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1. INTRODUCTION
1.1 General

The study reported herein was aimed at determining mean and dynamic
wind loading for the design of a large 95-mirror LaJet Energy Company
solar collector module. A two-axis drive system is used to track the
diurnal and seasonal movements of the sun. Wind forces on the collector
module are transferred to the supporting frame through this drive system
which supports the modﬁle. The drive system has to be designed struc-
turally te withstand extreme wind speeds in a stowed position, but also
has to be sturdy enough to keep the reflected sunlight focused at the
right spot for moderate wind conditions.

To determine the fluctuating wind-load on the solar collector a
six-component force balance was used. Measuring six components allows
the transformation of forces and moments to the desired location in the

drive mechanism.

1.2 Modeling

The development of boundary-layer wind tunnels has provided a
method for determination of wind loads on buildings and structures. A
boundary~layer wind tunnel differs from other types of wind tunnels in
that a thick turbulent boundary layer is developed along the floor of a
long test section whose characteristics produce an accurate scaled model
of the atmospheric boundary layer.

The «criteria to be satisfied for accurate .modeling of the
atmospheric boundary layer and wind loads on a structure have been
documented in the literature {1,2,3]. 1In general, the requirements are
that the model and prototype be geometrically similar, that the approach

mean velocity at the building site have a vertical profile shape similar



to the full~-scale flow, that the turbulence characteristics of the flows
be similar, and that the Reynolds number for the model and prototype be
equal. These criteria are satisfied by constructing a scale model of
the structure and its surroundings and performing the wind tests in a
wind tunnel specifically designed to model atmospheric boundary-layer
flows. The wind-tunnel simulation produces both the vertical profile
shape in mean velocity and the properly scaled turbulence
characteristics.

Reynolds number similarity requires that the quantity UD/v be
equal for model and prototype. Since v, the kinematic viscosity of
air, is identical for both, Reynolds numbers cannot be made equal with
reasonable wind velocities. To accomplish this the air velocity in the
wind tunnel would have to be as large as the model scale factor times
the prototype wind velocity, a velocity which would introduce unaccept-
able compressibility effects. However, for sufficiently high Reynolds
numbers (>2x10a) the pressure coefficient at any location on the struc-
ture will be essentially constant for a large range of Reynolds numbers.
Typical wvalues encountered are 10?-108 for the full-scale and 105~106
for the wind-tunnel model. 1In this range acceptable flow and wind load
similarity is achieved without Reynolds number equality.

Wind-tunnel boundary layers can be adjusted somewhat to account for
different model scales. For models which are about 1:200 or smaller,
the wind-tunnel boundary layers can relatively easily be adjusted to fit
the model scale. For models at a scale of 1:100 or larger, the physical
size of the wind-tunnel facility required to completely scale the bound~
ary layer becomes prohibitive. Definitive studies to show quantita-

tively how the wind loads on a structure are distorted by small



mismatches in the modeled boundary layer have not been performed,
particularly for dynamic loadings. However, the authors' experience
with measuring loads on models of similar shape but differing scale, in
addition to data available in the literature, suggests that the scale
used for this study (1:40) should not cause significant distortions in

the measured data.

1.3 Measurement Strategy

The measurement method applied here is that a rigid model of the
structure is mounted on a force balance in such a way that the resulting
natural frequency of the balance/model is higher than the scaled first
mode frequencies of the structure. A balance of this type can have up
to six degrees of freedom for measurement of three forces and three
moments. The measurements give directly the fluctuating wind loads,
usually in spectral form, without inclusion of structure inertial loads.
The loading data can then be combined analytically with structural
properties to obtain the mean and dynamic root-mean-square (rms) struc-
tural response. The peak response is estimated by adding the mean value
to a statistically chosen factor times the rms value. If structural
properties change, the analysis can be repeated without having to retest
the model.

An existing force balance was modified for this study to measure
six loading components, five moments and a horizontal force (which are
resolved into three forces and three moments at the drive rotation

point).



2. TEST EQUIPMENT AND INSTRUMENTATION
2.1 Wind Tunnel
Three large wind tunnels are available in the Fluid Dynamics and
Diffusion Laboratory at Colorade State University for wind engineering
investigations (see Figure 1). The wind tunnel used for this study was
the Industrial Aerodynamics tunnel shown in Figure 2. It has a 62-ft
long test section with a 6 x 6 ft cross section. Velocity is
continuously variable from 0 to 75 fps using a 75 hp variable pitch fan.
The boundary layer used for this study was obtained using a flow
trip--spires and a 7-in. barrier wall--at the test section entrance,
followed by pegboards for floor roughness. This roughness in combina-
tion with the spires and barrier gave mean velocity profile at the model

site given by

U, (z_)“ (1)
Um z@

where U is the mean velocity at height 2, U, is a reference

velocity at height =z and o is a power law exponent which varies

!
with floor roughness. The value of « wused in this test was 0.14
(~1/7) corresponding to open country. The mean velocity and longitu-
dinal turbulence intensity are shown in Figure 3. Shown in Figures 4
and 5 are the mean and turbulence intensity profiles measured in front
of and behind the collector model. The drop in mean velocity and
increased turbulence caused by the model is evident. Longitudinal

velocity spectra were also measured at two heights in front and behind

the model. Both of those spectra are shown in Figures 6 and 7.



2.2 TYorce Balance

The force balance used in this project is shown in Figure 8.
Basically, it is a strain-sensing apparatus consisting of three main
parts: a heavy steel reaction or inertial ring, a steel sprung plate
supported by steel cross-beams and a stem of aluminum tubing. The
reaction ring is bolted to the wind-tunnel turntable below the floor
level. The entire balance rotates along with the model on the turn-
table, and thus defines a body-centered coordinate system. The right-
handed coordinate system of the balance itself (Figure 8) is oriented
with the z-axis coinciding with the stem and force balance vertical
axis, and the x and y axes in the horizontal plane. The height of
this plane is at two different levels, defined by an upper and lower set
of strain gages, one attached to the sprung portion of the balance and
the other to the stem. Each level has two complete strain gage bridge
networks which sense the total bending moment about the x and y axes
at that level, the bending moments being the result of wind forces on the
entire solar collector model. Two other sets of strain gages sense the
torsional moments about the z-axis (Hz) and a lift force along =z (Fz).
These gages are located at the lower level. Figure 8 shows schemati-
cally the means by which the moments about the y-axis at level 1 (Myl)
and level 2 (Myz) are sensed.

The strain gages at level 1 are attached to necked-down segments of
the steel cross-members which connect the sprung portion of the balance
to the reaction base. The upper gages are attached to the stem, and are
shown in Figure 8. Temperature-compensating resistors within some of
the gage bridge networks are installed within the base of the force

balance. All strain gages are p~type silicon semiconductor electrical



resistance gages, having a nominal gage factor of about 140. The lower
gages are type SPB3-20-35 by BLH, and the upper gages are type BG-1-500
by Micro-Engineering II. The gages sensing F_ are from Micron
Instruments. Gage excitation and amplification were provided by
Accudata Model 218 gage control/amplifiers, manufactured by Honeywell.

The collector model was built and mounted in such a way that all
loads are transmitted to the stem above level 2. This results in two
important characteristics: 1) constant shear force in the stem between
levels 1 and 2, proportional to the difference in moment at the two
levels, and 2) a moment in the stem which varies linearly between the
two levels. These characteristics are used in transforming forces and
moments to the desired level.

The balance was designed to have a high natural frequency of
vibration to permit the measurement of dynamic loading without excessive
resonant amplification. This requirement was set by the need to measure
loads up to a certain reduced frequency nD/U. For a given velocity in
the tunnel and model dimension, we can calculate the required frequency
of the loading that is needed to obtain the response of the prototype.
The limitations and implications of the natural frequency of vibration
of the balance and the model itself are discussed in Section 2.5.

Calibration of the entire force balance system was performed in the
wind tunnel using the same electronics and data-acquisition system used
during testing. A fishing string was tied to the tallest stem which
supports the model and weights were used to pull on the string at the
expected height of the wind loading.

Calibration results indicated that all six channels (Hxl, Mx,, My,

Hyz, Mz’ Fz) have a nonlinearity of less than 1 percent {typically



0.25 percent) of full scale. Interaction between channels was small
except that Fz reacted to Mx. This interaction was calibrated as
being of the order of 10 percent and was compensated for in the software
of the digital signal processing.

2.3 Signal Processing

The signal processing system is shown in Figure 9. It consists of
the strain gages of the force balance, gage amplifiers to boost the
strain signals to approximately *10 VFS, anti~aliasing filters and a
pressure measurement system. The filters were Wavetek Model 852 B-pole
(48 dB/octave) Butterworth low-pass filters. They were primarily used
to compensate for force balance resonance. These filters were set at a
cut-off frequency (-3dB) of 30 Hz. The analog signals passing through
this system are digitized using a l6-channel Preston Scientific analog/
digital converter. Mean and rms for each channel are calculated on-
line, but the digital time-series are then stored on magnetic tapes.
These time-series can then be retrieved later for moment transformation
and spectral calculations.

2.4 The Solar Collector Model

The model used in this study was built by the sponsor (LaJet Solar
Energy Company). This model is shown in Figure 10. The model is built
to a scale of 1:40. The main disc frame had six elements made of brass
tubing. These frame elements were later replaced by solid steel bars
silver-soldered together, to mwake the model stiffer. These bars are
0.20 in. in diameter. Between those main elements is another finer
structure made of aluminum wire 0.05 in. in diameter. The 95 mirrors
were 1.5 in. in diameter and tied to this smaller frame, using thread.
The disc formed by the 95 mirrors was approximately 19 in. in diameter.

A pie~shaped piece of 1/6 the disc area was open--see Figure 10.



The large disc was then supported on a stem which was screwed to
the force balance. The force balance was located under the tunnel floor
as shown in Figure 8.

Three different stem lengths were used, to account for the:
different height from ground of the solar collector, for different
declination and hour angles. These stems are referred to as small
middle and large, see Table 2. The discrepency of height from ground
between model and prototype arises because the model is supported below
the disc, but the prototype is supported from above, as shown in
Figure 11.

Blockage effects caused by the model were estimated as less than
3 percent. The results were not corrected for this blockage, the
effects of which should be very small. The variations of mean, peak and
rms velocity by the side of the collector are shown in Figure 12. The
velocity characteristics shown are due to local disturbances created by
the collector and do not indicate blockage problems.

A Reynolds number check was performed to see if the small bars on
the back of the disk were small enough to show Reynolds number depen-
dence. The test was run for velocities from 10 to 50 fps (at 10 m
prototype height) for 90 degree wind direction, that is when the wind
glances by the back side of the collector blowing through the fine
truss-structure. The drag coefficient was constant over the range
tested, indicating Reynolds number effects were not sigmificant.

2.5 Frequency Response

One of the biggest concerns from the start of planning the study
was designing the collector model to have a natural freguency of vibra-

tion which would be high enough to enable measurements of dynamic wind



loading without excessive resonant amplification by the force balance-
model system. Strict design criteria for the mass and moment of inertia
of the model were decided on by assuming that the model itself would
behave like a rigid mass. On receiving the model it was evident that
the model itself had some very predominant internal modes of vibration
at low frequencies. The model was then modified. The main brass-
members were replaced by silver-soldered steel. Rods were also con-
nected from the support stem to the outer edges of the mirror disc.
These modifications were considered adequate to obtain dynamic loading
with reasonable accuracy.

It should be pointed out that the internal vibrations of the model
do not change the measured mean loading.

The low-pass filter cut-off frequency was set at 30 Hz for all
channels, to rid the signal of some of the high frequency vibrations.

