0.28 | -040 | 017 | 157 | 045 | -0.41 | 0.21
30 | 135 | 144 | 040 | -032 | 020 | 168 | 0.62 | -0.33 | 0.23
30 | 150 | 1.85 | 050 | -039 | 024 | 1.88 | 0.78 | -0.19 | 0.24
30 | 180 | 1.86 | 048 | -041 | 025 | 1.74 | 0.70 | -0.15 | 0.22
45 | 0 | 255 | 091 | 005 | 033 | 038 | -081 | 213 | 0.33
45 | 30 | 214 | 0.77 | 007 | 030 | 043 | -0.72 | -2.13 | 0.34
45 | 45 | 1.78 | 059 | 026 | 0.24 | 052 | -055 | -1.92 | 0.30
45 | 60 | 147 | 033 | 050 | 0.21 | 056 | -0.44 | -1.71 | 0.26
45 | 90 | 090 | 014 | 055 | 0.16 | 1.00 | 0.07 | -0.84 | 0.19
45 | 120 | 150 | 0.39 | -0.37 | 0.20 | 1.65 | 055 | -0.30 | 0.21
45 | 135 | 1.75 | 056 | 029 | 0.25 | 158 | 0.66 | -0.23 | 0.22
45 | 150 | 2.04 | 0.67 | 029 | 027 | 1.71 | 069 | -0.13 | 0.22
45 | 180 | 249 | 0.73 | 046 | 0.31 | 163 | 0.69 | -0.15 | 0.22
60 | 0 | 340 | 117 | -012 | 044 | 040 | -0.57 | -1.72 | 0.26
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Model 5 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
60 | 30 | 296 | 1.01 | -0.15 | 038 | 036 | -0.57 | -1.72 | 0.26
60 | 45 | 223 | 0.77 | -020 | 031 | 043 | -050 | -1.66 | 0.25
60 | 60 | 174 | 046 | -037 | 023 | 049 | -0.36 | -1.48 | 0.22
60 | 90 | 082 | 0.14 | -042 | 0.14 | 080 | 0.07 | -0.71 | 0.16
60 | 120 | 1.83 | 049 | -030 | 022 | 131 | 045 | -0.29 | 0.18
60 | 135 | 191 | 0.66 | -0.16 | 025 | 123 | 048 | -0.21 | 017
60 | 150 | 257 | 083 | -023 | 031 | 143 | 053 | -0.24 | 0.8
60 | 180 | 2.70 | 0.94 | -0.10 | 0.34 | 140 | 056 | -0.18 | 0.18
75 | 0 | 374 | 131 | -001 | 047 | 045 | -0.26 | -1.12 | 0.19
75 | 30 | 315 | 1.14 | -007 | 041 | 051 | -0.22 | -1.08 | 0.18
75 | 45 | 268 | 088 | -014 | 033 | 051 | -0.22 | -1.05 | 017
75 | 60 | 165 | 051 | -029 | 023 | 052 | -0.14 | -0.85 | 0.16
75 | 90 | 0.76 | 012 | -041 | 013 | 0.60 | 0.00 | -0.60 | 0.13
75 | 120 | 155 | 049 | -027 | 022 | 097 | 0.27 | -0.33 | 0.14
75 | 135 | 1.99 | 0.72 | -0.17 | 028 | 1.00 | 0.31 | -0.35 | 0.15
75 | 150 | 2.77 | 095 | -0.13 | 0.34 | 1.09 | 0.31 | -0.33 | 0.15
75 | 180 | 2.88 | 1.07 | -0.06 | 0.39 | 101 | 0.34 | -0.29 | 0.15
90 | 0 | 374 | 1.39 | 005 | 050 | 067 | 0.12 | -047 | 0.13
90 | 30 | 333 | 122 | 002 | 041 | 0.72 | 015 | -043 | 0.13
90 | 45 | 266 | 094 | -013 | 034 | 0.70 | 0.16 | -0.37 | 0.12
9 | 60 | 1.78 | 053 | -028 | 023 | 055 | 0.00 | 050 | 0.12
9 | 90 | 065 | 011 | -034 | 012 | 056 | 0.04 | -0.46 | 0.12
90 | 120 | 167 | 051 | -027 | 023 | 063 | 0.10 | -0.41 | 0.12
90 | 135 | 205 | 0.76 | -0.06 | 029 | 0.74 | 021 | -0.28 | 0.12
90 | 150 | 264 | 1.00 | 0.00 | 036 | 0.78 | 0.23 | -0.34 | 0.12
90 | 180 | 3.00 | 1.09 | -0.05 | 040 | 0.72 | 0.20 | -0.41 | 0.12

76




Model 6 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
0 | 0 | 091 013 |-050] 015 | 084 | 0.07 | -0.78 | 0.8
0 | 30 | 088 | 019 | -038 | 0.14 | 091 | 0.08 | -0.89 | 0.19
0 | 45 | 096 | 0.20 | -0.40 | 0.15 | 0.95 | 0.09 | -0.85 | 0.20
0 | 60 | 092 | 015 | -059 | 0.15 | 086 | 0.05 | -0.98 | 0.19
0 | 9 | 108 | 015 | -0.72 | 0.16 | 084 | 0.08 | -0.80 | 0.18
0 | 120 | 081 | 0.6 | -045 | 0.15 | 0.86 | 0.06 | -0.88 | 0.18
0 | 135 | 094 | 014 | -052 | 015 | 094 | 011 | -0.88 | 0.19
0 | 150 | 091 | 012 | -058 | 0.14 | 1.03 | 011 | -0.78 | 0.20
0 | 180 | 089 | 0.09 | -059 | 0.14 | 092 | 0.08 | -0.79 | 0.19
15 | 0 | 117 | 022 | -044 | 047 | 053 | -0.38 | -1.70 | 0.26
15 | 30 | 098 | 024 | -034 | 015 | 0.65 | -0.33 | -1.56 | 0.26
15 | 45 | 099 | 023 | -039 | 015 | 0.69 | -0.25 | -1.49 | 0.25
15 | 60 | 094 | 017 | -052 | 016 | 0.67 | -0.19 | -1.23 | 0.22
15 | 90 | 097 | 013 | -057 | 016 | 0.81 | 0.03 | -0.93 | 0.18
15 | 120 | 112 | 017 | -059 | 016 | 1.17 | 0.25 | -0.56 | 0.18
15 | 135 | 116 | 020 | -053 | 047 | 1.26 | 0.36 | -0.50 | 0.19
15 | 150 | 110 | 022 | -043 | 047 | 1.39 | 043 | -041 | 0.20
15 | 180 | 127 | 018 | -0.73 | 019 | 1.45 | 0.44 | -0.44 | 0.20
30 | 0 | 154 | 049 | -024 | 023 | 050 | -0.67 | 2.9 | 0.35
30 | 30 | 146 | 045 | -026 | 020 | 051 | -0.55 | -2.05 | 0.32
30 | 45 | 131 | 038 | -025 | 0.18 | 0.66 | -041 | -1.76 | 0.30
30 | 60 | 113 | 023 | -041 | 017 | 057 | -0.34 | -1.55 | 0.26
30 | 90 | 097 | 013 | -064 | 016 | 0.80 | 0.03 | -0.87 | 0.18
30 | 120 | 121 | 026 | -048 | 0.18 | 147 | 047 | -0.33 | 0.20
30 | 135 | 144 | 035 | -043 | 020 | 1.71 | 0.60 | -0.24 | 0.22
30 | 150 | 1.66 | 042 | -043 | 023 | 1.88 | 0.69 | -0.23 | 0.24
30 | 180 | 1.80 | 045 | -057 | 025 | 1.73 | 0.69 | -0.39 | 0.23
45 | 0 | 245 | 088 | 012 | 033 | 033 | -0.75 | -2.10 | 0.32
45 | 30 | 220 | 0.79 | -0.20 | 0.30 | 044 | -0.66 | -2.02 | 0.32
45 | 45 | 1.78 | 061 | 022 | 026 | 058 | -049 | -1.84 | 0.30
45 | 60 | 135 | 039 | 040 | 0.20 | 0.70 | -0.26 | -1.49 | 0.25
45 | 90 | 097 | 047 | -051 | 0.6 | 1.00 | 0.21 | -0.57 | 0.18
45 | 120 | 141 | 037 | -041 | 020 | 155 | 0.64 | -0.20 | 0.20
45 | 135 | 1.77 | 051 | 036 | 0.24 | 1.72 | 0.78 | -0.05 | 0.22
45 | 150 | 2.16 | 0.62 | -0.30 | 0.28 | 1.83 | 0.80 | -0.05 | 0.22
45 | 180 | 234 | 059 | -051 | 0.31 | 206 | 1.04 | 0.16 | 022
60 | 0 | 343 | 1.13 | -004 | 042 | 054 | 051 | -1.77 | 0.26
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Model 6 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
60 | 30 | 294 | 1.00 | -009 | 037 | 048 | -051 | -1.80 | 0.26
60 | 45 | 244 | 077 | -019 | 031 | 057 | -045 | -1.62 | 0.25
60 | 60 | 156 | 046 | -043 | 023 | 057 | -0.27 | -1.42 | 0.22
60 | 90 | 085 | 0.16 | -044 | 015 | 0.86 | 0.15 | -0.59 | 0.16
60 | 120 | 150 | 048 | -030 | 022 | 126 | 049 | -0.18 | 0.17
60 | 135 | 1.96 | 0.65 | -023 | 026 | 128 | 051 | -0.21 | 017
60 | 150 | 223 | 0.78 | -017 | 030 | 142 | 057 | -0.17 | 0.8
60 | 180 | 291 | 092 | -029 | 035 | 152 | 0.61 | -0.16 | 0.19
75 | 0 | 351 | 1.34 | 006 | 046 | 047 | -0.28 | -1.12 | 0.18
75 | 30 | 298 | 1.14 | -008 | 040 | 042 | -0.26 | -1.09 | 017
75 | 45 | 242 | 086 | -018 | 032 | 042 | -0.22 | -1.03 | 047
75 | 60 | 1.68 | 051 | -034 | 023 | 046 | -0.14 | -0.91 | 0.15
75 | 90 | 0.76 | 0.16 | -036 | 013 | 0.70 | 0.12 | -0.44 | 0.12
75 | 120 | 1.73 | 050 | -025 | 023 | 0.84 | 0.26 | -0.30 | 0.13
75 | 135 | 191 | 0.71 | -017 | 027 | 1.03 | 043 | -0.09 | 0.13
75 | 150 | 2.84 | 0.93 | -005 | 0.33 | 1.09 | 048 | -0.13 | 0.14
75 | 180 | 2.83 | 1.03 | -009 | 0.38 | 111 | 048 | -0.10 | 0.14
9 | 0 | 359 | 1.41 | 009 | 049 | 064 | 0.09 | -057 | 0.13
90 | 30 | 319 | 1.28 | 007 | 042 | 0.77 | 027 | -0.24 | 0.12
90 | 45 | 248 | 097 | -001 | 031 | 081 | 029 | -0.18 | 0.1
90 | 60 | 1.68 | 063 | -010 | 022 | 081 | 032 | -0.16 | 0.1
9 | 90 | 068 | 023 | -016 | 011 | 088 | 037 | -0.14 | 0.1
90 | 120 | 1.68 | 056 | -0.15 | 0.22 | 0.87 | 0.43 | -0.06 | 0.10
90 | 135 | 225 | 080 | -0.15 | 029 | 099 | 047 | -0.11 | 041
90 | 150 | 2.83 | 1.01 | -0.10 | 0.36 | 1.00 | 0.49 | -0.03 | 0.12
90 | 180 | 292 | 1.07 | -0.10 | 039 | 1.01 | 048 | -0.05 | 0.12
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Model 7 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
0 | 0 | 088 011 |-051] 015 | 085 | 0.07 | -0.69 | 0.16
0 | 30 | 083 | 016 | -044 | 013 | 082 | 0.07 | -0.70 | 0.16
0 | 45 | 087 | 017 | -044 | 015 | 089 | 0.08 | -0.79 | 017
0 | 60 | 095 | 018 | -052 | 0.15 | 083 | 014 | -0.71 | 0.16
0 | 9 | 093 | 014 | -049 | 015 | 072 | 0.05 | -0.75 | 0.15
0 | 120 | 087 | 014 | -045 | 014 | 071 | 0.04 | -0.76 | 0.16
0 | 135 | 084 | 014 | -043 | 014 | 083 | 0.09 | -0.84 | 0.8
0 | 150 | 081 | 012 | -045 | 0.14 | 083 | 0.07 | -0.85 | 0.18
0 | 180 | 0.80 | 0.08 | -053 | 0.14 | 079 | 0.05 | -0.79 | 0.18
15 | 0 | 110 | 023 | -042 | 015 | 048 | -0.31 | -154 | 0.25
15 | 30 | 1.06 | 027 | -030 | 0.14 | 048 | -0.29 | -1.44 | 0.23
15 | 45 | 097 | 025 | -032 | 045 | 057 | -0.21 | -1.22 | 0.22
15 | 60 | 101 | 021 | -035 | 0.14 | 0.62 | -0.09 | -1.05 | 0.19
15 | 90 | 098 | 014 | -064 | 015 | 0.72 | 0.06 | -064 | 0.15
15 | 120 | 095 | 018 | -041 | 045 | 1.15 | 0.34 | -0.39 | 0.16
15 | 135 | 099 | 021 | -038 | 045 | 1.31 | 045 | -0.33 | 0.18
15 | 150 | 112 | 022 | -043 | 016 | 143 | 0.49 | -0.30 | 0.19
15 | 180 | 114 | 019 | -054 | 017 | 1.34 | 046 | -0.30 | 0.18
30 | 0 | 165 | 056 | -018 | 024 | 034 | -0.71 | -2.26 | 0.34
30 | 30 | 158 | 048 | -020 | 020 | 037 | -056 | -1.96 | 0.30
30 | 45 | 127 | 039 | -016 | 017 | 043 | -0.42 | -1.58 | 0.27
30 | 60 | 116 | 029 | -035 | 015 | 054 | -0.21 | -1.39 | 0.23
30 | 90 | 092 | 017 | -043 | 0.14 | 084 | 015 | -0.59 | 0.15
30 | 120 | 122 | 027 | -034 | 016 | 146 | 051 | -0.15 | 0.18
30 | 135 | 145 | 036 | -036 | 0.19 | 156 | 0.66 | -0.13 | 0.20
30 | 150 | 1.82 | 043 | -046 | 022 | 1.86 | 0.74 | -0.15 | 0.22
30 | 180 | 1.78 | 042 | -050 | 024 | 1.93 | 093 | 015 | 0.21
45 | 0 | 240 | 090 | -0.10 | 0.33 | 037 | -062 | -1.91 | 0.32
45 | 30 | 232 | 0.79 | 009 | 0.29 | 043 | -054 | 2.03 | 031
45 | 45 | 1.74 | 061 | 018 | 0.24 | 051 | -040 | -1.73 | 0.28
45 | 60 | 139 | 039 | 029 | 0.19 | 067 | -016 | -1.28 | 0.24
45 | 90 | 093 | 018 | -044 | 0.14 | 1.02 | 024 | -0.49 | 0.16
45 | 120 | 132 | 038 | 029 | 0.18 | 154 | 0.64 | -0.15 | 0.8
45 | 135 | 1.89 | 053 | 028 | 023 | 1.71 | 0.76 | -0.09 | 0.20
45 | 150 | 207 | 0.61 | -0.26 | 0.26 | 1.77 | 0.78 | -0.02 | 0.21
45 | 180 | 208 | 059 | -0.36 | 0.28 | 1.79 | 0.98 | 0.19 | 0.20
60 | 0 | 302 | 1.09 | -002 | 039 | 032 | -057 | -1.85 | 0.25
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Model 7 CD C|_
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
60 | 30 | 264 | 093 | -012 | 035 | 031 | -055 | -1.64 | 0.25
60 | 45 | 204 | 070 | -021 | 028 | 033 | -0.45 | -1.43 | 0.23
60 | 60 | 141 | 042 | -043 | 021 | 046 | -028 | -1.18 | 0.20
60 | 90 | 082 | 015 | -041 | 013 | 084 | 011 | -0.53 | 0.15
60 | 120 | 141 | 043 | -025 | 020 | 115 | 043 | -0.21 | 0.16
60 | 135 | 1.82 | 061 | -0.16 | 024 | 128 | 050 | -0.18 | 0.16
60 | 150 | 217 | 0.76 | -026 | 029 | 132 | 056 | -0.20 | 0.17
60 | 180 | 251 | 0.82 | -024 | 033 | 147 | 0.75 | 007 | 047
75 | 0 | 356 | 1.30 | 0.00 | 046 | 048 | -0.21 | -1.03 | 0.17
75 | 30 | 286 | 1.07 | -018 | 038 | 044 | 019 | -1.02 | 0.16
75 | 45 | 233 | 080 | -0.14 | 030 | 051 | -0.16 | -0.95 | 0.15
75 | 60 | 154 | 050 | -027 | 022 | 050 | -013 | -0.78 | 0.14
75 | 90 | 070 | 0.14 | -034 | 011 | 057 | 0.07 | -0.46 | 0.12
75 | 120 | 165 | 049 | -018 | 021 | 0.80 | 0.27 | -0.24 | 0.12
75 | 135 | 203 | 0.73 | -013 | 027 | 1.07 | 044 | -0.14 | 0.3
75 | 150 | 241 | 091 | -0.10 | 033 | 1.09 | 0.47 | -0.08 | 0.13
75 | 180 | 296 | 1.05 | 0.04 | 037 | 1.05 | 047 | -0.11 | 0.3
9 | 0 | 373 | 137 | 012 | 046 | 056 | 0.09 | -041 | 0.1
9 | 30 | 306 | 1.15 | 0.03 | 039 | 0.60 | 041 | -0.37 | 0.1
90 | 45 | 234 | 089 | -006 | 0.30 | 0.60 | 0.12 | -0.30 | 0.10
9 | 60 | 153 | 049 | -022 | 021 | 050 | 0.05 | -0.42 | 0.10
9 | 90 | 061 | 0.14 | -026 | 0.10 | 055 | 0.12 | -0.31 | 0.10
90 | 120 | 152 | 050 | -0.16 | 0.21 | 062 | 0.19 | -0.23 | 0.10
90 | 135 | 224 | 0.75 | -012 | 028 | 061 | 019 | -0.25 | 0.10
90 | 150 | 291 | 0.99 | -004 | 035 | 0.72 | 0.20 | -0.28 | 0.11
90 | 180 | 301 | 1.13 | 0.00 | 040 | 0.67 | 047 | -0.33 | 0.1
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A2. NORMAL FORCE AND PITCHING MOMENT COEFFICIENTS