The frequency response of a mechanical system is defined as:

JH(E)| = ! @)
Ju-cere Y212 (a5 )

Where fo is the natural frequency an { is the critical damping
ratio. This could be subtracted from the load-spectra if we knew fo
and { but because of the complexity of the vibrations it is considered
infeasible. Many different modes are observed and the changes in
declination, hour angle and stem length change the natural frequency of
each mode making corrections for mechanical amplification infeasible. A
more plausible approach is to assume the spectral values to be correct
up to a certain frequency below internal mode frequencies and then

extrapolate over that boundary if necessary.
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3. TEST RESULTS

3.1 Presentation of Data

3.1.1 Load Ceoefficients

All data is presented in nondimensional form so that results are
applicable to either the model or prototype. This is done by reducing
the measured values of force F, moment M, frequency n, and power
spectral density S(n) by dividing them by a combination of reference
quantities having the same dimension. Forces are presented in the form

of force coefficient, defined as

F

and moments are in the form of moment coefficient, defined as

o
M = QAL (4)

c
where q, A, and L are wind dynamic pressure, area and length
reference quantities. All reference quantities are defined for both
model and prototype in Table 1. The reference velocity U was always
measured at 10 meters height for prototype.

The description of power spectral density of any process, say force
SF(n), involves the tabulation of SF vs. frequency n. If this func-
tion is to be applicable at any scale, both SF and n must be non-

dimensional. The frequency n has the dimension of 1/time, so that the

nondimensional version, called the reduced frequency, is defined as

f =U— . (5)

As an example of the significance of reduced frequency, bodies of
cylindrical shape tend to shed vortices at a particular value of f
known as the Strouhal number. The constant Strouhal number forces the

relationships between n, D and U (setting any two also sets the
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third) over a wide range of cylinder sizes and velocities. For further
discussion on the reduced frequency, see reference [4], page 321. The
spectral value SF has the dimension of forcezl(unit frequency), and
must therefore be multiplied by a reference frequency and divided by the
square of a reference force. The obvious reference force is gqA, as was
used in the force coefficient. There is no natural reference frequency,
and the actual frequency n is used instead.* The resulting reduced

force spectrum is defined as

o) = E )
Sp(n) = ——pr (6
¥ (aa)?

Similarly, the reduced moment spectrum is defined as

« nSM(n)

s¥(a) = . )
" (qAL)?

Note that although the notatioen indicates these to be a function of
frequency n, they can be tabulated or plotted against any function of
n, of which the reduced frequency nD/U is usually selected.

3.1.2 Force and Moment Transformations

As explained in Section 2.2 and shown schematically in Figure 8,
five moments and one force were measured with the force balance. But
since the most wvulnerable part of the structure is the drive system,
moments and forces have to be transformed to the location of the drive
system. This location moves around in model-space when we vary the
declination or hour angles. Declination angle of the solar collector is

varied to account for seasonal changes in the solar height and different

*There are definite advantages to this convention. For example, the
spectrum may be integrated with respect to £n n, instead of n, to yield
the mean square value (since d(2n n) = dn/n). In other words, when
plotted on a logarithmic frequency axis, areas under the reduced spec-
trum curve in various frequency bands may be geometrically compared for
the distribution of energy. Also, the quantity nS(n)} is, directly, the
amount of energy which would be transmitted to a mechanical resonator
at frequency n (see Appendix D, "white noise/resonator approximation™).
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latitudes of the sites. The hour angle varies to track the nocturnal
sweep of the sun. Looking at the probable boundaries on latitudinal
location it was considered adeqguate to measure wind loading for declina-
tion angles between -23.5 to 72.5 degrees (zero degrees is with the
collector z-axis pointing straight up, positive angles point to the
south~-see Figure 11). The hour angle varies between -90 to 90 degrees
but because of symmetry it is sufficient to study 0- to 90-degree hour
angles (zero degrees is with the collector z-axis pointing straight up,
positive wvalues point the collector west--see Figure 11). For each
combination of an hour angle and declination angle, loading has to be
measured for many different wind directions, to get a complete picture
of the loading. Because of the overwhelming number of combinations
(about 3000 taking 10-degree steps), it was decided to vary the two
angles independently. That is, vary the declination from -20 to 75
degrees keeping the hour angle equal to zero. Keeping the hour angle
zero retains the symmetry of the collector with respect to the wind so
it is sufficient to vary the wind direction only from 0 to 180 degrees.
On the other hand, the hour angle is varied from 0 to 90 keeping the
declination zero. For this case there is no symmetry about a vertical
plane, so the wind direction has to be varied in steps over the whole
360 degrees.

The moments and force measured by the force balance are denoted
Mxl, Myl, Mz’ sz, Hyz, Fz. Figure 13 shows the relationship between
force-balance coordinates and model set-up. This figure also shows the
definition of wind directions. The force balance x-axis always points
straight into a zero degree wind.

To make things easier to visualize, the moments and forces are

transformed to the drive system (support point) in three stages. First,
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forces and moments are transformed up to the ball point around which the
wind-tunnel model turns. It is called V, see Figure 13. The height L
varies depending on what support stem is used. L is the distance from
the upper set of strain gages to the ball point V. The upper set of
strain gages is located 1.5 in. below the tunnel floor. Using the
declination angle (a) or hour angle (8), the loads are then transferred

to the x',y',z' coordinate system in the support point. The support
point or drive system is located 225 in. in prototype scale (5.625 in.
in model scale) from the mirror plane. For the model the mirror surface
is 2 in. from the ball point V. R is the distance from V to the
support point (= 7.625 in. model scale). After this the '"prime"
coordinate system is rotated to the x",y",z" ("double prime") system,
which 2z-axis 1is perpendicular to the mirror plane. For nonzero
declination angles this rotation is about the y'-axis; for nonzero
hour angles the rotation is about the x'-axis. Figures l4a and 14b show
the various coordinate systems. Table 2 gives the values of the
dimensions used for different declination and hour angles.

The transformation formulas and corresponding computer codes are

presented in the following.

Transformation to the ball point V is achieved by the following

equations

va = Fx = (Hyl - Hyz)/H

Fyv = Fy - (Mxl - sz)/H

Fz = F_ = measured (8)

v Z
Mx = Mx, + FY (H+1L)
Myv = Myl - Fx (H+ L)
= measured

Mz =M
v
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z
dZv X,
Yy

o
L iz )
| » :
3
H X)
[} Vi

s

Now to get to the '"primed" system from V, we separately treat the case

when declination is zero and when hour angle is zero.

A. Hour Angle = 0

Transformation to the '"primed" system is achieved by using the

declination angle «. Forces stay the same, but moments are changed.
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Fx' = va s Fy' = Fyv : Fz' = Fz
M,=Mx +F + R * cosa

X v y

M,=My -F +R* sinea -F +R -
y v z X
M,=Mz +F R * sina

z v y

Rotation around the y-axis gives us the "double-prime"

F,.=F., ;
4 y' A
Xll
4 Fou=F,
ZII. ‘
‘k\\z::: 3 M W = M i "
X X

3 an = FZ' %
MZ“ - Mzi *

B. Declination = 0

Transformation to the "primed" system is achieved

angle 6. Forces stay the same.

cosu

My.. = My.

cosa + F _,
z
coso + M _,
z
costa = F ,
X

cosa = M ,
.4

(9)
system;
sing
sind (10)
* sind
sind

by using the hour



M,=Mx +F R+« cosBb -F +«R
X v y Z

Hy' = Myv - Fx * R cosB

M, =Mz +F -+ R sinf
z v X

Rotation around the x-axis gives us the

z =
zn . Hx,, Mx,
f! 6

/

/
{:'\ Qzﬂ = Qzl

~. Yl
e

Y“ Qyn = le

where (Q stands for forces and moments.

sinB

"double-prime" system;

cosB + Q , * sin0
y

* cosB - Qz' * sinB

(11)

(12)

The computer codes corresponding to cases A and B are shown in Tables 3a

and 3b.

3.2 Mean Loading

For each wind-tunnel run,

components were taken and stored on magnetic tape.

consist of four segments of 2048 points

second this represents 89 seconds of

time-series

of force

each.

data-taking.

balance

load-
These time-series
Sampled at 92 samples per

These Lime-series

were then transformed to the support point according to the previous

equations. The mean forces and moments in the "double primed" coordi-

nate system of Figure 14 are plotted up and listed in Appendix A.

Figures A.1 to A.10 show mean loading for declination angles of 75, 60,

50, 40, 30, 20, 10, 0O, -10, =20, holding the hour angle zero.

Figures A.11 to A.15 show the mean loading for 90, 75, 60, 45, 30 and
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15 degree hour angle, holding declination equal zero. The moment
turning the disc in its own plane, Mz”’ was so small that it was not
plotted. Corresponding numerical values are listed in Table A.2.

3.2.1 Stowed Positions

The various positions listed above are typically realized when the
solar collector is tracking the sun, but for very high wind conditions
there is danger of structural damage. The operation would then be
halted and the collector put in a stowed position. Two stowed positions
have been suggested. One is keeping the collector close to the ground
with zero declination and hour angle. This case was reported with the
different declination angles in Appendix A. The other one is realized
by swinging the collector up into the air so that it looks like an
umbrella. This umbrella-like stowed position has been suggested to
prevent snow from settling on the mirror surfaces. Mean loading for
this stowed position is shown in Figures A.16 and A.17.

3.2.2 Loading in the "Primed System"

To simplify the application of the data to design the drive
mechanism, mean loading has also *been caiculated for the '"primed"
coordinate system of Figure 14. In this system the x' and y'-axes
lie in a plane parallel to the ground. For zero hour angle FY and MY
are identical in the "primed" and '"double primed" systems. The same is

true for Fx and Hx when the declination is zero. A listing of the

results are presented in Appendix B.

3.3 Load Spectra

Load spectra were measured for numerous combinations of
declination, hour angles and wind directions. Wind directions were

selected with respect to large mean loading. The plots of the spectra
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are shown in Appendix C, along with a listing of wind directions and
velocities. The information on top of the plots applies only to the
first curve. As explained earlier in Section 2.5, the spectral results
are limited in frequency by the internal vibrations of the solar col-
lector model. To eliminate as many as possible of these internal
vibrations from the load-signal the low-pass filters were set at a
cut-off frequency of 30 Hz. Because of the roll-off, any load-
components of frequency higher than 25 Hz are affected by this cutoff.
What reduced frequency this corresponds to has to be calculated each
time, but for most of the spectral runs the wind velocity is about
25 fps. This means that reduced frequencies of more than 1.0 do not
give valid results. Abrupt peaks in the spectra should also be ignored
as they are most likely associated with internal mode mechanical vibra-
tions. Appendix D shows how the load spectral results can be used to
estimate the response of the structure. Because of the spectral noise
caused by the vibrations of the model the white-noise approximation is
recommended rather than integrating the spectra. This makes it easy to

estimate the rms-response according to Eq. (D.10) as:

0y = J}:T £ S(E,) (13)
0 o] i

by calculating the reduced natural frequency fr for the prototype
(D =40 ft, U 1is the wind speed in ft/sec at 3£i8 ft height and fo
is the natural prototype frequency of the particular vibration), then
reading £ S(fr ) from the spectral plots and substituting that value
into Eq. (lg) whizh will then give the rms moment or force coefficient.

The most critical parameter in estimating the response is the

critical damping ratio {. For tall buildings this ratio is estimated
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in the range 0.5-2.0 percent, depending on the material of the frame.
For the type of structure considered here, the critical damping ratio is
probably not more than 1 percent unless aerodynamic damping is high.
On-site testing of the mechanical damping of the structure would give
valuable information. The installation of some kind of mechanisms to
increase the damping will undoubtedly prove beneficial to decrease

dynamic response.

3.4 Modifications of Solar Collector Model

To minimize the high mean moment around vy'-axis observed for
75-degree declination, some modifications of the solar collector were
proposed. For the 75-degree declination (0O-degree hour angle) two
factors contribute to the high mean y'-moment. One is obviously the gap
and the other is the increased wind velocity with height. By partially
filling the gap and/or removing the four top mirrors the moments can be
lowered considerably. These modifications also affect the normal force
Fz"' Table 4 shows schematically the modifications and the corresponding
changes in mean y'-moment and normal force.

Setup I is the original unmodified solar collector, used as a
reference. For Setup II a 15 sq in. plate, which the sponsor provided,
was placed in a vertical position in the middle of the gap. For
Setup III another plate was made with approximately the same area, but
placed at the lower edge of the gap, to provide a larger moment arm.
This plate was also vertical. Setup IV represents the four highest
mirrors having been removed. With the mirrors still removed the lower
plate was added in setup V. For Setup VI the gap was practically filled
up with cardboard, lying in the plane of the mirror surface. The loading

for each setup was measured for 0O- and 180-degree wind directions.
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Negative percentages denote lower magnitude of forces or moments.
The results of the five modifications show a consistent pattern:
1) filling the gap increases the force and decreases the moment with the
moment arm of the added area acting as an important influence, and
2) decreasing mirror area at the top of the collector decreases both
force and moment. Setup V is an attractive option which provides 30 to
40 percent reduction in moment with a very small increase in normal

force.

3.5 Effects of Porosity

To see the effect of the porosity of the collector model the disc
area was covered with a sheet of stiff plastic. For 90-degree hour
angle and 270 degree wind, the normal force was measured with and
without the plastic sheet. The effective drag coefficient decreases
slightly as the disk is covered. Using the area of the mirror-surfaces
only (plus stem) we get a drag-coefficient of 1.7 compared to Cf of
1.6 for the total area of the plastic disc. But on the other hand, the

dynamic loading increases drastically when the disc is not porous as

shown in Figure 15, for the normal force.

3.6 Accuracy of Data

The accuracy of the data presented in this report is hard to
estimate. In the following a few factors will be mentioned which could
cause errors in the experiments.

The size of the wind tunnel and the large scale of the model (1:40)
put limitations on the wind-spectra hitting the model, which manifests
itself in that some of the large-scale fluctuations are missing. This

is a known discrepancy and could be estimated theoretically.
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The model and its support system are not an exact replica. This
will probably cause small errors because the main loading is on the
mirrors.

The strain gages of the force balance are subject to temperature
drift as the air in the wind tunnel heats up during test runs. This is
not considered to be a large factor because the duration of each
wind-tunnel run is only about 89 seconds.

The moment transformations magnify any errors because the distance
between the two levels of strain gages is only 5 inches. The farther
the moments have to be transferred, the larger the amplification of the
errors. So set-ups requiring the larger support stems would be expected
to be less accurate than the ones using the small support stem.

Using magnitude analysis it is evident that the forces are more
accurate than the moments, from a percentage error standpoint.

ﬁy looking at the data and doing simple calculations the accuracy
of the moments is estimated of the order 0.05 coefficient, which is

about 10 percent of maximum.
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4.  DISCUSSION

Mean and dynamic wind loading were measured for many different
combinations of declination, hour angle and wind direction. Highest
loading cases were experienced for large declination or hour angles as
expected. No predominant vortex shedding phenomena were observed.

The critical damping ratio of the vibrational modes in the
prototype has pronounced effects on the dynamic response. Accurate
estimation of the damping ratio by full-scale experiments would
therefore be extremely useful for the response calculations.

The porosity of the collector disc is definitely beneficial because
of reduction in dynamic loading with relatively small increase in mean

drag coefficient.
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Table 1. Reference Quantities

H L D A=H-D AL
Model 1.0 ft 1.0 ft 1.0 ft 1.0 ft? 1.0 £t3
Prototype 40 ft 40 ft 40 ft 1600 ft? 64000 ft3

q = 1/2 pU? = dynamic pressure
where p = air density at site in 1b/ft3
= 0.00238 slugs/ft3 at sea level
Alternatively
1/2 pU% = 0.00256 U2 with U in mph.
U = wind velocity in ft/sec at 10 m (32.8 ft) prototype height

or 9.84 in. in model scale

From the above we obtain formulas for calculating prototype forces and
moments:

+ q * 1600 [1b]

.« q + 64000 [1b-ft]
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Table 2. Dimensions Used in Transformations

Declination Angle Hour Angle Stem Length
75 0 middle
60 0 middle
40 0 small
30 0 small
20 0 small
10 0 small

0 0 small
-10 0 small
-20 0 small

0 0 small

0 15 small

0 30 small

0 45 ' middle

0 60 middle

0 15 large

0 90 large

0 0

(umbrella stowed) ; large
stem lengths: small - 2.25 inches
middle - 5.0 inches
large - 8.0 inches

To calculate the length L, from upper strain gages
to V we add 3.5 inches to the stem lengths (1.5
because gages are below floor level and 2 inches
accounting for the height of the connection piece).
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Transformation Code for Non-zero Declination

Table 3a.
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Transformation Code for Non-zero Hour Angle

Table 3b.
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Table 4. Effects of Modified Solar Collector Model

0° 180°
Set-up MY Fz My Fz
| @ 100% 100% 100% 100%
" @ -21% 8% -21% 4%
i @ -249, +9% -19% +89%
W @ -32% +4% -40% +2%
v {D -30%, +219% -26% +129
\ @ -129% +11% -30% +9%
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Table A.1. Mean Loading for Declination Angles

Decl. Hour WD M i M F_, F ., E
75 0 0 -0.09 -0.54 0.05 -0.11 1.89
20 -0.21 -0.50 0.09 -0.01 1.78

40 -0.22 -0.41 0.10 0.14 1.45
60 -0.17 -0.29 0.15 0.23 0.99

90 -0.07 -0.06 0.10 0.25 0.04

120 0.25 0.23 0.07 0.22 -1.35

140 0.30 0..25 0.02 0.21 -1.88

160 0.26 0.29 -0.06 0.17 -2.01

180 0.19 0.32 0.05 0.15 -2.12

60 0 0 -0.06 -0.57 -0.02 -0.06 1.75
20 -0.19 -0.41 -0.05 0.05 1.72

40 -0.21 -0.30 0.03 0.19 1.50

60 -0.22 -0.23 0.04 0.22 1.04

90 -0.15 -0.04 0.08 0.25 0.06

120 0.19 0.21 0.01 0.21 -1.16

140 0.27 0.28 0.01 0.18 -1.72

160 0.23 0.30 -0.06 0.11 -2.00

180 0.16 0.29 0.01 0.09 -2.03

50 0 0 -0.10 -0.25 -0.26 -0.07 1.70
20 -0.20 -0.20 -0.22 0.07 1.63

40 -0.21 -0.15 -0.19 0.18 1.38

60 -0.17 -0.06 -0.05 0.25 0.95

90 -0.11 -0.05 0.09 0.27 0.05

120 0.19 -0.05 0.25 0.25 -1.19

140 0.26 -0.09 0.25 0.19 -1.75

160 0.29 -0.10 0.27 0.15 -2.13

180 0.18 -0.12 0.26 0.12 -2.15

40 0 0 -0.05 -0.24 -0.10 -0.04 1.29
20 -0.11 -0.17 -0.11 0.08 1.26

40 -0.17 -0.12 -0.17 0.16 1.09

60 -0.16 -0.10 -0.03 0.21 0.78

90 -0.12 -0.02 0.05 0.24 0.10
120 0.04 0.02 0.14 0.20 -0.76
140 0.15 0.02 0.16 0.15 -1.23
160 0: 15 0.04 0:12 0.01 -1.54
180 0.10 0.02 0.11 0.07 -1.73

30 0 0 0.02 -0.15 -0.30 0.01 1.08
20 -0.08 -0.14 -0.28 0.10 1.07

40 -0.23 -0.08 -0.22 0.12 0.91

60 -0.18 -0.05 -0.11 0.18 0.70

90 -0.14 -0.01 0.04 0.22 0.10

120 0.08 0.00 0.19 0.14 -0.72

140 0.07 -0.04 0.25 0.12 -1.08

160 0.06 -0.09 0.28 0.05 -1.45

180 0.04 -0.09 0.28 0.06 -1.53
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Table A.1. Mean Loading for Declination Angles (continued)
Decl. Hour WD Mx“ M, F . FY" E,
20 0 0 =0.13 -0.25 0.15 -0.09 0.74
20 -0.20 -0.23 -0.14 -0.01 0.73
40 -0.22 -0.20 0.09 0.09 0.71
60 -0.20 -0.11 -0.03 0.15 0.45
90 -0.17 -0.03 0.04 0.21 0.11
120 0.02 0.01 0.16 0.22 -0.41
140 0.05 0.01 0.21 0.19 -0.72
160 0.09 0.02 0.23 0.14 -0.92
180 0.11 -0.05 0.26 0.09 -1.05
10 0 0 -0.08 -0.17 -0.19 -0.02 0.55
20 =0.11 -0.17 -0.18 0.04 0.57
40 -0.13 -0.15 -0.14 0.17 0.52
60 -0.17 -0.09 -0.08 0.20 0.42
90 -0.12 -0.01 0.02 0.24 0.09
120 -0.02 0.03 0.12 0.26 -0.20
140 0.02 0.04 0.17 0.19 -0.38
160 0.07 0.04 0.19 0213 =-0.50
180 0.10 0.04 0.21 0.08 -0.56
-10 0 0 0.02 0.01 -0.17 0.05 -0.33
20 -0.07 -0.01 -0.16 0.14 0.29
40 -0.05 -0.03 -0.12 0.18 0.22
60 -0.10 -0.03 -0.08 0.23 -0.10
90 -0.17 -0.02 0.01 0.21 0.06
120 -0.09 0.05 0.07 0.19 0.25
140 -0.04 0.07 0.12 0.18 0.31
160 =-0.02 0.09 0.16 0.10 0.35
180 0.10 0.10 0.17 0.07 0.35
=20 0 0 -0.05 0.13 -0.13 0.04 -0.79
20 -0.03 .11 =0.12 0.05 -0.70
40 -0.07 0.06 -0.11 0.06 -0.55
60 -0.09 0.04 -0.07 0.16 -0.31
90 -0.10 0.01 -0.02 0.25 0.06
120 -0.03 0.04 0.05 0.24 0.35
140 0.03 0.04 0.11 0.21 0.47
160 0.05 0.06 0.16 0.14 0.58
180 0.12 0.08 0.18 0.10 0.63
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Table A.2. Mean Loading for Hour Angles
Decl. Hour WD Mx" My" E i E i F .,
0 90 0 0.10 -0.06 -0.24 -0.06 0.11
20 -0.13 =013 -0.29 -0.07 0.72
40 -0.20 -0.18 -0.32 -0.09 1.21
60 -0.23 -0.19 -0.26 -0.13 1.67
80 0,27 -0.16 -0.15 -0.15 1.85
90 -0.38 -0.16 -0.10 -0.10 1.71
110 -0.34 -0.10 0.05 0.05 1.60
130 «0.33 -0.05 0.22 =0.13 1.24
150 0.05 -0.04 0.27 -0.14 0.87
180 0.22 0.01 0.24 -0.11 0.15
200 0.37 0.04 0.22 «0.312 -0.75
220 0.34 -0.01 0.11 -0.11 -1.49
250 0.37 0.11 0.06 -0.10 =217
260 0.36 0.15 0.06 -0.09 -1.98
270 0.22 0.17 0.04 -0.06 -2.06
290 0.31 0.24 0.07 -0.08 =1, 717
310 0.32 0.29 -0.01 «0.11 -1.46
330 -0.02 0.34 -0.16 -0.05 «1.27
350 -0.04 0.15 -0.25 -0.11 -0.40
0 75 0 0.12 =0,12 -0.20 -0.01 0.29
20 -0.07 =0 17 ~0.27 -0.06 0.67
40 =027 -0.22 -0.28 -0.12 1.19
60 o -0.25 -0.20 -0.12 1.63
80 -0.30 -0.23 -0.10 -0.06 1.80
90 -0.20 -0.20 -0.03 -0.04 1.84
110 -0.11 -0.11 =0.11 -0.05 1.78
130 -0.18 -0.08 0.21 -0.07 1.43
150 0.17 -0.02 0.25 -0.04 1.16
180 0.05 0.03 0.23 -0.07 -0.93
200 0.34 -0.02 0.22 -0.00 -1.56
220 0.35 -0.00 0.13 0.04 ~2.07
250 Q.35 0.12 0.07 0.09 ~2.10
260 0.34 0.18 0.05 0.10 -2.14
. 270 0.35 0.22 0.05 0.08 -2.04
290 0.34 0.29 0.02 0.06 ~1.91
310 0.32 0.32 -0.01 0.04 «1.35
330 0.12 0.32 -0.11 -0.01 -0.28
350 0.06 0.03 (.22 -0.05 -0.10
0 60 0 -0.01 -0.10 -0.20 -0.04 0.19
40 -0.19 -0.27 -0.19 -0.01 1.06
60 -0.28 -0.28 -0.09 0.10 1.48
80 -0.25 -0.27 -0.03 0.05 1.45
90 -0.30 -0.25 0.04 0.00 1.54
110 -0.06 -0.20 0.18 0.06 1.40
140 0.07 -0.07 0.24 0.05 1.14
180 0.16 -0.05 0.20 0.02 0.05
220 0.20 0.05 0.10 0.10 =151
250 0.19 0.17 0.03 0.10 o
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Table A.2. Mean Loading for Hour Angles (continued)