Model 1 CFN CMy
+ - + -

(dgq.) (dsq.) P(ea)k Mean ngk >-D. P(ea)k Mean P(eglk SD.
0 | 0 | 104 | 002|095 023 | 027 | 001 | -027 | 0.06
0 | 30 | 1.05 | -009 | -1.10 | 0.23 | 023 | -0.01 | -0.27 | 0.06
0 | 45 | 1.04 | 007 | -1.06 | 023 | 024 | 0.00 | -0.24 | 0.05
0 | 60 | 118 | -007 | -1.07 | 025 | 023 | -0.01 | -0.28 | 0.0
0 | 90 | 058 | -037 | -1.20 | 019 | 019 | -0.05 | -0.25 | 0.05
0 | 120 | 1.01 | -0.08 | -1.06 | 021 | 020 | -0.01 | -0.21 | 0.04
0 | 135 | 1.04 | 008 | -1.03 | 023 | 022 | -002 | -0.23 | 0.05
0 | 150 | 1.27 | 007 | -1.18 | 0.24 | 025 | -0.03 | -0.27 | 0.06
0 | 180 | 1.03 | -0.03 | -0.98 | 0.22 | 025 | -0.03 | -0.28 | 0.06
15 | 0 | 190 | 046 | -059 | 033 | 014 | -0.10 | -0.45 | 0.07
15 | 30 | 192 | 040 | -0.73 | 031 | 015 | -0.08 | -0.38 | 0.06
15 | 45 | 168 | 034 | -081 | 029 | 017 | -0.06 | -036 | 0.05
15 | 60 | 153 | 019 | -087 | 027 | 016 | -0.03 | -027 | 0.05
15 | 90 | 097 | -0.04 | -095 | 021 | 047 | 0.00 | -020 | 0.04
15 | 120 | 077 | 037 | -161 | 022 | 016 | -0.06 | -033 | 0.05
15 | 135 | 052 | 049 | -1.58 | 023 | 014 | -0.10 | -0.40 | 0.05
15 | 150 | 043 | 057 | -1.71 | 022 | 043 | -0.13 | -0.42 | 0.06
15 | 180 | 045 | 050 | -1.71 | 023 | 010 | -0.15 | -0.46 | 0.06
30 | 0 | 298 | 1.05 | -033 | 047 | 013 | 017 | -0.58 | 0.09
30 | 30 | 291 | 089 | 043 | 044 | 014 | -012 | -054 | 0.08
30 | 45 | 245 | 067 | -048 | 036 | 047 | -0.07 | -0.39 | 0.06
30 | 60 | 247 | 046 | -0.71 | 031 | 018 | -0.04 | -0.30 | 0.05
30 | 90 | 1.02 | 0.00 | -1.07 | 022 | 022 | 0.01 | -0.07 | 0.04
30 | 120 | 055 | -0.55 | -1.88 | 0.26 | 014 | -0.07 | -0.34 | 0.05
30 | 135 | 040 | -0.80 | -2.36 | 031 | 013 | -0.13 | -0.49 | 0.07
30 | 150 | 023 | -1.00 | -252 | 034 | 009 | 047 | -053 | 0.07
30 | 180 | 027 | -0.88 | -2.26 | 030 | 0.08 | -0.16 | -0.49 | 0.07
45 | 0 | 360 | 1.38 | -0.06 | 049 | 014 | -013 | -0.47 | 0.07
25 | 30 | 356 | 1.27 | 021 | 050 | 015 | -0.13 | -0.49 | 0.07
45 | 45 | 310 | 1.03 | 034 | 045 | 018 | -0.09 | -0.45 | 0.07
45 | 60 | 241 | 070 | -048 | 0.36 | 020 | -0.05 | -0.32 | 0.06
45 | 90 | 121 | 004 | -1.23 | 024 | 021 | 0.00 | -0.21 | 0.05
45 | 120 | 042 | 078 | 253 | 0.32 | 0.16 | -0.09 | -0.39 | 0.06
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Model 1 Cen CMy
+ - + -

(b | (den) o | Mean | o0 | SD. | (9 | Mean | 0 | sD.
45 135 0.20 | -1.04 | -2.71 | 0.36 0.14 | -0.12 | -0.43 | 0.06
45 150 0.11 | -1.00 | -2.67 | 0.34 0.16 | -0.10 | -0.38 | 0.06
45 180 0.15 | -1.02 | -2.71 | 0.34 0.14 | -0.10 | -0.39 | 0.06
60 0 4.05 1.41 | -0.03 | 0.52 0.19 | -0.09 | -0.44 | 0.07
60 30 3.76 1.36 | -0.17 | 0.50 0.21 | -0.08 | -0.40 | 0.07
60 45 3.37 1.24 | -0.13 | 0.48 0.19 | -0.08 | -0.41 | 0.07
60 60 2.78 0.87 | -0.40 | 0.39 0.24 | -0.03 | -0.31 | 0.06
60 90 1.23 | -0.01 | -1.30 | 0.26 0.22 0.01 | -0.20 | 0.05
60 120 030 | -0.84 | -2.49 | 0.34 | 0.21 | -0.05 | -0.31 | 0.06
60 135 0.20 | -098 | -2.64 | 0.34 | 0.18 | -0.05 | -0.30 | 0.06
60 150 -0.02 | -1.21 | -3.02 | 0.37 0.10 | -0.15 | -0.43 | 0.06
60 180 -0.01 | -1.26 | -3.07 | 0.38 0.11 | -0.13 | -0.42 | 0.06
75 0 418 1.49 | -0.02 | 0.52 0.19 | -0.09 | -0.42 | 0.07
75 30 3.80 1.40 | -0.06 | 0.50 0.22 | -0.06 | -0.37 | 0.07
75 45 3.62 1.30 | -0.13 | 0.50 0.23 | -0.05 | -0.35 | 0.07
75 60 3.22 1.03 | -0.36 | 044 | 0.25 | -0.03 | -0.33 | 0.06
75 90 1.31 | -0.02 | -1.52 | 0.29 0.26 0.00 | -0.26 | 0.06
75 120 0.38 | -0.88 | -2.52 | 0.37 0.23 | -0.03 | -0.32 | 0.06
75 135 0.11 | -1.03 | -2.91 | 0.38 0.23 | -0.03 | -0.32 | 0.06
75 150 0.05 | -1.14 | -3.13 | 0.40 0.22 | -0.03 | -0.32 | 0.06
75 180 0.06 | -1.23 | -3.02 | 0.42 0.24 | -0.04 | -0.31 | 0.06
90 0 3.90 1.45 | -0.05 | 0.50 0.29 | -0.04 | -0.35 | 0.07
90 30 3.56 1.40 | -0.04 | 0.48 0.27 | -0.04 | -0.37 | 0.07
90 45 3.84 1.28 | -0.14 | 0.48 0.27 | -0.02 | -0.34 | 0.07
90 60 3.76 1.09 | -0.28 | 0.45 0.26 | -0.02 | -0.31 | 0.06
90 90 1.38 | -0.01 | -1.32 | 0.30 0.28 0.02 | -0.27 | 0.06
90 120 0.44 | -0.85 | -2.89 | 0.38 0.29 0.01 | -0.27 | 0.06
90 135 0.27 | -1.06 | -2.93 | 0.39 0.25 0.01 | -0.26 | 0.06
90 150 0.20 | -1.19 | -3.29 | 0.44 0.27 0.00 | -0.26 | 0.06
90 180 0.19 | -1.25 | -3.54 | 0.47 0.28 0.00 | -0.27 | 0.06
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Model 2 Cen CMy
0 + - + -

(dgg.) (deg.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
0 | 0 | 058 ]-082|-122| 020 | 017 | -0.04 | -0.28 | 0.05
0 | 30 | 099 | -0.06 | -1.05 | 0.22 | 020 | -001 | 022 | 0.05
0 | 45 | 104 | -003 | -0.97 | 0.21 | 021 | 0.00 | -0.21 | 0.05
0 | 60 | 100 | -0.03 | -0.96 | 0.22 | 018 | -001 | 022 | 0.04
0 | 90 | 091 | -00L | -091 | 0.20 | 018 | 0.00 | -0.17 | 0.04
0 | 120 | 096 | -0.06 | -0.92 | 0.21 | 018 | -001 | -0.18 | 0.04
0 | 135 | 101 | -0.06 | -1.09 | 0.21 | 049 | -0.01 | -0.20 | 0.04
0 | 150 | 1.02 | -0.05 | -1.02 | 0.21 | 020 | -0.02 | -0.22 | 0.05
0 | 180 | 1.02 | -0.02 | -0.93 | 0.20 | 049 | -0.03 | -0.26 | 0.05
15 | 0 | 171 | 042 | -054 | 028 | 0.14 | -0.07 | -0.35 | 0.06
15 | 30 | 169 | 041 | -059 | 0.27 | 010 | -0.12 | -0.37 | 0.05
15 | 45 | 154 | 032 | 067 | 0.25 | 010 | -0.10 | -0.33 | 0.05
15 | 60 | 144 | 020 | -0.73 | 0.23 | 0.14 | -0.04 | -0.24 | 0.04
15 | 90 | 079 | 0.22 | -112 | 0.20 | 013 | -0.04 | -0.23 | 0.04
15 | 120 | 051 | 048 | -149 | 0.21 | 012 | -0.07 | -0.26 | 0.04
15 | 135 | 050 | -0.52 | -1.60 | 0.21 | 0.12 | -0.08 | -0.30 | 0.04
15 | 150 | 038 | -0.59 | -1.55 | 0.21 | 0.09 | -0.11 | -0.36 | 0.05
15 | 180 | 044 | -0.50 | -1.50 | 0.21 | 010 | -0.13 | -0.40 | 0.05
30 | 0 | 283 | 1.00 | -032 | 042 | 009 | -0.15 | -052 | 0.07
30 | 30 | 258 | 081 | -037 | 039 | 010 | -0.14 | -0.46 | 0.06
30 | 45 | 216 | 0.62 | -048 | 035 | 016 | -0.07 | -0.37 | 0.06
30 | 60 | 174 | 035 | -065 | 029 | 017 | -0.02 | -024 | 0.05
30 | 90 | 099 | -0.04 | -1.06 | 0.21 | 019 | 0.00 | -0.18 | 0.04
30 | 120 | 047 | 054 | -1.78 | 024 | 043 | -0.06 | -0.28 | 0.04
30 | 135 | 027 | -0.77 | 219 | 028 | 042 | -0.10 | -037 | 0.05
30 | 150 | 027 | -0.89 | -2.43 | 030 | 012 | -0.11 | -0.40 | 0.06
30 | 180 | 0.14 | -0.90 | -2.36 | 029 | 0.0 | -0.15 | -0.46 | 0.06
45 | 0 | 348 | 1.25 | 015 | 048 | 012 | -0.11 | -0.45 | 0.06
45 | 30 | 350 | 1.22 | -022 | 049 | 0.14 | -0.11 | -0.43 | 0.06
45 | 45 | 287 | 099 | 036 | 0.42 | 016 | -0.08 | -0.38 | 0.06
45 | 60 | 230 | 0.67 | -047 | 035 | 017 | -0.04 | -0.30 | 0.05
45 | 90 | 1.00 | -0.03 | -1.17 | 022 | 020 | 0.00 | -0.17 | 0.04
45 | 120 | 034 | -0.73 | 243 | 029 | 041 | -0.07 | 031 | 0.05
45 | 135 | 016 | 091 | 258 | 031 | 011 | -0.09 | -0.33 | 0.05
45 | 150 | 0.08 | -098 | 264 | 032 | 012 | -0.09 | -0.36 | 0.05
45 | 180 | 0.04 | -098 | -2.48 | 032 | 0.10 | -0.09 | -0.36 | 0.05
60 | 0 | 358 | 1.31 | -008 | 049 | 015 | -0.07 | -0.37 | 0.06
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Model 2 Cen CMy
0 + - + -