Decl. Hour WD Mx" M . F_u F F_u
0 60 270 0.20 0.26 -0.00 0.11 -1.84
290 0.23 0.31 -0.02 0.11 =319
330 -0.02 0.30 -0.12 -0.07 «1.20
0 45 0 -0.04 -0.15 -0.18 -0.05 0.23
40 -0.18 -0.22 -0.23 0.03 0.96
60 -0.29 -0.20 -0.18 0.09 1.28
80 -0.27 -0.13 -0.11 0.19 1.40
90 -0.28 =0.11 -0.04 -0.18 1.44
110 -0.10 -0.09 0.08 0.19 1.38
140 -0.07 0.01 0.17 0.06 0.96

180 0.15 0.08 0.19 0.02 -0.01
220 0.18 -0.00 0.17 -0.04 «3.19
250 . 0.18 0.08 0.12 0.04 -1.60
270 0.16 0.16 0.09 0.05 -1.81
290 0.13 0.24 0.04 0.03 -1.65

330 0.12 0.17 -0.10 0.00 -0.81
0 30 0 0.01 -0.16 -0.15 -0.03 0.29
40 -0.16 -0.18 -0.17 0.10 0.73

60 -0.20 «0.15 -0.14 0.24 0.95

80 -0.17 =011 ~=0.06 0.26 0.97

90 -0.09 -0.06 -0.04 -0.28 1.05

110 -0.15 -0.15 0.05 0.25 0.97

140 -0.01 0.06 0.12 0.14 0.69
180 0.09 0.09 0.16 0.03 -0.06

220 0:13 0.04 0.16 -0.02 -0.89
250 0.13 0.11 0.10 0.02 -1.14

270 0.10 0.16 0.06 0.01 -1.27

290 0.11 0.19 0.01 0.01 =1.15
330 0.11 0.06 -0.11 -0.04 -0.43

0 15 0 -0.08 -0.14 -0.16 -0.07 0.19
- 20 -0.10 = 13 -0.18 0.04 0.37
40 -0.14 =0.15 =015 0.11 0.50
60 v =021 -0.10 -0.10 0.13 0.58

90 -0.13 -0.01 -0.03 0.25 0.61
110 -0.09 -0.02 0.04 0.21 0.54
140 0.01 0.09 0.11 0.17 0.33

180 0.10 0.11 0.16 0.06 -0.05
220 0.22 0.06 0.15 0.02 -0.44
250 0.21 0.05 0.10 -0.05 -0.54
270 0.20 0.06 0.05 -0.06 -0.54
290 0.15 0.08 -0.03 -0.08 -0.54
330 0.17 -0.05 «0.12 -0.02 -0.18
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Table A.3. Mean Loading for Umbrella-Like Stowed Position

WD M. M Fu Fon Fu

0 -0.04 0.01  -0.22  -0.04  -0.06
20 0.05 0.02  -0.22  0.14  -0.06
40 0.08 0.02  -0.18  0.22  -0.04
60  0.08 0.02  -0.12  0.27 0.00
80 0.09 0.02  -0.05  0.28 0.07
90 0.11 0.02  -0.01  0.31 0.09
120 0.08 0.02 0.11  0.27 0.13
140 0.06 0.02 0.16  0.21 0.15
160 0.05 0.02 0.21  0.13 0.18

180 0.05 0.01 0.23 0.05 0.21
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Table A.4. Mean Mz"

Declination Angle

WD 75° 60° 50° 40° 30° 20° 10° 0° -10° -20°
0 0.06 0.07 0.07 0.04 0.01 0.04 0.02 0.01 0.02 -0.01
20 0.12 0.11 0.10 0.06 0.02 0.05 0.02 0.01 =-0.01 =0.01
40 0.12 0.10 0.07 0.07 0.05 0.05 0.02 0.01 -0.02 =-0.02
60 0.10 0.13 0.07 0.06 0.04 0.09 0.02 0.01 =-0.01 =-0.02
90 -0.06 0.05 0.04 0.06 0.03 0.03 0.01 0.01 =-0.01 0.01
120 -0.06 0.03 -0.03 0.04 0.04 0.01 0.00 0.01 0.01 0.01
140 -0.11 -0.09 -0.07 =-0.02 0.01 0.00 0.00 ©0.00 0.01 0.01
160 =-0.12 -0.08 -0.09 -0.03 0.01 =-0.01 =-0.00 0.00 0.00 0.02
180 -~0.11 -0.11 -0.08 +-=0.03 =0.05 -=0.02 =0.01 =0.00 :0.01 0.02
Hour Angles
WD 90° 15 60° 45° 30° 15°
0 -0.05 -0.10 -0.05 -0.04 -0.02 -0.01
20 -0.05 -0.09 oL = i ==
40 -0.04 -0.10 -0.11 -0.03 -0.01 -0.00
60 -0.03 =011 -0.09 -0.02 -0.01 0.00
80 0.00 -0.07 -0.07 0.01 0.00 0.01
90 0.02 -0.05 -0.08 0.01 0.01 0.01
110 0.03 0.04 -0.11 0.01 0.03 0.02
130 -0.04 -0.03 i = == --
140 -0.02 0.04 0.03 0.02 = ==
150 -0.01 -0.01 e = i =
180 0.03 0.04 0.05 0.05 0.03 0.02
200 0.02 0.02 - = - =
220 0.02 0.05 0.05 0.01 0.01 0.01
250 0.03 0.06 0.06 0.00 0.00 0.01
260 0.03 0.08 " s e e
270 0.02 0.07 0.06 -0.01 -0.01 0.00
290 0.03 0.07 0.06 -0.00 -0.01 +0.,.02
310 0.02 0.05 L &= s e
330 0.13 0.06 0.03 -0.02 -0.01 -0.01
350 0.12 -0.04 0.03 - mae =
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MEAN LOADING IN "PRIMED" SYSTEM
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Table B.1. Mean Loading in "Primed" System
Decl. Hour WD M, M_, F_, ¥
> ¢ z X

75 0 0 -0.08 -0.07 -1.81 0.54
20 -0.18 -0.21 -1.70 0.55
40 -0.17 -0.18 -1.38 0.47
60 -0.14 -0.14 -0.92 0.40
90 0.04 -0.08 -0.01 0.11
120 0.12 0.23 1.32 -0.28
140 0.18 0.26 1.82 =0.47
160 0.18 0.22 1.93 -0.58
180 0.13 0.11 2.06 -0.50
60 0 0 -0.09 -0.02 -1.53 0.86
20 -0.19 -0.11 -1.52 0.82
40 -0.19 -0.13 -1.28 0.78
60 -0.22 -0.13 -0.88 0.56
90 -0.12 -0.11 -0.01 0.10
120 0.07 0.18 1.01 =57
140 0.21 0.19 1.50 -0.85
160 0.19 0.16 1.70 -1.05
180 0.11 0.08 1.76 =1.01
50 0 0 -0.12 -0.03 -1.47 0.89
20 -0.21 -0.09 -1.39 0.88
40 -0.19 -0.12 -1.18 0.74
60 -0.16 -0.09 -0.76 0.57
90 -0.10 -0.06 0.02 0.10
120 0.15 0.13 1.07 -0.57
140 0.22 0.15 1.50 0.93
160 0.26 0.16 1.81 -1.16
180 0.11 0.09 1.81 -1.18
40 0 0 -0.06 -0.00 -0.91 0.92
20 =0.12 -0.02 -0.89 0.90
40 -0.17 -0.05 -0.83 873
60 -0.16 -0.06 -0.52 0.58
90 -0.13 -0.03 -0.03 0.11
120 0.01 0.06 0.59 -0.49
140 0.13 0.08 0.91 -0.84
160 0.13 0.07 1.08 w]l A
180 0.10 0.04 1.19 -1.26
30 0 0 0.01 0.02 -0.80 0.78
20 -0.08 -0.02 -0.78 0.79
40 =0.23 -0.07 -0.65 0.68
60 -0.17 -0.05 -0.45 0.55
90 -0.14 -0.05 -0.09 0.07
120 -0.09 -0.01 0.52 -0.53
140 0.06 0.04 0.75 -0.81
160 0.05 0.04 0.97 -0.12
180 0.06 -0.02 1.00 -1.19



Table B.1. Mean Loading in "Primed" System (continued)
Decl. Hour WD Mx' Mz' E. F_,
20 0 0 -0.13 -0.01 =0.40 0.64
20 -0.21 -0.02 -0.38 0.64
40 -0.22 -0.03 -0.32 0.63
60 =0.22 0.02 -0.18 0.41
90 -0.17 -0.03 -0.08 -0.09
120 -0.02 0.00 0.29 -0.34
140 0.05 0.02 0.36 -0.64
160 0.09 0.02 0.53 -0.79
180 0.11 0.02 0.60 -0.90
10 0 0 -0.08 0.01 -0.28 0.51
20 -0.11 -0.00 -0.28 Q53
40 -0.13 =-0.00 -0.23 0.49
60 -0.17 =0.01 -0.15 0.40
90 -0.12 -0.01 0.00 0.09
120 -0.02 =0.00 0:15 -0.18
140 0.02 0.00 0.23 -0.34
160 0.07 0.01 0.28 -0.46
180 0.10 0.01 0.30 -0.51
=10 0 0 -0.02 0.02 -0.22 -0.30
20 -0.07 0.02 -0.21 -0.26
40 -0.05 0.03 -0.16 -0.20
60 -0.10 0.02 -0.09 =0.08
90 =017 0.03 0.02 0.06
120 -0.09 0.03 0.11 0.24
140 -0.04 0.01 0.17 0.29
160 -0.02 -0.01 0.21 0.32
180 0.10 -0.04 0.39 0.32
=20 0 0 -0.04 0.03 -0.39 -0.70
20 -0.03 0.02 -0.35 -0.62
40 -0.06 0.03 -0.29 -0.48
60 -0.08 0.04 -0.17 =0.27
90 -0.09 0.04 0.00 0.06
120 -0.03 0.01 0.17 0.31
140 0.03 -0.01 0.27 0.40
160 0.04 -0.03 0.35 0.49
180 0.10 -0.05 0.38 0.53



Table B.1. Mean Loading in "Primed" System (continued)
Decl. Hour WD My' Mz, Fy' E.,