(dgg.) (deg.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
60 | 30 | 382 | 1.32 | -015 | 049 | 047 | -0.07 | -0.36 | 0.06
60 | 45 | 324 | 1.17 | -018 | 047 | 018 | -0.05 | -0.34 | 0.06
60 | 60 | 266 | 0.85 | -048 | 0.39 | 021 | -0.03 | -0.28 | 0.05
60 | 90 | 113 | -0.03 | -1.29 | 024 | 019 | 0.00 | -0.19 | 0.04
60 | 120 | 03L | -0.76 | 275 | 0.31 | 0.14 | -0.05 | -0.26 | 0.04
60 | 135 | 021 | -0.90 | 247 | 033 | 016 | -0.05 | -0.29 | 0.05
60 | 150 | 0.03 | -1.04 | 270 | 0.35 | 0.14 | -0.06 | -0.28 | 0.05
60 | 180 | -003 | -1.19 | -2.94 | 037 | 013 | -0.10 | -0.34 | 0.05
75 | 0 | 360 | 1.38 | 0.05 | 049 | 020 | -0.06 | -0.34 | 0.06
75 | 30 | 355 | 1.36 | -0.05 | 048 | 045 | -0.10 | -0.39 | 0.06
75 | 45 | 356 | 1.20 | -0.14 | 047 | 023 | -0.04 | -0.32 | 0.06
75 | 60 | 309 | 0.88 | -043 | 042 | 025 | 0.02 | -023 | 0.05
75 | 90 | 122 | -0.02 | -145 | 027 | 049 | 0.00 | -021 | 0.05
75 | 120 | 040 | -0.72 | -245 | 032 | 0.14 | -0.06 | -027 | 0.04
75 | 135 | 021 | -0.92 | -264 | 035 | 017 | -0.04 | -027 | 0.05
75 | 150 | 0.10 | -1.05 | -2.95 | 0.38 | 0.16 | -0.06 | -0.30 | 0.05
75 | 180 | -0.02 | -1.11 | -2.94 | 0.38 | 018 | -0.06 | -03L | 0.05
9 | 0 | 379 | 1.49 | 0.08 | 049 | 021 | -0.04 | -0.34 | 0.6
90 | 30 | 373 | 1.40 | 0.03 | 047 | 018 | -0.09 | -0.36 | 0.06
90 | 45 | 351 | 1.28 | -017 | 048 | 024 | -0.02 | -0.29 | 0.06
90 | 60 | 316 | 1.00 | -042 | 043 | 030 | 0.01 | -0.26 | 0.06
90 | 90 | 147 | 000 | -1.44 | 028 | 030 | 0.00 | -0.27 | 0.06
90 | 120 | 055 | -0.76 | -255 | 0.35 | 025 | -0.01 | -0.28 | 0.06
90 | 135 | 022 | -0.89 | -2.74 | 036 | 024 | -0.03 | -0.28 | 0.06
90 | 150 | 020 | -1.02 | -3.10 | 040 | 024 | -0.04 | -0.31 | 0.06
90 | 180 | 0.10 | -1.14 | 322 | 042 | 028 | -0.02 | -0.30 | 0.06

84




Model 3 Cen CMy
0 + - + -

(dgg.) (deg)) P(ea)k Mean PEea)lk S.D. P(ea)k Mean P(eglk SD.
0 | 0 | 071 | -024 | -097 | 018 | 0.14 | -0.04 | -0.26 | 0.04
0 | 30 | 063 | -034 | -1.14 | 020 | 011 | -0.09 | -0.29 | 0.04
0 | 45 | 055 | -040 | -133 | 020 | 0.10 | -0.10 | -0.32 | 0.04
0 | 60 | 0.94 | -006 | -LOL | 020 | 0.18 | 0.00 | -0.19 | 0.04
0 | 9 | 076 | -008 | -0.86 | 018 | 0.17 | 0.01 | -0.13 | 0.04
0 | 120 | 0.73 | -0.15 | -0.98 | 019 | 0.16 | 0.00 | -0.15 | 0.03
0 | 135 | 0.80 | -0.08 | -094 | 019 | 0.17 | -0.01 | -0.19 | 0.04
0 | 150 | 0.84 | -011 | -099 | 019 | 0.15 | -0.03 | -0.21 | 0.04
0 | 180 | 0.80 | -0.10 | -0.90 | 0.18 | 0.15 | -0.04 | -0.24 | 0.04
15 | 0 | 148 | 023 | 067 | 0.26 | 0.14 | -0.05 | -0.30 | 0.05
15 | 30 | 140 | 021 | -068 | 0.25 | 013 | -0.06 | -0.31 | 0.05
15 | 45 | 1.36 | 019 | -0.72 | 0.23 | 0.16 | -0.04 | -0.25 | 0.04
15 | 60 | 131 | 016 | -0.72 | 0.22 | 013 | -0.05 | -0.23 | 0.04
15 | 90 | 080 | -0.03 | -0.89 | 0.18 | 0.16 | 0.00 | -0.16 | 0.04
15 | 120 | 064 | 0.27 | -1.19 | 019 | 0.14 | -0.03 | -020 | 0.04
15 | 135 | 026 | -0.56 | -153 | 0.19 | 0.09 | -0.09 | -027 | 0.04
15 | 150 | 028 | -0.55 | -153 | 020 | 0.08 | -0.09 | -029 | 0.04
15 | 180 | 037 | 049 | -1.50 | 0.20 | 0.09 | -0.10 | -0.35 | 0.05
30 | 0 | 256 | 085 | -039 | 041 | 009 | -0.14 | -047 | 0.07
30 | 30 | 242 | 063 | -053 | 038 | 006 | -0.15 | -0.44 | 0.06
30 | 45 | 2.08 | 0.44 | -065 | 033 | 006 | -0.13 | -0.38 | 0.05
30 | 60 | 1.66 | 0.37 | -056 | 027 | 045 | -0.03 | -024 | 0.04
30 | 90 | 0.90 | -0.07 | -0.95 | 020 | 048 | 0.01 | -0.17 | 0.04
30 | 120 | 040 | -0.60 | -L.79 | 024 | 043 | -0.05 | -0.28 | 0.04
30 | 135 | 0.14 | -081 | -223 | 026 | 041 | -0.09 | -033 | 0.05
30 | 150 | 0.11 | -0.91 | -250 | 028 | 007 | -0.11 | -0.40 | 0.05
30 | 180 | 0.15 | -0.89 | -2.25 | 029 | 0.06 | -0.15 | -0.44 | 0.06
45 | 0 | 324 | 117 | -011 | 046 | 011 | -0.10 | -0.38 | 0.06
45 | 30 | 324 | 1.08 | -017 | 045 | 013 | -0.10 | -0.37 | 0.06
45 | 45 | 268 | 0.89 | -029 | 040 | 0.14 | -0.07 | 035 | 0.05
45 | 60 | 208 | 0.62 | -038 | 031 | 0.14 | -0.06 | -029 | 0.05
45 | 90 | 0.99 | -002 | -1.10 | 022 | 020 | 0.00 | -0.16 | 0.04
45 | 120 | 041 | -064 | -1.92 | 027 | 043 | -0.05 | -0.26 | 0.04
45 | 135 | -0.01 | -093 | 224 | 028 | 007 | -0.10 | -0.35 | 0.04
45 | 150 | 0.02 | -1.01 | -254 | 030 | 0.08 | -0.11 | 033 | 0.05
45 | 180 | 0.05 | -1.03 | -251 | 0.30 | 0.41 | -0.09 | 032 | 0.05
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Model 3 Cen CMy
0 + - + -

(dgg.) (deg)) P(ea)k Mean PEea)lk S.D. P(ea)k Mean P(eglk SD.
60 | O | 335 | 121 | -010 | 045 | 043 | -0.07 | -032 | 0.05
60 | 30 | 349 | 1.22 | -0.18 | 046 | 014 | -0.06 | -032 | 0.05
60 | 45 | 321 | 1.08 | -017 | 045 | 016 | -0.05 | -03L | 0.05
60 | 60 | 250 | 0.74 | -0.39 | 0.37 | 018 | -0.01 | -024 | 0.05
60 | 90 | 116 | -0.01 | -1.16 | 024 | 047 | -0.01 | -0.20 | 0.04
60 | 120 | 039 | -0.71 | -215 | 028 | 042 | -0.06 | -0.25 | 0.04
60 | 135 | 0.09 | -0.86 | -2.27 | 029 | 0.08 | -0.09 | -0.26 | 0.04
60 | 150 | 0.00 | -0.98 | -254 | 033 | 041 | -0.06 | -027 | 0.04
60 | 180 | -0.05 | -1.09 | -2.64 | 0.34 | 009 | -0.09 | -032 | 0.04
75 | 0 | 356 | 1.37 | -003 | 047 | 047 | -0.04 | -030 | 0.05
75 | 30 | 354 | 1.28 | -0.08 | 046 | 017 | -0.04 | 028 | 0.05
75 | 45 | 325 | 1.19 | -0.08 | 045 | 049 | -0.03 | -027 | 0.05
75 | 60 | 2.82 | 0.86 | -045 | 040 | 020 | -0.01 | -022 | 0.05
75 | 90 | 124 | 002 | 133 | 026 | 020 | 0.01 | -0.19 | 0.04
75 | 120 | 058 | -0.66 | 227 | 030 | 047 | -0.02 | 023 | 0.04
75 | 135 | 028 | 085 | -248 | 033 | 0.16 | -0.03 | -023 | 0.04
75 | 150 | 0.07 | -1.01 | -2.78 | 035 | 043 | -0.05 | -027 | 0.04
75 | 180 | -0.03 | -1.15 | -2.95 | 037 | 0.14 | -0.05 | -0.26 | 0.04
9 | 0 | 368 | 132 | 0.00 | 046 | 020 | -0.03 | -027 | 0.05
90 | 30 | 357 | 1.30 | 0.02 | 044 | 020 | -0.06 | -0.32 | 0.06
90 | 45 | 332 | 121 | -0.10 | 044 | 025 | -0.02 | -026 | 0.05
90 | 60 | 301 | 0.94 | -039 | 040 | 022 | 0.00 | -022 | 0.05
90 | 90 | 129 | 0.00 | -L3L | 028 | 020 | 0.00 | -020 | 0.05
90 | 120 | 047 | -062 | -2.09 | 030 | 020 | -0.01 | -022 | 0.05
90 | 135 | 0.35 | -0.80 | -243 | 0.34 | 023 | -0.03 | -024 | 005
90 | 150 | 0.17 | -0.97 | -2.65 | 037 | 021 | -0.01 | -021 | 0.04
90 | 180 | 011 | -1.13 | -3.13 | 038 | 022 | -0.01 | -023 | 0.05
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Model 4 Cen CMy
0 + - + -