0 90 0 -0.05 0.06 011 0.06
20 -0.05 0.13 0.72 0.07

40 -0.04 0.18 1.21 0.09

60 -0.03 0.19 1.67 0.13

80 0.00 0.16 1.85 0.15

90 0.02 0.16 1.1 0.10

110 0.03 0.10 1.60 -0.05

130 -0.04 0.05 1.24 6.13

150 -0.01 0.04 0.87 0.14

180 0.03 -0.01 0.15 0.11

200 0.02 -0.04 =015 0.12

220 0.02 0.14 -1.49 0.11

250 0.03 -0.11 =217 0.10

260 0.03 =0.15 -0.20 0.09

270 0.02 -0.17 -2.06 0.06

290 0.03 -0.24 =1.. 70+ 0.08

310 0.02 -0.29 -1.46 0.11

330 0.13 -0.34 -1.27 0.05

350 0.12 -0.15 =0.40 611

0 75 0 -0.12 0.09 0.28 0.07
20 -0.13 0.14 0.63 0.23

40 -0.15 0.19 1.12 0.42

60 -0.17 0.22 1.54 0.54

80 -0.13 0.20 1.72 0.52

90 -0.10 0.18 1.77 0.52

110 -0.07 0.10 1.71 0.51

130 -0.05 0.07 1.36 0.43

150 -0.04 0.01 1.11 0.34

180 0.04 -0.02 -0.92 -0.17

200 0.03 0.03 -1.51 -0.40

220 "0.05 0.02 -1.99 -0.57

250 0.09 -0.10 -2.01 -0.63

260 0.12 -0.15 -2.04 -0.65

270 0.13 -0.20 -1.95 -0.60

290 0.14 -0.26 =1.83 ~0.55

310 0.13 -0.30 -1.29 -0.39

330 0.14 -0.29 -0.27 -0.07

350 -0.03 -0.03 -0.11 0.02

0 60 0 -0.10 0.06 0.14 0.13
40 =0.23 0.18 0.91 0.54

60 -0.21 0.20 1.33 0.65

80 -0.20 0.20 1.28 0.68

90 -0.19 0.18 1.34 0.77

110 -0.19 0.12 1.24 0.65

140 -0.05 0.05 1.01 0.53

180 0.02 0.07 0.05 0.01

220 0.07 -0.01 -1.26 -0.84

250 0.14 -0.11 -1.44 0.95



Table B.1. Mean Loading in "Primed" System (continued)

Decl. Hour WD M., N F -,
y z ¥

0 60 270 0.18 -0.19 -1.54

290 . 0.20 -0.24 -1.50

330 0.18 -0.24 -1.07

0 45 0 -0.14 .08 % s ;

40 -0.18 +13 .70 .66
60 .16 13 .97 .84
80 .09 .10 b .86
90 .07 .08 .14 .89
110 .05 .07 N .84
140 .03 .02 .72 .64
180 .09 .02 vl .02
220 .01 .01 .87 .82
250 .06 .06 .11 .16
270 +11 12 «25 «32
290 .17 X7 + 15 .19
330 .11 14 | a1
350 .03 .03 s 4 .02
0 15 .07 .12 8L
40 .16 .08 .45 .58
60 +13 0.07 .68 .70
80 .09 .06 .71 w1
90 .04 .04 S .17
110 12 .10 .70 .12
140 .07 .00 47 .52
180 .10 .02 .00 .07
220 .04 .01 47 .76
250 .10 .06 .55 .10
270 .14 .09 .62 s )
290 .16 .10 KLY .00
330 .05 .04 .25 +35
0 .14 .03 .02 +21
20 o ) .03 .14 <35
40 14 .04 .24 A
60 .10 .03 27 .52
90 .01 .01 .40 3
110 0.02 .02 .34 47
140 0.10 .00 «25 .28
180 0.11 .00 .04 .06
220 0.06 .00 .10 .43
250 0.05 .01 .19 .50
270 0.05 .04 .20 .51
290 0.07 .05 .22 .50
330 0.05 .01 .22 .50
350 -0.03 .03 .11 .02
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C-la

Table C.1l. Run Matrix for Spectral Measurements
Run # Decl. Hour WD Vel fps Run # Decl. Hour WD Vel fps
524 0 90 0 31.0 575 0 0 0 24.4
525 0 90 60 28.7 576 0 0 20 24,7
526 0 90 90 26.2 577 0 0 180 24.4
527 0 90 150 24.2 578 0 0 160 24.2
528 0 90 250 23.0 579 0 0 90 24.3
529 0 90 260 22.8 580 0 0 0 41.8
530 0 90 270 22.5
531 0 90 290 24.3 583 -20 0 60 23.1
584 -20 0 90 23.4
532 0 75 310 24.6 585 -20 0 160 23.3
533 0 15 290 24.0
534 0 75 270 25.1 587 20 0 180 23.4
535 0 75 250 25.1 588 20 0 200 23.3
536 0 75 110 26.7 589 20 0 160 23.4
537 0 75 90 25.5 590 20 0 90 23.5
538 0 75 60 25.3 591 20 0 60 23.6
539 0 75 40 25.5 592 20 0 0 23.0
540 0 75 20 25.9
593 40 0 0 23.6
541 0 60 40 26.3 594 40 0 60 235
542 0 60 60 25.0 595 40 0 90 23.4
543 0 60 90 25.0 596 40 0 160 23.4
544 0 60 220 24.7 597 40 0 180 23.0
545 0 60 270 24.2
546 0 60 290 23.9 598 50 0 180 23.2
599 50 0 160 23.2
547 0 45 0 24.5 600 50 0 90 23.4
548 0 45 40 24.1 601 50 0 60 23.4
549 0 45 60 23.9 602 50 0 0 23.2
550 0 45 90 24.1
551 0 45 270 24.0 603 60 0 0 23.4
552 0 45 290 23.9 604 60 0 20 22.8
605 60 0 60 23.4
553 0 30 0 24.2 606 60 0 90 23.3
554 0 30 40 24.2 608 60 0 120 23.3
555 0 30 60 23.7 609 60 0 160 23.4
556 0 30 90 24.1 610 60 0 180 22.7
557 0 30 220 23.6 611 60 0 180 43.2
558 0 30 270 24.1 612 60 0 0 43.5
559 0 30 290 24.1
613 15 0 0 43.2
570 0 15 60 24.4 614 75 0 180 43.4
571 0 15 90 24.0 615 75 0 180 25.2
572 0 15 180 24.1 616 75 0 160 25.0
573 0 15 270 24.0 617 75 0 120 25.4
574 0 15 290 24.2 618 15 0 90 25.3
619 75 0 60 23.9
620 75 0 40 23.2
621 15 0 20 22.4
622 75 0 0 22.7
Run # Decl. Hour WD Vel fps
656 0 0 180 45.1
657 0 0 180 22.5
ggg g g lgg %g? umbrella stowed
661 0 0 60 25.1
662 0 0 40 25.3
663 0 0 0 24.9
NB. Information on the top of the graphs only applies to the

first curve, i.e. the top label.
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Figure C.1b. Load Spectra for Declination Angle 0°, Hour Angle 90°
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Figure C.10d. Load Spectra for Declination Angle 40°, Hour Angle 0°




FSCF), (Coeff.)mn2

fSCF), (Coeff.)wn2

C-61

RUN NO.S83 WIND DIRECTION @ Deg. VEL. U = 23.6 fps

102 E S —— -y —————
; /,.\/\_\/ ® SC5036 - FZ ]
n * SC5046 - FZ :
: Saa A SC5956 - FZ 1

. _*__/\ ]

18 [ E
L o

- L -

1@ 3 g
C ]
= -
-

-§F - -
1e ;
Ia—eq A A .l_l i i i ..1..1. A el

10 19 18 19
Reduced Frequency fD/U
RUN NO.S86 WIND DIRECTION 160 Deg. VEL. U = 23.4 fpe

i ¢ S — e T —————rrry
2 @ SC5866 - FZ :
L #* SC5976 - FZ
) e

-2 - -
otk [f t E

E v L]
-

-3 L o

LU :
[ T

- -
18 E -

-5 aaaal " " PO U R W R 8 i

-2 =1
T 19 19 10

Figure C.10e.

Reduced Frequency fD/U

Load Spectra for Declination Angle 40°, Hour Angle 0°



fS(F), (Coeff.)n=2

fS(F), (Coeff.)un2

C-62

RUN NO.598 WIND DIRECTION 168 Dag.
-2

VEL. U = 23.2 fpe

1@

°
e
fg s

18

T ™

s SC5091 - Mi
* SC5981 - Mi

L aaaasel i Al i aiis

-4 L -
10 3
L 8

L 4

- L i
18 [ 3
= -

13—‘\21 2 2 lnnnaal-' M i l‘lllll. e i PR | 4
10 18 1@ 18

Reduced Fregquency fD/U
RUN NO.688 WIND DIRECTION 88 Deg. VEL. U = 23.4 fp=
-2

o F . T S S —y r et e
g A a SC6081 - MI n

i * SCBBI1 - M1 i

-3 o
e f 5
E ]

- B 3

L - 4

wd L A~ o
- 7u“-- 5
:’4/"\/ :

-6 -t
18 [ <
1a-° -2 3 PR R "l—l "ll T
18 i@ 19 )

Reduced Frequency fD/U
Figure C.11a.

Load Spectra for Declination Angle 50°, Hour Angle 0°



fS(F), (Coeff.)wn2

fS(f), (Coeff.)un2

C-63

RUN NO.588 WIND DIRECTION 169 Dag. VEL. U = 23.2 fpe

-a v L L B L Ll L L v T vy Ll T L L L T
18 < T T 3
: ® SC5882 - M2 ]
[ * SC5982 — M2 i
- L
! d
-3 -
10 :
L 3
I A -
]
-4 L -
1@ . -
- .
-5 L -
10 : i
sl " e A2 a3 s aal i L i [ B u W
2 =1
18 j0 19 19 1@
Reduced Frequency fD/U
RUN NO.682 WIND DIRECTION 98B Deg. VEL. U = 23.4 fps=
-2
18 E T r G S S . ———r
- B SCBRO2 - M2 ]
E * SCBOI2 - M2 ]
i * A SCB@22 - M2 1
-3 =
12 [ E
. 3
- E
- ‘ -

ie

b

=
%
Z

T
i1 aaxaal

-8 L i A b aaal A i PR T T S U W | L P T S G
1@ -2 =1
10 1@ ie 1o

Reduced Frequency fD/U
Figure C.11b. Load Spectra for Declination Angle 50°, Hour Angle 0°




fSCF), (Coeff.Ims2

fS(f), (Coeff.)wn2

C-64

RUN NO.S88 WIND DIRECTION 162 Daeg. VEL. U= 23.2 fpe

-2
|a : L4 T L I N NS Zon a6 o | T T T T T LA | LA L L T T T I:
= u SC5004 - FX u
5 # SC5984 — FX B
-3 L »
1o f :
3 T =, 3
| ey |
- o L] _
1@ - -
-6 -
0" :
- -
'a-v-. s A I A4 4 ln.lT'_ i M PR T T 1 --l. M
] 1@ 18 18
Reduced Frequency fD/U
RUN NO.68@ WIND DIRECTION 88 Deg. VEL. U = 23.4 fps=
-2
ik — r ——r— . e e e Be T
C m SC6084 - FX =
[ * SC6014 - FX 3
" A SCE6024 - FX 7l
A
-3 - -
S A N :
: / N NN " ]
9 ‘ -l
5 ‘-..,'_ /‘.\/l . )'W e o
sl At ﬂ\j"-ﬁx ]
12 F 1,,/ % o ]
E /l-..f 3
- L -
1o f 5
-8 " i ek a1l i A VY S G W M
=2 : =
a1 10 T o

Reduced Frequency fD/U

Figure C.11c. Load Spectra for Declination Angle 50°, Hour Angle 0°




fS(f), (Coeff.)un2

fS(f), (Coeff.)mu2

C-65

RUN NO.S89 WIND DIRECTION 16@ Dag. VEL..U = 23.2 fpa

-2

0 : ——————rry v e T v e
o ® SC5805 - FY 3
5 * SC5985 — FY 3

-3 L -
LU - E

-
L3

- L o

120 f %W E; 3
i A !
/ \*

- L -
18 ¢ 3
'a"'s —— L S (PRESLE E VAL TN 1 lll-“ n " R W T | l"‘_ M " VRS Tl R T T

18 18 18 18
Reduced Frequency fD/U
RUN NO.68® WIND DIRECTION 88 Deg. VEL. U = 23.4 fp=
-z T ™— ™ T T~ rTrr T T T T T T Ll B T T T L T T rr
12 T T :
E 8 SC6005 - FY ]
i * SC6815 - FY y
i 4 SCE6025 - FY 3
! R A
-3 =
L 5
§ 3(\ g i o i 3
[ J A 3
AT -
n A -
A Y
/l
-4 % A ot
Y :
s 5
L :
r -

-8 L -
12 [ 3

—& " " PO S TR W W W | n A bl N i i FYBERY SU T 1

2 =1
1% o 10 12 18

Figure C.11d.