(dgg.) (deg.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
0 | 0 | 050 |-017 | -083 | 014 | 013 | -002 | -0.19 | 0.04
0 | 30 | 057 | 025 | -093 | 0.16 | 009 | -0.06 | -0.22 | 0.03
0 | 45 | 075 | 007 | -0.74 | 047 | 045 | 0.00 | -0.16 | 0.03
0 | 60 | 078 | 011 | -089 | 0.17 | 016 | 0.01 | -0.15 | 0.03
0 | 90 | 083 | 003 |-067 ]| 016 | 016 | 0.01 | -0.13 | 0.03
0 | 120 | 075 | -0.05 | -0.76 | 0.16 | 0.16 | 0.00 | -0.15 | 0.03
0 | 135 | 079 | -0.09 | -0.83 | 0.16 | 017 | -0.01 | -0.18 | 0.03
0 | 150 | 064 | -0.10 | -0.73 | 0.16 | 0.45 | -0.02 | -0.18 | 0.04
0 | 180 | 062 | -0.10 | -0.74 | 0.16 | 0.14 | -0.03 | -0.18 | 0.04
15 | 0 | 141 | 033 | -043 | 0.23 | 012 | -0.05 | -0.26 | 0.04
15 | 30 | 133 | 029 | -047 | 022 | 011 | -0.04 | 023 | 0.04
15 | 45 | 117 | 023 | -054 | 021 | 0.14 | -0.03 | -022 | 0.04
15 | 60 | 1.09 | 012 | -064 | 019 | 013 | -0.02 | -0.18 | 0.04
15 | 90 | 071 | -0.06 | -0.86 | 0.17 | 0.15 | 0.00 | -0.15 | 0.03
15 | 120 | 062 | 0.26 | -1.14 | 047 | 0.4 | -0.02 | -0.18 | 0.03
15 | 135 | 041 | -0.36 | 120 | 047 | 0.12 | -0.04 | -021 | 0.04
15 | 150 | 040 | -0.40 | -1.19 | 047 | 0.12 | -0.06 | -024 | 0.04
15 | 180 | 028 | 040 | -1.24 | 017 | 0.10 | -0.08 | -028 | 0.04
30 | 0 | 238 | 076 | -027 | 0.36 | 0.07 | -0.12 | -0.40 | 0.06
30 | 30 | 199 | 058 | -040 | 0.33 | 0.04 | -0.13 | -0.36 | 0.05
30 | 45 | 1.80 | 052 | -037 | 028 | 013 | -0.05 | -0.26 | 0.0
30 | 60 | 144 | 027 | -050 | 023 | 015 | -0.01 | -0.21 | 0.04
30 | 90 | 091 | 007 | -101 | 017 | 013 | -0.02 | -0.18 | 0.03
30 | 120 | 028 | 059 | -1.70 | 0.23 | 0.08 | -0.06 | -0.24 | 0.0
30 | 135 | 0.14 | 0.68 | -1.75 | 0.23 | 0.07 | -0.08 | -0.26 | 0.04
30 | 150 | 0.04 | -0.76 | -1.96 | 0.23 | 0.06 | -0.10 | -0.30 | 0.04
30 | 180 | 0.08 | -0.83 | 247 | 0.26 | 0.05 | -0.12 | -0.37 | 0.05
45 | 0 | 293 | 112 | 011 | 042 | 010 | -0.09 | -0.37 | 0.05
45 | 30 | 292 | 1.00 | -0.11 | 040 | 011 | -0.07 | -0.30 | 0.05
45 | 45 | 238 | 082 | 019 | 0.35 | 0.14 | -0.05 | -0.26 | 0.04
45 | 60 | 193 | 052 | 044 | 028 | 016 | -0.03 | -0.23 | 0.04
45 | 90 | 088 | -0.01 | -0.98 | 020 | 016 | 0.01 | -0.16 | 0.04
45 | 120 | 034 | 059 | -1.76 | 0.25 | 011 | -0.05 | -0.24 | 0.04
45 | 135 | 010 | -0.73 | 2.24 | 0.26 | 011 | -0.06 | -0.25 | 0.04
45 | 150 | 015 | -0.81 | -2.03 | 026 | 0.10 | -0.07 | -027 | 0.04
45 | 180 | -0.09 | -1.04 | 2.32 | 0.29 | 0.06 | -0.12 | -0.33 | 0.04
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Model 4 CFN CMy
0 + - + -

(dgg.) (deg.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
60 | 0 | 305 | 1.20 | 0.0 | 043 | 010 | -0.08 | -0.30 | 0.04
60 | 30 | 313 | 1.14 | 001 | 041 | 006 | -0.10 | -0.33 | 0.04
60 | 45 | 283 | 1.01 | -0.18 | 040 | 0.09 | -0.09 | -0.27 | 0.04
60 | 60 | 251 | 070 | -038 | 0.34 | 0.14 | -0.02 | -0.20 | 0.0
60 | 90 | 094 | -0.06 | -1.10 | 023 | 019 | 0.01 | -0.15 | 0.04
60 | 120 | 027 | -0.64 | 207 | 027 | 012 | -0.04 | -0.21 | 0.04
60 | 135 | 013 | -0.77 | 2.08 | 027 | 011 | -0.04 | -0.20 | 0.04
60 | 150 | 0.02 | -0.93 | 2.35 | 0.29 | 0.09 | -0.07 | -0.26 | 0.04
60 | 180 | -007 | -1.05 | 2.63 | 0.32 | 010 | -0.09 | -0.29 | 0.04
75 | 0 | 352 | 1.26 | 007 | 045 | 013 | -0.05 | -0.25 | 0.04
75 | 30 | 325 | 1.19 | -011 | 043 | 0.14 | -0.04 | -0.26 | 0.04
75 | 45 | 313 | 1.06 | 015 | 041 | 017 | -0.02 | -0.23 | 0.04
75 | 60 | 248 | 0.77 | -041 | 0.36 | 017 | -0.01 | -0.22 | 0.04
75 | 90 | 115 | 0.02 | -1.24 | 026 | 019 | 0.00 | -0.17 | 0.04
75 | 120 | 048 | 0.61 | 214 | 029 | 016 | -0.01 | -0.19 | 0.04
75 | 135 | 015 | -0.80 | 2.24 | 0.30 | 0.15 | -0.03 | -0.21 | 0.04
75 | 150 | 0.01 | -0.96 | 250 | 0.32 | 0.15 | -0.03 | -0.22 | 0.04
75 | 180 | -0.10 | -1.09 | -3.00 | 0.35 | 015 | -0.04 | -0.24 | 0.04
90 | 0 | 347 | 1.35 | 007 | 043 | 016 | -0.05 | -0.27 | 0.04
90 | 30 | 322 | 1.24 | 0.00 | 041 | 016 | -0.03 | -0.23 | 0.04
90 | 45 | 318 | 1.13 | -008 | 040 | 018 | -0.01 | -0.21 | 0.04
90 | 60 | 265 | 083 | -034 | 0.37 | 020 | 0.00 | -0.21 | 0.0
90 | 90 | 121 | 0.02 | -1.28 | 027 | 020 | 0.01 | -0.17 | 0.0
90 | 120 | 037 | 059 | 2.03 | 029 | 015 | -0.01 | -0.17 | 0.04
90 | 135 | 032 | -0.76 | 229 | 0.30 | 016 | -0.01 | -0.17 | 0.04
90 | 150 | 0.14 | -0.93 | -2.68 | 0.34 | 017 | -0.01 | -0.18 | 0.04
90 | 180 | 0.06 | -1.08 | -2.82 | 0.37 | 0417 | 0.00 | -0.19 | 0.04
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Model 5 Cen CMy
+ - + -

(dgg.) (deeg.) P(ea)k Mean PEea)tk >D. P(ea)k Mean P(ezlk SD.
0 | 0 | 085 |-007]|-000] 020 | 025 | 001 | -023 | 0.05
0 | 30 | 082 | -009 | -1.10 | 0.20 | 023 | 001 | -0.21 | 0.04
0 | 45 | 0.84 | -0.09 | -0.96 | 020 | 021 | 0.01 | -021 | 0.04
0 | 60 | 0.86 | -0.08 | -0.95 | 020 | 019 | 0.00 | -0.19 | 0.04
0 | 90 | 089 | -0.03 | -0.85 | 0.9 | 0.16 | 0.00 | -0.17 | 0.04
0 | 120 | 098 | -0.04 | -0.97 | 0.20 | 049 | 0.00 | -0.19 | 0.04
0 | 135 | 1.00 | -0.02 | -0.86 | 0.21 | 020 | -0.01 | -0.20 | 0.04
0 | 150 | 098 | -0.01 | -0.94 | 0.21 | 021 | -001 | -0.22 | 0.04
0 | 180 | 1.06 | 0.02 | -0.87 | 0.20 | 022 | -0.01 | -0.24 | 0.05
15 | 0 | 171 | 039 | -066 | 028 | 0.15 | -0.09 | -0.39 | 0.06
15 | 30 | 1.69 | 036 | -0.60 | 027 | 0.3 | -0.06 | -033 | 0.05
15 | 45 | 156 | 029 | -063 | 026 | 0.15 | -0.04 | -0.30 | 0.05
15 | 60 | 129 | 013 | -0.89 | 023 | 0.14 | -0.03 | -0.25 | 0.04
15 | 90 | 089 | -0.07 | -095 | 019 | 0.17 | 0.00 | -0.17 | 0.04
15 | 120 | 058 | -0.30 | -1.34 | 020 | 0.14 | -0.03 | -0.24 | 0.04
15 | 135 | 050 | -0.41 | -150 | 021 | 0.14 | -0.07 | -032 | 0.05
15 | 150 | 037 | 048 | -153 | 022 | 0.14 | -0.09 | -0.36 | 0.05
15 | 180 | 043 | 043 | -142 | 021 | 010 | -0.12 | -038 | 0.05
30 | 0 | 296 | 098 | -042 | 043 | 011 | -0.13 | -052 | 0.07
30 | 30 | 143 | 044 | -016 | 020 | 0.04 | -0.14 | -0.25 | 0.06
30 | 45 | 243 | 070 | -0.38 | 0.35 | 0.15 | -0.09 | -0.37 | 0.06
30 | 60 | 173 | 044 | 057 | 028 | 013 | -0.05 | -0.28 | 0.05
30 | 90 | 0.96 | -0.05 | -1.07 | 020 | 0.18 | 0.00 | -0.17 | 0.04
30 | 120 | 0.39 | -0.53 | -1.80 | 0.24 | 0.12 | -0.07 | -0.31 | 0.05
30 | 135 | 032 | 0.75 | 2.00 | 027 | 041 | -011 | -0.38 | 0.05
30 | 150 | 013 | 0.92 | -2.34 | 029 | 0.08 | -0.14 | -0.44 | 0.06
30 | 180 | 019 | -0.85 | -2.13 | 0.27 | 0.06 | -0.15 | -0.46 | 0.06
25 | 0 | 315 | 1.21 | 012 | 045 | 013 | -0.00 | -0.44 | 0.06
45 | 30 | 318 | 1.13 | 020 | 0.46 | 010 | -0.12 | -0.43 | 0.06
45 | 45 | 278 | 0.92 | 024 | 040 | 041 | -0.11 | -0.40 | 0.06
45 | 60 | 235 | 0.66 | -042 | 0.33 | 019 | -0.04 | -0.29 | 0.05
45 | 90 | 116 | -0.05 | -1.17 | 021 | 019 | 0.02 | -0.17 | 0.0
45 | 120 | 027 | 071 | 216 | 0.28 | 012 | -0.08 | -0.34 | 0.05
45 | 135 | 019 | 090 | 2.44 | 032 | 009 | -0.12 | -0.40 | 0.05
45 | 150 | 006 | -0.97 | 255 | 0.32 | 010 | -0.11 | -0.38 | 0.05
45 | 180 | 007 | -1.01 | 2.65 | 0.32 | 011 | -011 | -0.39 | 0.05
60 | 0 | 362 | 1.30 | -009 | 049 | 019 | -0.06 | -0.42 | 0.06
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Model 5 Cen CMy
+ - + -