Reduced Frequency fD/U
Load Spectra for Declination Angle 50°, Hour Angle 0°



£SCF), (Cooff.)wx2

fS(F), (Coeff.)wn2

C-66

RUN NO.588 WIND DIRECTION 160 Deg.

VEL. U = 23.2 fps

ol S——— v - ——————rrrry
s @ SC5996 - FZ 1
E % SC5086 - FZ |
k- E
1 W |
A W
19 E"// “q E
3 . ]
- &« -
L \ :
-3 L =
ie - wa 5
- | —
18 9
-5 aal PR | -
3 =T B
18 40 10 e 19
Reduced Frequency fD/U
RUN NO.688 WIND DIRECTION 990 Deg. VEL. U = 23.4 fpe
e S —— - " r——— e
- ® SC6806 - FZ 3
5 * SC6816 - FZ ]
- A SC6026 - FZ .
_e s -
19 5
-3 . -
10 [ 1
" ]
' J
...4 - -
LU 3
I i
'a—s _‘_1_ " l“' i M |§ 44 3
19 19 12 19

Figure C.1le.

Reduced Frequency fD/U

Load Spectra for Declination Angle 50°, Hour Angle 0°




fS(F), (Coeff.)mm2

fSCF), (Coeff.)un2

C-67

RUN NO.683 WIND DIRECTION 8 Dag. VEL. U = 23.4 fpe

-2
i S — ——— —————rry
® SC6831 - Mi 5
T * SCB121 - M1 ]
=
= | ]
10 3
e |
4 . ol
-4 i
12 F . o :
L -
-5 L * -
10 3 - -
- e
-8 \__! A s aaal A i i PR O AT B W | A A A A A 4 L 4
o —1 B .
LT 12 12 19
Reduced Freguency fD/U
RUN NO.684 WIND DIRECTION 2@ Deg. VEL. U = 22.8 fpe
-2
- - S —— g ————
F ® SC60841 ~ M| 4
L : * SCEB51 — Mi ]
. A& SCE6061 - Mi T
-a p— -
LI g
[ 3
- 4
- -
-4 L -
10 - -
= | =
18 f 5
L o
a > i i i Ao a gl T A i 1 A4 3 -.i. " i '
12 1o 12 10 19

Figure C.12a.

Reduced Frequency D/U
Load Spectra for Declination Angle 60°, Hour Angle 0°



fS(F), (Coeff.)wn2

fSCF), (Coeff.)nw2

C-68

RUN NO.6B8 WIND DIRECTION 120 Dag. VEL. U = 23.3 fps

-2

'a 3 T v T ——rrry L T T LANEL BN Zun By | T T ™ rTr—Tr-rr E
3 = SC6881 - M| s
[ # SC6881 — M| i

18

i

A4 3 2

- L -
L 1
A A - e A A A AL l L A A A A A AL l A A A A A LA L
~Z =T
19 10 19 19 : 18
Reduced Frequency fD/U
RUN NO.618 MWIND DIRECTION 182 Dag. VEL. U = 22.7 fpa
-2
(& —r——ry S——— —— g
2 ® SCE181 - Mi :
£ * SC6111 — M| 5
-3
18

-4
12

L lvtllilhilalll"[

i aaanl

N\
'QI% J'J g™

"
¥

i aaaal

. ™

10

'a-‘_:! -I-‘_ : i i A 2 a3 a2l i PR S S T W A
10 19 10 18

Figure C.12b.

Reduced Frequency fD/U
Load Spectra for Declination Angle 60°, Hour Angle 0°




fS(f), (Coeff.)ms2

fS(f), (Coeff.)mn2

C-69

RUN NO.683 WIND DIRECTION @ Deg. VEL. U = 23.4 fps

-z T L T T & ul - v LS v T l'{" T L L L L L v
1@ -
F 3
C u SC6B32 - M2 ¥
- -
- -
- -
= -
-3
18 4
= -
- e
- -
- -
= -
i W' T
] |A

sl

l
‘e

:
4

T
e

-5 L .
e E 5
" 4 M A a2 22l " " " 2 a2 3 aal & I WEN WA TRNT UM W U 1
= = 1
1% 40 12 10 10
Reduced Frequency fD/U
RUN NO.684 WIND DIRECTION 28 Deg. VEL. U = 22.8 fps
Ia—z : T T T T T T T TI T L T T T T T T ' L T L T T T—r :
= @ SC6842 - M2 ]
o * SC6O52 — M2 )
- A SCE062 - M2 1
- -
-3

®
=TT

T
sl

i saasl

3
b

--.../
- N\NE/ X

-5 L =
e ¢ 3
! ]
-8 > P " a2 a2 a2l T " " " Az 2 aal 4 i A PR R T 1 .

a - -
18 12 12 12 19

Reduced Frequency fD/U
Figure C.12c. Load Spectra for Declination Angle 60°, Hour Angle 0°



fS(F), (Coeff.)ns2

£5(f), (Coeff.)wx2

Cc-70

RUN NO.688 WIND DIRECTION 128 Deg.

VEL. U = 23.3 fps=

-2
12 C LR | T — T ™ T — 3
s @ SC6082 - M2 4
g * SC6892 - M2 3
-3 . -
e E 5
| A g .
4 .-/ .'& .«i’
e v -
-6 — -
LI s
Ia |:! LA 4 3 I-l aal L
12 18 18 19
Reduced Frequency fD/U
RUN NO.61@ WIND DIRECTION 180 Deg. VEL. U = 22.7 fp=
w_z 3 ™ ¥ ™ ’ R S o
3 a SC6182 - M2 ]
[ * SC8112 - M2 5
-3 L -
18 f 3
[ 4\ ._‘?"
b & 1ﬂ lm
: E *h.& \d
- * ‘-.
12 [ -31
-5 L -
L ]
"
-8 o PO e e | | i "
= = 5 i
18 o2 12 12 e
Reduced Frequency fD/U
Figure C.12d. Load Spectra for Declination Angle 60°, Hour Angle 0°




fS(F), (Coeff.)wx2

fSCF), (Coeff,)wn2

C-71

RUN NO.6@3 WIND DIRECTION @ Deg. VEL. U = 23.4 fps

—rrr v 7T 1 —————
@ SC6834 - FX
* SC6124 - FX

-2
i@

A4 1 aall

sl

{
o
i
Fie
‘ ]

A i L 1 3

19 " h 4 g

AL L 0Ll

T
i

1@

T
At aaaal

T
i

12 -2 -1 L’ *
10 12 10 10
Reduced Frequency fD/U
RUN NO.684 WIND DIRECTION 28 Deg. VEL. U = 22.8 fpe
la-z - T T T T T T T T T ™ Ty ‘:
3 g ® SC6044 - FX ;
i * SC6854 - FX
- @ SC6864 - FX
-3 L -
18 E
- A “ 3
b = -
P \-// \ *"K \ r
" t/ W * [\&
=y v ¥ g i
12 E :
; /\ ]
C \\‘ ]
- -
-5 L -
-8 n i PO B T W I | i i T T B T W O i A PO N S N e
-2 -1 []
12 1o 18 (o 10

Reduced Frequency fD/U
Figure C.12e. Load Spectra for Declination Angle 60°, Hour Angle 0°



fS(T), (Coeff.)wn2

(1), (Coeff.)ms2

C-72

RUN NO.6@8 WIND DIRECTION 120 Deg. VEL. U = 23.3 fps=s

12

T v vrrrerng

T rrT T T . Fame DE B S0, S 0 |

=

@ SC6884 - FX

* SC6e94

it MA’M !

T

- FX ]

18 ? ?
-8 " A PR Era | i i PR P A e Ul | A "
= =1 []
19 40 19 18 T
Reduced Frequency fD/U
RUN NO.618 WIND DIRECTION 182 Deg. VEL. U =~ 22,7 fp=s
184: L L Ll 'I'II" Ld T T IV'UT'l_ L L s UIIUI:
C u SCB124 - FX ]
-3 L -
1@ E E
- ‘ o
d llIllnuul'
-4 L -
1e [ 'Hf\f.. !FII -
- L] -
: /\V’\-"-—-—"'\-ﬂ ]
-h -
-5 L -
ek 5
- o
-8 al s " R | PR
=2 =1 ]
19 40 18 10 e

Figure C.12f.

Reduced Frequency fD/U

Load Spectra for Declination Angle 60°, Hour Angle 0°




fS(F), (Coeff.)mn2

fS(F), (Coeff.)wn2

C-73

RUN NO.606 WIND DIRECTION 80 Deg. VEL. U = 23.3 fps=

l 9-2 : LE e T T TT ' T T T T T L T T 'l T T T L e ﬁ—:
: @ SC6064 — FX 1
) a * SC608S - FY d

i 4 SC6085 - FY
-3 -
18 3

T
i

>

ie

v
>

f\f
N
2
—
-

®
1
(4]
T T T T
|
1

-8 i R T S W | i P ey | i PR TP O T
12 -2 -1 [ |
ie 18 I8 1@

Reduced Frequency fD/U

RUN NO.684 WIND DIRECTION 20 Deg. VEL. U = 22.8 fps

‘B—a : T T I'_I"I"I_ T T T - T T T r"_ T Li T T T T L !-
; ® SC6845 - FY
i * SC6@SS - FY
i =
-3 L -
18 F E
- e * 3
/_,-Mq( " .
- o \ |
N WA
TR M 3
o * ]
-6 | -
1@ F 3
E ]
- -
-8 i N i PO R T U | A M M s sl M M M PER T I
-2 -1 []
90 12 10 1o

Reduced Frequency fD/U
Figure C.12g. Load Spectra for Declination Angle 60°, Hour Angle 0°



fS), (Coeff.)nw2

fS(f), (Coeff.)n®2

C-74

RUN NO.603 WIND DIRECTION B Deg. VEL. U = 23.4 fps

-2
‘a 3 L T | B Lo mee B m | T T T T T T Ty
5 @ SC6035 - FY
[ * SCB8125 - FY
1o F * i X 3
= A Y & -
- V P -
i Q&'ﬁh/lc'\, i
/. J
- 2
e p 3
[ )
g
-6 -
12 3
o ]
S -
-8 i " M a2 2 aal " " " a2 a2 a2l M A i A d A A 4
=z =1
'2 19 12 12 10
Reduced Frequency fD/U
RUN NO.61@ WIND DIRECTION 188 Deg. VEL. U = 22.7 fp=
’a-z - v L Ll L v Ll l" L Ll L Ll L Ll T Il T T T T T T Ir:
3 w SC6185 - FY
g * SC6116 - FY ]

sl

A

10 F A\ '{}f ﬁ*‘"‘ "Ji..f ! 3
v ad |
X\ ] :

. | I

- E

s T AT

Reduced Frequency fD/U
Figure C.12h. Load Spectra for Declination Angle 60°, Hour Angle 0°



fSCF), (Coeff.)n2

fS(F), (Coeff.)nn2

C-75

RUN NO.683 WIND DIRECTION B Deg. VEL. U = 23.4 fpm=
,a—l : — A T T T Ty ¥ L L T r T v 'r T T T T T ™7 '“
C @ SC6036 — FZ ]
[ * SC6126 - FZ ]
-2 ¥ \ -
W =
a Ty ]
- * ] N
]
-3 L \ =
12 E XJT 3
N " -
R | | 3
- t Eq ] -
L |
-4 L o
| o !
E * ]
=1 " " i a2 a2l " i i Ul T O S 1 | i " i A b4 4 1
-2 =1 a
19 4o 19 T T
Reduced Frequency fD/U
RUN NO.684 WIND DIRECTION 28 Dag. VEL. U= 22.8 fps
‘B—I : T T T T T T 7 7" T T T T L2 L3 T Ul T T T T T L. U:
C o SC6046 - FZ 3
X * SC6956 - FZ 4
3 & SCE6066 - FZ b
3 1
-2 - =]
L \., ;
E " 3
i f/ X
L A 4
L
i \/\ / y
'aha x4 "'/ -
b -
L -l
— | =
18 [ 3
E =
L 4
L d
a—-G \:!7 A i i Ak b il I M M L s aal M M M PO T R Y
L 12 19 T

Reduced Frequency fD/U

Figure C.12i.

Load Spectra for Declination Angle 60°, Hour Angle 0°



fS(F), (Coeff.)nx2

fS(f), (Coeff.)ux2

C-76

RUN NO.688 WIND DIRECTION 129 Dag. VEL. U = 23.3 fps

Tl . —r—r—rrrry Y . ———rrry
2 m SC6086 - FZ -
X .\ * SCE096 — FZ .
P \G:'\J“ -
12 E \- /\-—- i E
[ > w ]
Ak ]
i 'ﬂ,\ ]
l\\*
-..a L o
12 f 3
-4 L
18 [ <
C b
[ g
3 of
5 i " 1 L a2 s a3l I I O | i L4 1 4.1 i i L a
12 1o 12 12 1o
Reduced Frequency fD/U
RUN NDO.618 WIND DIRECTION 188 Deg. VEL. U = 22.7 fpa
'a—' : v T T T T Ll Ivl T T UUI L Ld Ld T L L —'—:
C = SC6186 - FZ :
i - * SC6116 -~ FZ 3
w
A - .::‘N.kl 2
-2 __'—K\ -
1o F / E
‘a_, 3 ﬁe\d‘ -
F ]
s !X 1; z
= ‘\ -
- ! -
q

b w ~
i % 5
-5 RY aal i sal i P T 1 M

po3 =1 [
12 1o 19 12 T

Reduced Frequency fD/U

Figure C.12j. Load Spectra for Declination Angle 60°,

Hour Angle 0°




fS(F), (Coeff.)ws2

fS(F), (Coeff.)mn2

C-77

RUN NO.616 WIND DIRECTION 188 Dag. VEL. U = 26.2 fps

-2
. g gty R — R
@ SC6151 - MI o
* SCB141 - MI ]
E
3
E
-6 .
12
- 2 A I R | 5 RPN T | i PR - I 1
- =1 [ 1
T 1 10 12
Reduced Frequency fD/U
RUN NO.622 WIND DIRECTION @ Deg. VEL. U = 22.7 fpe
Ia-z F v L T T v v I'l T T T Ll T Ld I'1_ T T T T T Ll :
: @ $C6221 - MI 3
i a * SCB131 - MI ]
-3 L -
18 ¢ 3
[ u- ]
L ] W
. ;\qy 1 :
-4 / ‘." Fl k -
18 [
F *L o
- -
i 3
1o F l ;.
: ¥ ]
- e
-8 A " i FOEET BN e T | " " " 2 a2 4 5 a1 " PR PR T U Y
-2 -] ] 1
19 40 T 12 1@

Reduced Frequency fD/U
Figure C.13a. Load Spectra for Declination Angle 75°, Hour Angle 0°



fS(F), (Coeff.)mn2

£SCF), (Coaff.)wn2

18

1@

-4
12

-5 L N
e 3
-8 b ad A i P AT 2
—2 =1 (]
18 40 12 T 1o
Reduced Frequency fD/U
RUN NO.621 WIND DIRECTION 2@ Deg. VEL. U = 22.4 fps
-2 S —— T ———r r —— T
1o F T = E
3 @ SC6211 - Ml ]
[ * SC6281 - M| 3
- 4 SC6181 - MI 1
=3 L p=
LU i
B s ;
/ A
NN
- L -
i2 E ’4 ;
; / .
o -
-6 | 4
10 F ;
-8 LE TR YR | — i A ] | i
= =1 ]
1% o 1@ 10 1o

Figure C.13b.

C-78

RUN NO.618 WIND DIRECTION 80 Deg.

VEL. U = 26.3 fps=

LB B A | T

3

T T T T T LIS Daos /N, O 3 D |

b

.\
'<;:<f
S<:<\
z
*?
4.8
=21
3

@ SCE8I8I - Ml
* SC8171 - MI
4 SCBI61 — HI

L g

Reduced Fregquency fD/U

Load Spectra for Declination Angle 75°, Hour Angle 0°



fS(1), (Coeff.)mn2

fS(F), (Coeff.)wn2

Cc-79

RUN NO.616 WIND DIRECTION 188 Deg. VEL. U = 25.2 fps=
| \ r—r—t—r—rrry - T

@ SC6152 - M2

T r Trrrr
A4 134

i@

s s sl

p
7

18 [ - 3
-5 -
10 [ :
= = ]
18 o 12 12 10
Reduced Frequency fD/U
RUN NO.616 WIND DIRECTION 168 Deg. VEL. U = 25.8 fps
i i = e R e
S u SC6162 - M2
-9 -
12

T rrrreeg

e i -

T
'

-6 - -
18 ]
-

L

o -

9 4

- o

-8 \_e, A " a4 a4 a2 a1l A A A s a2 a2 aal A i A A i 2 12

12 - =1 L]

18 i@ 1@ i

Reduced Freguency fD/U
Figure C.13c. Load Spectra for Declination Angle 75°, Hour Angle 0°



fS(F), (Coeff.)ms2

S, (Coeff.)wn2

C-80

RUN NO.618 WIND DIRECTION 68 Deg. VEL. U = 23.8 fp=

la-z : L | T T T L L AR . S | e T T T ™7 -:
2 ® SCB182 - M2 1
[ * SC6182 - M2 j
3 A SC6172 - M2 1
12 F

et s aaasl

aaal

L

-‘/‘\ 4
-6 - -
1@ 5*\
i i i a2 a2l L M M 22 32 3l M M M A 3 3 13
-2 =1 L]
% 4o 12 1o 19
Reduced Frequency fD/U
RUN NO.622 WIND DIRECTION @ Deg. VEL. U = 22.7 fps=
|a"= T —r—rrrrry T —TrTTrgrT Ty
@ SC6222 - M2 ]
4
-3 -
18 3

0" 'W, M - M

-5 -

12 3

-8 . R - e | 2 AR W | 5 = L
= =1 L]

18 40 12 10 10

Reduced Frequency fD/U
Figure C.13d. Load Spectra for Declination Angle 75°, Hour Angle 0°




fS(F), (Coeff.)ws2

£S(f), (Coeff.)wn2

C-81

RUN NO.622 WIND DIRECTION B Deg. VEL. U = 22.7 fpes

e E —— e g TSNS .
4 w SC6222 - M2 -
% * SC6212 - M2 :
L 4 SC6282 - M2
-3 L -
L - 3
-
- -
19 :

Al

LA AL |
il

T

" Fag
-8 M s a3 a3l M " a2 3 aal M A M PO W TR Y
=2 =i (]
18 o 18 12 12
Reduced Frequency fD/U
RUN NO.622 WIND DIRECTION © Deg. VEL. U = 22.7 fps
Ia-z: 'l Ll v v L L L uul L T T L T —I—I—:
3 w SC6224 - FX -
i * SCB134 - FX ]
-
-3

=
sl

T rrreeg

b

. _'

T

* 1. :
t"ﬂ'. )
19"=}f\ o # ?

18 b ]
10-“:! & F X .....:_‘ g " " .....1' " N PO T T
12 12 12 12

Reduced Frequency fD/U
Figure C.13e. Load Spectra for Declination Angle 75°, Hour Angle 0°



fS(1), (Coeff.)mu2

fS(F), (Coeff.)mn2

C-82

RUN NO.615 WIND DIRECTION 188 Deg.

VEL. U = 26.2 fps

-3
18 : L8} £ L LI | L T T ™1 -v:
. ® SCB154 - FX 1
-3 L n
10 f :
- L -
d "llJ s
-5 |- -
e ¢ 3
-8 = YR | ) -
=z =T L
18 40 18 18 10
Reduced Frequency fD/U
RUN NO.618 WIND DIRECTION 60 Deg. VEL. U = 25.3 fpe
‘a-z : T - T v L --ll T T !l LS e LE L Ll v Ll U:
] ® SC8184 - FX 3
E #* SCB174 - FX 8
B & SC6164 - FX :
-3
18 [ E
L l
-4 -
10 F :
g . |
‘a-s i /}\1;\#% i
L -
=i\
L.- -
-8 A P T | A A a2 s sl A i PR VY W U Y
-2 -] 1
19 40 18 10 12

Reduced Frequency fD/U
Figure C.13f.

Load Spectra for Declination Angle 75°, Hour Angle 0°




fS(F), (Coeff.)n2

fS(F), (Coeff.)ma2

C-83

RUN NO.621 WIND DIRECTION 20 Deg. VEL. U = 22.4 fp=

i* ——— T - v — -
5 N u SC6214 - FX
[ * SC6284 - FX
F A SC6184 - FX
-
-3 L -
18 [ :
= g As oy -
1e [ ad X " 2
D ‘j.
! e 1
-5 L -
L :
F & 5
1
‘B—. =!_ = A S O W v 7 i.—l i 41' A i
10 1@ 12 ie
Reduced Frequency fD/U
RUN NO.622 WIND DIRECTION B Deg. VEL. U = 22.7 fps
-2
o i SO — . —r————rrT . ———r
< @ §SC6225 - FY o
g * SCB135 -~ FY ]
-3 - ._
18 F . |2 3
- ‘45\5 "&5‘ * l 4
i * \ ]
- * wg’t -
— \{ ) | \
- _*ﬁ\./ " -
e 1
1t
-5
0" :
F ;
a3 1
- E
-8 A A P G T | i e P S S S N | " i i Lo A & a2
-2 =1 [] 1
18 0 10 10 e

Reduced Freguency fD/U
Figure C.13g. Load Spectra for Declination Angle 75°, Hour Angle 0°



S(f), (Coeff.)un2

fS(F), (Coeff.)mn2

ot ‘/'-—1'\.1-\/"" 1 :

C-84

RUN NO.616 WIND DIRECTION 180 Deg. VEL. U = 25.2 fp=
10 + — Ty ————p—— Ty v

@ SC6166 - FY

AL L ails

i s aagal

%
W

A4l

-6 -
12 3
-8 i FI - N = PR O e Wi e | ; Gl UE G Rad s
= &
2 4o 10 10 10
Reduced Frequency fD/U
RUN NO.618 WIND DIRECTION 88 Deg. VEL. U= 26.3 fps=
-2 — e SR r
15 E L 2 ) T T T ‘-:
- @ SCB165S - FY ]
e * SC6175 - FY 3
3 4 SC6165 - FY )
r -
-3 l—- -
18 f a
g

ie

:T\'

»
¥
e

J
\\/

-5 -
1@ . 3
-8 " X A a2 3 aal A i ¥ WNRNAT ORRN WD VT W W | A M M 2 32 2 313

=2 =1 ? 1
" je T 10 10

Reduced Frequency fD/U
Figure C.13h. Load Spectra for Declination Angle 75°, Hour Angle 0°




fS(f), (Coeff.)ws2

fSCF), (Coeff.)wx2

C-85

RUN NO.621 WIND DIRECTION 20 Deg. VEL. U = 22.4 fps=

-2
ot E —r iR e
: @ SC6216 - FY 1
. % SC6285 - FY |

- : A SCB1S5 - FY
-3 L. =
18 ¢ 3
i wl |
- -
- L N
10 [ E
-5 L -
10 f 3
™ 1
2l " " A s aaal end PR T T O
Lz =T 8 :
1% o 12 12 19

Reduced Frequency fD/U

RUN NO.622 WIND DIRECTION @ Dag. VEL. U = 22.7 fpe

-1

12

T rrir

Jf .