(dgg.) (deeg.) P(ea)k Mean PEea)tk >D. P(ea)k Mean P(ezlk SD.
60 | 30 | 361 | 1.20 | -011 | 047 | 015 | -0.09 | -0.39 | 0.06
60 | 45 | 345 | 1.16 | -0.15 | 046 | 018 | -0.07 | -0.38 | 0.06
60 | 60 | 284 | 085 | -043 | 038 | 018 | -0.05 | -0.32 | 0.05
60 | 90 | 110 | -0.02 | -1.36 | 0.23 | 023 | 0.01 | -0.20 | 0.05
60 | 120 | 035 | -0.77 | 264 | 031 | 015 | -0.05 | -0.30 | 0.05
60 | 135 | 027 | 0.88 | 251 | 031 | 015 | -0.06 | -0.31 | 0.05
60 | 150 | 0.05 | -1.01 | -3.00 | 0.35 | 013 | -0.08 | -0.35 | 0.05
60 | 180 | -001 | -1.10 | -2.91 | 0.35 | 011 | -0.09 | -0.40 | 0.05
75 | 0 | 38L | 1.34 | 000 | 049 | 018 | -0.06 | -0.35 | 0.06
75 | 30 | 360 | 1.30 | 0.00 | 047 | 017 | -0.08 | -0.36 | 0.05
75 | 45 | 362 | 1.22 | -013 | 046 | 014 | -0.09 | -0.38 | 0.05
75 | 60 | 286 | 0.90 | -025 | 040 | 020 | -0.04 | -0.30 | 0.05
75 | 90 | 120 | 0.00 | -1.23 | 025 | 024 | 0.02 | -0.21 | 0.0
75 | 120 | 047 | 0.72 | 241 | 0.33 | 020 | -0.04 | -0.28 | 0.05
75 | 135 | 019 | -0.88 | 250 | 0.34 | 0.16 | -0.04 | -0.28 | 0.05
75 | 150 | 015 | -1.06 | -3.17 | 0.38 | 017 | -0.04 | -0.31 | 0.05
75 | 180 | 002 | -1.12 | 2.93 | 0.39 | 016 | -0.07 | -0.32 | 0.05
90 | 0 | 374 | 139 | 005 | 050 | 0.25 | -0.02 | -0.32 | 0.06
90 | 30 | 3.78 | 1.36 | -0.01 | 0.47 | 0.26 | -0.06 | -0.36 | 0.06
90 | 45 | 348 | 1.26 | -013 | 045 | 022 | -0.06 | -0.38 | 0.06
90 | 60 | 296 | 098 | -0.30 | 041 | 0.22 | 0.00 | -0.25 | 0.06
90 | 90 | 128 | -0.01 | -1.14 | 026 | 026 | 0.02 | -0.21 | 0.05
90 | 120 | 043 | -0.73 | 256 | 0.34 | 0.23 | 0.00 | -0.24 | 0.05
90 | 135 | 0.22 | -0.86 | -2.48 | 0.36 | 0.23 | -0.03 | -0.27 | 0.05
90 | 150 | 0.09 | -1.05 | -2.88 | 0.39 | 0.24 | -0.04 | -0.27 | 0.05
90 | 180 | 0.05 | -1.09 | -3.00 | 0.40 | 0.18 | -0.04 | -0.30 | 0.05
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Model 6 Cen CMy
0 + - + -

(dgg.) (deg.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
0 | 0 | 078 | -007|-084]| 018 | 029 | 0.01 | -0.26 | 0.06
0 | 30 | 089 | -0.08 | 091 | 019 | 022 | -0.03 | -027 | 0.05
0 | 45 | 085 | -0.09 | -0.95 | 020 | 021 | -0.03 | -029 | 0.05
0 | 60 | 098 | -0.05| -0.86 | 0.19 | 021 | 0.00 | -022 | 0.05
0 | 90 | 0.80 | -0.08 | -0.84 | 0.18 | 020 | 0.00 | -022 | 0.05
0 | 120 | 0.88 | -0.06 | -0.86 | 0.18 | 0.20 | 0.01 | -0.18 | 0.04
0 | 135 | 088 | -011 | -0.94 | 019 | 018 | -0.03 | -0.23 | 0.04
0 | 150 | 078 | -011 | -1.03 | 0.20 | 022 | -0.03 | -0.24 | 0.05
0 | 180 | 0.79 | -0.08 | -0.92 | 0.19 | 0.19 | -0.04 | -027 | 0.05
15 | 0 | 180 | 042 | -052 | 027 | 019 | -0.08 | -0.42 | 0.07
15 | 30 | 1.65 | 038 | -066 | 0.27 | 0.14 | -0.09 | -0.40 | 0.06
15 | 45 | 151 | 030 | -066 | 0.25 | 0.16 | -0.08 | -0.36 | 0.06
15 | 60 | 1.30 | 021 | -066 | 0.23 | 017 | -0.03 | -0.25 | 0.05
15 | 90 | 097 | -0.03 | -0.83 | 0.18 | 0.9 | 0.00 | -021 | 0.04
15 | 120 | 059 | -0.26 | -1.23 | 019 | 0.18 | -0.04 | -023 | 0.04
15 | 135 | 047 | 039 | -1.35 | 020 | 0.16 | -0.07 | -029 | 0.05
15 | 150 | 040 | -0.46 | -152 | 021 | 0.14 | -0.09 | -0.37 | 0.06
15 | 180 | 043 | 047 | -157 | 021 | 0.0 | -0.14 | -0.46 | 0.06
30 | 0 | 247 | 083 | -038 | 040 | 017 | -0.12 | -0.48 | 0.08
30 | 30 | 243 | 0.72 | -045 | 036 | 0.14 | -0.12 | -0.46 | 0.07
30 | 45 | 202 | 057 | -056 | 033 | 012 | -0.12 | -0.43 | 0.06
30 | 60 | 185 | 043 | -054 | 028 | 016 | -0.04 | -0.28 | 0.05
30 | 90 | 093 | -0.02 | -085 | 0.19 | 020 | 0.01 | -0.20 | 0.0
30 | 120 | 043 | 052 | -1.67 | 022 | 0.14 | -0.06 | -0.30 | 0.05
30 | 135 | 030 | -0.69 | -2.04 | 026 | 011 | -0.11 | -0.38 | 0.05
30 | 150 | 0.20 | -0.80 | -2.35 | 028 | 0.10 | -0.13 | -0.44 | 0.06
30 | 180 | 026 | 0.82 | 217 | 028 | 0.08 | -0.17 | -0.47 | 0.06
45 | 0 | 298 | 115 | 014 | 043 | 013 | -0.11 | -0.43 | 0.06
45 | 30 | 302 | 1.10 | 021 | 043 | 013 | -0.14 | -0.49 | 0.06
45 | 45 | 271 | 089 | 039 | 040 | 012 | -0.13 | -0.42 | 0.06
45 | 60 | 225 | 057 | 046 | 032 | 0.16 | -0.07 | -0.30 | 0.05
25 | 90 | 1.00 | -0.10 | -1.05 | 0.21 | 017 | -0.02 | -0.22 | 0.04
45 | 120 | 036 | -0.71 | 2.14 | 027 | 008 | -0.10 | -0.36 | 0.05
45 | 135 | 041 | -0.90 | 2.38 | 031 | 007 | -0.14 | -041 | 0.05
45 | 150 | 0.0 | 0.99 | -2.62 | 032 | 0.10 | -0.14 | -0.43 | 0.06
45 | 180 | 002 | -1.15 | 2.83 | 0.32 | 003 | -0.19 | -0.51 | 0.06
60 | 0 | 373 | 1.23 | -010 | 047 | 021 | -0.06 | -0.37 | 0.06
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Model 6 Cen CMy
+ - + -

(dgg.) (dg)g.) P(egk Mean Pfaa)lk >D. P(ea)k Mean Pfegk SD.
60 | 30 | 349 | 1.24 | -005 | 047 | 0.16 | -0.09 | -0.38 | 0.06
60 | 45 | 336 | 112 | -020 | 044 | 018 | -0.08 | -0.37 | 0.06
60 | 60 | 261 | 077 | -033 | 0.37 | 018 | -0.05 | -0.32 | 0.05
60 | 90 | 1.00 | -0.04 | -1.09 | 0.23 | 0.21 | 0.00 | -0.20 | 0.04
60 | 120 | 039 | 0.73 | 2.14 | 0.30 | 0.14 | -0.06 | -0.32 | 0.05
60 | 135 | 015 | -0.85 | 258 | 0.31 | 0.2 | -0.08 | -0.35 | 0.05
60 | 150 | 0.08 | -0.98 | -2.66 | 0.34 | 0.2 | -0.10 | -0.38 | 0.05
60 | 180 | 0411 | -1.10 | -3.04 | 036 | 013 | -0.11 | -0.39 | 0.06
75 | 0 | 358 | 1.37 | 005 | 048 | 0.23 | -0.05 | -0.33 | 0.06
75 | 30 | 348 | 1.32 | 001 | 046 | 018 | -0.08 | -0.37 | 0.06
75 | 45 | 329 | 1.19 | -0.08 | 0.44 | 0.6 | -0.08 | -0.33 | 0.05
75 | 60 | 284 | 088 | -028 | 0.38 | 020 | -0.03 | -0.29 | 0.0
75 | 90 | 121 | -0.02 | -1.19 | 024 | 023 | 0.01 | -0.22 | 0.05
75 | 120 | 041 | 0.70 | 241 | 031 | 019 | -0.03 | -0.26 | 0.05
75 | 135 | 012 | -0.84 | 240 | 0.32 | 015 | -0.07 | -0.29 | 0.05
75 | 150 | 0.04 | -1.04 | 312 | 0.37 | 013 | -0.08 | -0.32 | 0.05
75 | 180 | -001 | -1.12 | -2.94 | 0.38 | 012 | -011 | -0.37 | 0.05
90 | 0 | 359 | 141 | 009 | 049 | 026 | -0.05 | -0.32 | 0.06
90 | 30 | 359 | 1.40 | 016 | 047 | 013 | -0.11 | -0.42 | 0.06
90 | 45 | 326 | 1.25 | 008 | 042 | 015 | -0.11 | -0.38 | 0.06
90 | 60 | 296 | 098 | -0.14 | 039 | 016 | -0.07 | -0.31 | 0.05
90 | 90 | 122 | 007 | -1.05 | 0.24 | 017 | -0.05 | -0.28 | 0.05
90 | 120 | 051 | -0.60 | -2.20 | 0.32 | 018 | -0.05 | -0.28 | 0.05
90 | 135 | 029 | 0.82 | 275 | 0.34 | 017 | -0.06 | -0.28 | 0.05
90 | 150 | 047 | -1.00 | -2.99 | 0.39 | 017 | -0.06 | -0.31 | 0.05
90 | 180 | 010 | -1.07 | -2.92 | 039 | 018 | -0.07 | -0.36 | 0.06
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Model 7 Cen CMy
+ - + -

(dgg.) (deeg.) P(ea)k Mean PEea)tk >D. P(ea)k Mean P(ezlk SD.
0 | 0 | 069 |-007|-085] 016 | 029 | 003 | -021 | 0.05
0 | 30 | 070 | 007 | 0.82 | 0.16 | 024 | 0.00 | -022 | 0.04
0 | 45 | 0.79 | -0.08 | 0.89 | 017 | 021 | -0.01 | -021 | 0.04
0 | 60 | 071 | -0.14 | -0.83 | 0.16 | 017 | -0.01 | -0.21 | 0.04
0 | 90 | 075 | -005 | -0.72 | 015 | 020 | 0.00 | -0.19 | 0.04
0 | 120 | 076 | -0.04 | -0.71 | 0.16 | 047 | -0.01 | -0.18 | 0.04
0 | 135 | 084 | -0.09 | -0.83 | 0.18 | 0.18 | -0.02 | -0.21 | 0.04
0 | 150 | 0.85 | -0.07 | -0.83 | 0.18 | 0.19 | -0.03 | -0.22 | 0.04
0 | 180 | 079 | -0.05 | -0.79 | 0.18 | 0.19 | -0.03 | -0.24 | 0.05
15 | 0 | 169 | 036 | -047 | 026 | 0.14 | -0.08 | -0.39 | 0.06
15 | 30 | 153 | 035 | -044 | 024 | 012 | -0.09 | -037 | 0.05
15 | 45 | 135 | 026 | -055 | 023 | 012 | -0.08 | -031 | 0.05
15 | 60 | 111 | 012 | -061 | 020 | 0.15 | -0.04 | -0.25 | 0.04
15 | 90 | 070 | -0.05 | -0.72 | 0.16 | 0.19 | 0.01 | -0.18 | 0.04
15 | 120 | 036 | -0.35 | -1.20 | 017 | 0.13 | -0.04 | -0.25 | 0.04
15 | 135 | 032 | -047 | -141 | 018 | 0.13 | -0.07 | -027 | 0.04
15 | 150 | 027 | 052 | -151 | 020 | 0.11 | -0.09 | -0.34 | 0.05
15 | 180 | 0.30 | -0.50 | -1.42 | 0.19 | 0.08 | -011 | -0.37 | 0.05
30 | 0 | 268 | 090 | 030 | 040 | 0.11 | -0.14 | -0.54 | 0.07
30 | 30 | 238 | 074 | 032 | 0.35 | 0.09 | -0.13 | -0.42 | 0.06
30 | 45 | 1.89 | 058 | -0.36 | 0.31 | 0.09 | -011 | -0.40 | 0.05
30 | 60 | 1.66 | 034 | -050 | 0.26 | 0.13 | -0.06 | -0.28 | 0.04
30 | 90 | 078 | 011 | -084 | 0.16 | 016 | -0.02 | -0.18 | 0.04
30 | 120 | 024 | 054 | -1.71 | 020 | 012 | -0.07 | -0.32 | 0.04
30 | 135 | 014 | 0.73 | -1.85 | 0.24 | 0.08 | -0.10 | -0.36 | 0.05
30 | 150 | 0.09 | -0.84 | 2.30 | 0.26 | 0.08 | -0.12 | -0.41 | 0.05
30 | 180 | -0.14 | -1.01 | -2.43 | 026 | 0.03 | -0.18 | -0.46 | 0.06
45 | 0 | 288 | 1.07 | 015 | 044 | 014 | -0.13 | -0.42 | 0.06
45 | 30 | 306 | 1.01 | -0.19 | 0.43 | 009 | -0.15 | -0.44 | 0.06
45 | 45 | 265 | 081 | 027 | 0.38 | 008 | -013 | -0.42 | 0.05
45 | 60 | 202 | 047 | 053 | 031 | 015 | -0.08 | -0.31 | 0.05
45 | 90 | 078 | 012 | -1.18 | 0.19 | 018 | -0.03 | -0.21 | 0.04
45 | 120 | 021 | -0.70 | -1.92 | 0.25 | 0.10 | -0.10 | -0.36 | 0.05
45 | 135 | 013 | -0.89 | 255 | 0.20 | 0.09 | -0.12 | -0.40 | 0.05
45 | 150 | 002 | 097 | 262 | 029 | 010 | -0.13 | -0.42 | 0.05
45 | 180 | -0.16 | -1.11 | 2.44 | 0.30 | 003 | -0.18 | -0.47 | 0.05
60 | 0 | 33L | 1.23 | -001 | 044 | 018 | -0.07 | -0.38 | 0.06
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Model 7 Cen CMy
+ - + -

(dgg.) (deeg.) P(ea)k Mean PEea)tk >D. P(ea)k Mean P(ezlk SD.
60 | 30 | 330 | 1.20 | -007 | 044 | 017 | -0.10 | -0.38 | 0.06
60 | 45 | 2901 | 1.03 | -0.14 | 040 | 014 | -0.09 | -0.36 | 0.05
60 | 60 | 231 | 070 | -034 | 0.34 | 019 | -0.04 | -0.30 | 0.05
60 | 90 | 095 | -0.03 | -1.15 | 0.20 | 020 | -0.01 | -0.20 | 0.0
60 | 120 | 031 | -0.63 | -1.94 | 027 | 014 | -0.07 | -0.33 | 0.05
60 | 135 | 020 | 0.78 | 221 | 0.28 | 012 | -0.08 | -0.33 | 0.05
60 | 150 | 0.14 | -0.94 | 235 | 0.32 | 011 | -0.09 | -0.32 | 0.05
60 | 180 | 003 | -1.09 | 278 | 0.34 | 007 | -0.13 | -0.38 | 0.05
75 | 0 | 363 | 1.31 | -002 | 048 | 021 | -0.03 | -0.35 | 0.06
75 | 30 | 325 | 1.23 | -012 | 044 | 018 | -0.06 | -0.32 | 0.06
75 | 45 | 320 | 1.09 | -019 | 042 | 019 | -0.05 | -0.33 | 0.05
75 | 60 | 269 | 083 | -033 | 037 | 019 | -0.02 | -0.28 | 0.05
75 | 90 | 119 | -0.01 | -1.16 | 0.22 | 022 | 0.00 | -0.20 | 0.04
75 | 120 | 032 | 0.65 | 2.8 | 029 | 018 | -0.03 | -0.26 | 0.05
75 | 135 | 017 | 0.84 | 231 | 032 | 015 | -0.07 | -0.30 | 0.05
75 | 150 | 007 | -1.01 | -2.62 | 0.36 | 0.14 | -0.08 | -0.29 | 0.05
75 | 180 | -012 | -1.14 | -3.00 | 0.37 | 014 | -0.10 | -0.35 | 0.05
90 | 0 | 373 | 1.37 | 012 | 046 | 024 | -0.03 | -0.33 | 0.06
90 | 30 | 336 | 1.30 | 003 | 0.44 | 0.20 | -0.06 | -0.34 | 0.06
90 | 45 | 312 | 1.19 | 002 | 041 | 020 | -0.05 | -0.30 | 0.06
90 | 60 | 264 | 085 | -032 | 037 | 0.22 | 0.00 | 023 | 0.05
90 | 90 | 124 | 000 | -1.19 | 024 | 022 | 0.00 | -0.21 | 0.05
90 | 120 | 045 | -0.61 | -2.05 | 0.30 | 0.23 | -0.02 | -0.29 | 0.05
90 | 135 | 0.25 | -0.81 | 2.63 | 0.33 | 0.23 | -0.02 | -0.25 | 0.05
90 | 150 | 0.07 | -1.01 | -3.05 | 0.38 | 0.25 | -0.03 | -0.28 | 0.05
90 | 180 | 0.00 | -1.13 | -3.01 | 040 | 026 | -0.03 | -0.33 | 0.06
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APPENDIX B

B1. CALCULATION OF DESIGN LOADS AS PER ASCE 7-05

Design wind loads for a full scale ground mounted photovoltaic tracker (PVT) were
obtained by idealizing the PVT system as a monoslope free roof. The net pressure
coefficients defined in Figure 6-18A of ASCE 7-05 (Figure B1) were used. The wind
directions y=0°and y=180° in ASCE 7-05, correspond to 180° and 0° wind directions of

wind tunnel tests, respectively.