-2
18

T

-3
10

LA AL |

-4
19

L A S S e A | Ld T T T T T
m SC6226 - FZ
* SC6136 - FZ

X
8=
e
el i

*_..
=g
(-

n

i RN S T S T |

)
12 -2

Figure C.13i.

auf

18 i 18
Reduced Frequency fD/U

Load Spectra for Declination Angle 75°, Hour Angle 0°



fS(F), (Coeff.)ux2

"J T T T T T T 77T
L -:;g%fj :
L1 aaaaal A1 1 i

fS(F), (Coeff.)wn2

C-86

RUN NO.615 WIND DIRECTION 188 Daeag. VEL. U= 25.2 fps

-

™ T T T T T T T T ™ TrT

® SC6156 - FZ
* SC6146 - FZ

i@

12

.r":gﬂr

bt aaaal

'_rﬂ
i

-4
18

aaaal

¥t

L a3 a1l " | T N T Y T | " O S Y
=1
1a 18 10 12 10
Reduced Frequency fD/U
RUN NO.618 WIND DIRECTION 88 Deg. VEL. U= 25,3 fpe

o B RSN e —— ey
= u SC6186 - FZ ]
L * SC6176 - FZ .
1 A SCB166 - FZ
l-l : -

-2 L
18 E*.z""' —.:1

-3 L
18 -:I‘
-4 1 -
19 3
'a—‘ —z A i el 1nnnl-' i i A l.ll_l_J.' i L PR 111.1‘
18 iB 19 10

Reduced Fregquency fD/U
Figure C.13j. Load Spectra for Declination Angle 75°, Hour Angle 0°




fS(F), (Coeff.)ma2

C-87

RUN NO.621 WIND DIRECTION 2@ Dag. VEL. U = 22.4 fps
Ia—l : T T L T T T ‘—-l T - - T T LI | T T T T T

s 8 SC62i6 - FZ p

X * SC6206 -~ FZ i

i & SC6196 - FZ i

' 7\ A -

B ¥

-2 L o " -l
18 / A, E
[ & ]

- 4

-3 L -
12 - E
! 3

- -

- L =
18 3
ta._s - L i i PR Y T A l'_l L L I A d A A ) 1r " " " PR Y O 1
19 1@ 19 10

Reduced Frequency fD/U
Figure C.13k. Load Spectra for Declination Angle 75°, Hour Angle 0°



fSCF), (Coeff.)mn2

FSCF), (Coeff.Juw2

C-88

RUN NO.656 WIND DIRECTION 188 Deg. VEL. U = 45,1 fps

102 F I — S — | ——
. @ SC6561 — MI 3
) * SCB571 - MI ]
i }
-8 | 1 Ful
18 F 3
K 1 i
L £ X l
o ‘,wirﬁi%fﬁfjclﬂﬁhdzk gﬂigﬁb "

T rrrrrrg

A ool " " " PO T T i |

-G =1 e e
18 1@ 10 19
Reduced Frequency fD/U
RUN NO.658 WIND DIRECTION 148 Deg. VEL. U = 22.3 fps
19”2: — v ——————p v e I o B £ 00
= = SC6581 - Ml 3
3 *  « sceset - M :
i 4 SCB611 - MI 1
"]
-8 L gl
L :
| Ayt -
ad ¥
- =8
10 \f—.v

’

T Ty

T

18

T

&

i i iaaal

PR T W | A i T VO e Vo W ) | M P AR T S T L

1@ -2

Figure C.1l4a.

=1 L]
18 12 18

Reduced Frequency fD/U

Load Spectra for Umbrella Stowed Position,
Declination Angle 0°, Hour Angle 0°




fSCF), (Coeff.)wn2

fSCF), (Coeff.)wn2

C-89

RUN NO.662 WIND DIRECTION 4@ Deg. VEL. U = 25.3 fps

19.-2 : - L L Ld Ll T LA | Ls Ld T L Ld Ld L | T T L T v v “:
E s SC6621 - MI 1
[ * SC6631 — Ml ]
B L ]
-3 -
LU 3
[ \r"‘*w
= \g*t*.t 4 o
. % f
" f ]
-5 =
e / 5
C 3
5 -
-8 Pl | 2 " " s s s aal a AR S 1
-2 =1 (]
1% 40 18 12 1o
Reduced Frequency fD/U
RUN NO.656 WIND DIRECTION 182 Deg. VEL. U = 45.1 fpe
1ot E iy g S——— —————
: = SCB562 - M2 4
B * SC6572 - M2 ]
-3 -
LI 3
I ]
13-‘ 3 A‘“ﬁ‘ E
5 pudd Suf :
| .,R{?é' )
k\-’
-5 L Q e
18 [ / Y 3
i ]
I 1
-8 A e 2 g ogergia ] gt = 5 2 2 a2 3al Py
q ..‘ 1‘
T 1@ 19 19

Figure C.14b.

Reduced Frequency fD/U

Declination Angle 0°, Hour Angle 0°

Load Spectra for Umbrella Stowed Position,



FSCF), (Coeff.)wn2

fSCF), (Coeff.Jnn2

C-90

RUN NO.658 WIND DIRECTION 148 Deg. VEL. U = 22.3 fps

02 = e e e e
g = SC6582 - M2 ]
s * SC6882 - M2 ]
-s L
e 2
C ]
- -
- | .
L PN A '{ud{ 5
E ‘/ﬁhf’ oW )
§ ” )
-
-5 L .
18 [ 3
f #/\\ B ]
L g J/ i
'a.g:r " Ra—— .‘...la_l . — .....lt " PR I T
1 18 12 18
Reduced Frequency fD/U
RUN NO.661 WIND DIRECTION 68 Deg. VEL. U= 25.1 fps
102 F P — S E———— R —_——.
F @ SCE612 - M2
3 * SC6622 - M2
3 4 SCB632 - M2 “]
-3 o
18 E E
! a
i A A A
AL 'S
| JX“«XK‘«*
-4 L t!uﬁi" =
1e [ o,
-
-
-
-
-5 L -
i@ : =
=
'a..e,:! 3 e .....lwl " ey .....li . P
18 19 1@ 1@

Reduced Frequency fD/U

Figure C.l4c. Load Spectra for Umbrella Stowed Position,
Declination Angle 0°, Hour Angle 0°



fSCF), (Coeff.Omn2

fSCF), (Coaff.)wn2

C-91

RUN NO.656 WIND DIRECTION 188 Deg. VEL. U = 451 fps

rr Ty T T v —rrrry

10 . ———
= SC6564 - FX
T * SC6574 - FX

LB AR

| |1
J\Y} 3 F

;1
&

B

szl

Al L il

i

L2
-5 -
e £ 5
Ia_aq i "I .....I_l u it i
18 18 1@ 18
Reduced Frequency fD/U
RUN NO.658 WIND DIRECTION 148 Deg. VEL. U= 22.3 fps

lahg : Il L Ll L L T v "l v T T T T ':
L = SC6584 - FX 3
: * SCB604 - FX |
i 4 4 SCB614 - FX 7

-3
18 : '51
4 /;.‘/ J
- -
18 g) i 3
; * ]
- A /\/ .

Y

sl # N
Ll 3 s
[ o 3
IB-.:Q N el 3 1 PR A X
18 1@ 12 1@

Reduced Frequency fD/U

Figure C.14d. Load Spectra for Umbrella Stowed Position,
Declination Angle 0°, Hour Angle 0°



FSCF), (Coeff.)wn2

fSCF), (Coeff.Oww2

18

i@

C-92

RUN NO.662 WIND DIRECTION 48 Deg.

VEL. U = 25.3 fps

™ ™ —TTrTrTT T T T -T

LA

T T rrIreg

® SC6624 - FX
* & SC6634 - FX

T T T ™Y

iaanal i Al L Llill

"

L |
-4 | . N
e Ny :
-5 -
18 ¢ ]
-8 i A aal i . ek a2l PR St e
-2 =1 []
12 1o 10 ) 10
Reduced Frequency fD/U
RUN NO.656 WIND DIRECTION 182 Deg. VEL. U = 45.1 fpe
-2
102 F e . e e
: = SC6565 - FY ]
C * SC8575 - FY 3
3
-3 L
18 [ 1 ?
: o| ]
- l j' ]
rJE :
-]
-4 L 1ﬂ"bz-‘l£¥ﬁ¥ﬁ\ « 1 'Lbr .
18 | * ]
3 \uﬁﬂza ]
- % i
1o F w E
- i PR e | o1 A g .
= = 5
% 10 18 12 1o

Reduced Frequency fD/U

Figure C.14e. Load Spectra for Umbrella Stowed Position,
Declination Angle 0°, Hour Angle 0°




fSCF), (Coeff.)wn2

FSCF), (Coeff.Omn2

C-93

RUN NO.6S58 WIND DIRECTION 148 Deg.

VEL. U = 22.3 fps

'a—'a v T T Ll T L Il LS l T T T L T v '1:
« 8 SC6585 — FY 5
- « SC6685 — FY y
- w
107 3
9 e .
:*f*\‘kj/ *\MH**\w’ Y W&
L = L 3
| \ / H-\" %, *'ﬁ{\.* o
- ‘ -
- '/ \/ }“ g?
E LA
- -
-5 L -
16 f .
-8 A PR S U T U W | A A Y W " A
-2 =1 C]
19 10 18 12 1@
Reduced Frequency fD/U
RUN NO.661 WIND DIRECTION 6@ Deg. VEL. U = 25.1 fps
13.-2 : La T v T T LI | L L T L2 T T T 'l T L T Ll T v Ll !—:
- = SC6615 - FY 3
5 * SCB625 - FY i
- A SC6635 - FY ]
- L
-3 | =
1e 3
; AR :
q ‘\ el |
-4 L A, add i
TI: ’{f,n*“‘ . y*\ { E
§ /f j
i /*\(’
-5 ‘/ -
e EJ// 3
-8 A 2 A PR VT | " A " 4 a2 a2 aal A
= =T 3
12 1o 1o 12 10

Reduced Frequency fD/U

Figure C.14f.
Declination Angle 0°, Hour

Load Spectra for Umbrella Stowed Position,

Angle 0°



£SCF), (Coeff.)wn2

fSCF), (Coeff.)nx2

18

C-94

RUN NO.656 WIND DIRECTION 188 Deg. VEL. U = 45,1 fps=s

T T T T T Ty v T T

W\\M |

v

I
3
3
-4 L -
16 :
; L ;
k.
-5 PO P | ” i PO IRV | " " PR U
= 5
19 10 10 12 10
Reduced Frequency fD/U
RUN NO.658 WIND DIRECTION 148 Deg. VEL. U = 22.3 fpe
@ 'E S — ——— ey —— ey
F ® SC6586 - FZ ]
[ * SC6686 - FZ A
A SCB616 - FZ 7
-2 = -
18 f ;
[ ]
L o
-3 = J.'
18 f ]
L E
L
-4 L
18 | ?
= -
3
|B-‘:§ z o ..1._‘ " A & .....l‘ P
19 1@ 19 19

Figure C.14g.

Reduced Frequeney fD/U

Load Spectra for Umbrella Stowed Position,
Declination Angle 0°, Hour Angle 0°




fSCF), (Coeff.)nw2

C-95

RUN NO.662 WIND DIRECTION 40 Deg. VEL. U = 25.3 fps

18

T™TTrTrrTT

-~
*

—4:_

R e b Y
: e ,

T T rTT A o Ty

* SC6636 - FZ

® SC6626 - FZ

Al L lias

i s asaal

ia aaaal

16  _—2

Figure C.14h.

Load Spectra for Umbrella