Wind [
Direction EEHE
y=0° N ¥ =180°
FIFTFFTF T i777iiry iy
Sign Convention
+ Towards the top surface

Away from the top surface

Figure B1 Net pressure coefficients for monoslope free roofs shown in Figure 6-18A of

ASCE 7-05
PVT Prototype Dimensions
L= 16.00 ft = 192 in
W= 16.00 ft = 192 in
H= 11.00 ft = 132 in
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Calculation of velocity pressure as per Sec. 6.5.10 of ASCE 7-05

Viaese =
Kz=
Kzt =
Kd=
1=
gh =
G=

90
0.85
1
0.85
0.87

13.03413

0.85

mph =

psf

40.23

m/’s

From Sec. 6.5.15 of ASCE 7-05, the design wind load on PVT = g, G C, A

Where, A, = prototype reference area of solid PVT = 16t x 16ft = 256 ft?

The design wind loads calculated for four pitch angles of the prototype PVT model using

the ASCE 7-05 standard are shown in Tables B1 through B4.

Table B1. Design Normal Force as per ASCE 7-05 for Pitch Angle = 0°

v =0° v =180°
Clear Obstructed Clear Obstructed
g CNW CML CHW CML CNW CNL CNW CHNL
0 A 1.20 0.30 -0.50 -0.20 1.20 0.30 -0.50 -1.20
B -1.10 -0.10 -1.10 -0.60 -1.10 -0.10 -1.10 -0.60
Pressue A 13.29 3.32 -5.54 -2.22 13.29 3.32 -5.541 -13.29
(psf) B -12.19 -1.11 -12.19 -6.65 -12.19 -1.11 -12.19 -6.65
Load Case Fy (lbs) 1701.74 425.43 -709.06 | -283.62 | 1701.74 | 425.43 | -709.06 |-1701.74
A Fx (lbs) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fz (lbs) -1701.74 -425.43 J09.06 | 283.62 [-1701.74| -425.43 | 709.06 | 1701.74
Load Case Fy (lbs) -1559.92 -141.81 |-1559.92| -850.87 [-1559.92| -141.81 (-1559.92| -850.87
B Fx (lbs) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fz (lbs) 1559.92 141.81 1559.92 | 850.87 | 1559.92 | 141.81 | 1559.92| B850.87
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Table B2. Design Normal Force as per ASCE 7-05 for Pitch Angle = 15°

v =0° v =180"
Clear Obstructed Clear Obstructed

5 CNW CML CHW CML CNW CML CNW CML

15 A -0.90 -1.320 -1.10 -1.50 1.30 1.60 0.40 -1.10

B -1.90 0.00 -2.10 -0.60 1.80 0.60 1.20 -0.30

Pressue A -9.97 -14.40 -12.19 | -16.62 14.40 17.73 4.43 -12.19

(psf) B -21.05 0.00 -23.27 -6.65 15.94 6.65 13.29 -3.32
Load Case Fy (Ibs) -1276.30 -1843.55 |-1559.92(-2127.17| 1843.55 | 2268.98 | 567.25 |-1559.92
A Fx [lbs) -330.33 -A477.15 -403.74 | -550.55 | 477.15 | 587.26 | 146.81 | -403.74

Fz (lbs) 1232.81 1780.73 1506.77 | 2054.69 [-1780.73|-2191.67| -547.92 | 1506.77

Load Case Fy (lbs) -2694.42 0.00 -2978.04| -850.87 | 2552.60 | 850.87 | 1701.74 | -425.43
5 Fx (lbs) | -697.37 0.00 -770.77 | -220.22 | 660.66 | 220.22 | 440.44 | -110.11

Fz (lbs) 2602.61 0.00 2876.56 | 821.88 (-2465.63| -821.88 (-1643.75| 410.94

Table B3. Design Normal Force as per ASCE 7-05 for Pitch Angle = 30°
v=0° v =180"
Clear Obstructed Clear Obstructed

5 CNW CML CHW CML CNW CML CNW CML

30 A -1.80 -1.80 -1.50 -1.20 2.10 2.10 0.6e0 -1.00

B -2.50 -0.50 -2.30 -1.10 2.60 1.00 1.60 0.10

Pressue A -19.94 -19.94 -16.62 | -19.94 23.27 23.27 6.65 -11.08

(psf) B -27.70 -5.54 -25.48 | -12.19 28.81 11.08 17.73 1.11
Load Case Fy (Ibs) -2552.60 -2552.60 (-2127.17|-2552.60| 2978.04 | 2978.04 | 850.87 (-1418.11
A Fx [lbs) -1276.30 -1276.30 (-1063.59|-1276.30| 1489.02 | 1489.02 | 425.43 | -709.06
Fz (lbs) 2210.62 2210.62 1842.18 | 2210.62 (-2579.06|-2579.06( -736.87 | 1228.12

Load Case Fy (lbs) -3545.28 -709.06  |-3261.66(-1559.92| 3687.10 | 1418.11 | 2268.98 | 141.81
B Fx (lbs) -1772.64 -354.53  |-1630.83| -779.96 | 1843.55 | 709.06 | 1134.49| 70.91
Fz (lbs) 3070.31 614.06 2824.68 | 1350.93 (-3193.12|-1228.12(-1965.00| -122.81
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Table BA4.

Design Normal Force as per ASCE 7-05 for Pitch Angle = 45°

v =0° v =180"
Clear Obstructed Clear Obstructed

5 CNW CML CHW CML CNW CML CNW CML

45 A -1.60 -1.80 -1.20 -1.20 2.20 2.50 0.80 -0.90

B -2.30 -0.70 -1.90 -1.20 2.60 1.40 2.10 0.40

Pressue A -17.73 -19.94 -14.40 | -19.94 24.37 27.70 8.86 -9.97

(psf) B -25.48 -7.76 -21.05 -13.29 28.81 15.51 23.27 4.43
Load Case Fy (Ibs) -2268.98 -2552.60 |-1843.55(-2552.60| 3119.85 | 3545.28 | 1134.49 |-1276.30
A Fx [lbs) -1604.41 -1804.96 (-1303.58|-1804.96| 2206.07 | 2506.89 | 802.21 | -9502.48

Fz (lbs) 1604.41 1804.96 1303.58 | 1804.96 (-2206.07|-2506.89( -802.21 | 902.48

Load Case Fy (lbs) -3201.66 -992.68 |-2694.42(-1701.74| 3687.10 | 1985.36 | 2978.04 | 567.25
B Fx (lbs) -2306.34 -701.93 |-1905.24|-1203.31( 2607.17 | 1403.86 | 2105.79 | 401.10
Fz (lbs) 2306.34 701.93 1905.24 | 1203.31 (-2607.17|-1403.86(-2105.79| -401.10

B2. CALCULATION OF DESIGN LOADS USING WIND TUNNEL DATA

V,, = Design wind speed at 33 ft elevation from ground as per ASCE 7-05 = 90 mph

V,,= Hourly mean wind speed at 33 ft elevation from ground

15

V,, 90
53

153

= =58.82 mph

VH = Hourly mean wind speed at pivot height of the PVT

1
=V, [ D —sgg 1
33 33

) =52.34 mph

q = Design pressure corresponding to mean hourly wind speed at PVT pivot height

=(0.00256) V2 =7.029 psf
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A . = prototype reference area of solid PVT = 16ft x 16ft = 256 ft*

Fy = Design normal force for a design wind speed V,, = qA Cqy

The design normal forces obtained for wind direction 0° and 180° of the wind tunnel tests

is shown in Table B5 and B6.

Table B5. Experimental Design Normal Forces for Wind Direction = 0°

Wind Tunnel Test
CFy Fy (lbs.)
PA (deg)| (+)Peak | Mean | (-} Peak 5.D. (+) Peak | Mean | (-) Peak 5.D.
. 0 1.04 -0.02 -0.95 023 || 1867.00| -37.29 |-1712.61| 411.07
HC’: 15 1.90 0.46 -0.59 033 | 3422.79| 833.73 |-1062.82| 58532
% 30 298 1.05 -0.33 047 || 535822188321 | -59099 | 841.76
;:: 45 3.60 138 -0.06 049 || 647559247935 -100.74 | 878.30
= 60 4.05 141 -0.03 052 |7283.15|254038| -5595 | 928.18
; 75 4.18 1.49 -0.02 0.52 |7519.26|2676.99| -33.76 | 944.13
90 3.90 145 -0.05 0.50 |7015.04|2612.76| -92.98 | 898.27

Table B6. Experimental Design Normal Forces for Wind Direction = 180°

Wind Tunnel Test
CFy, F (Ibs.)
P A (deg)| (+)Peak | Mean | (-} Peak S.D. (+) Peak | Mean | (-) Peak S.D.
a 0 1.03 -0.03 -0.98 022 || 1860.94| -53.73 |-1765.74| 404.09
= 15 0.45 -0.50 -1.71 0.23 817.66 [ -901.21 |-3083.11| 405.00
8 30 0.27 -0.88 -2.26 0.30 489.29 |-1587.31|-4064.79| 537.51
g 45 0.15 -1.02 -2.71 0.34 267.65 [-1830.88|-4883.75| 614.02
A 60 -0.01 -1.26 -3.07 0.38 -25.77 |-2259.17|-5530.66| 681 88
E 75 0.06 -1.23 -3.02 042 0998 |-221258|-5431.43] 74751
= S0 0.19 -1.25 -3.54 0.47 33333 [-2247.14|-6374.67| 846.69

To compare with the ASCE 7-05 results, the experimental design normal forces boxed in

the red rectangle were used as ASCE 7-05 limits the pitch angle of the roof to 45°.

99



	1. Thesis-Title-Page
	2. Abstract
	3. Acknowledgements
	4. TOC
	5. List of figures
	6. List of tables
	7. List of symbols
	8. Main
	9. Figures
	10. References
	11. Appendix A
	12. Appendix B

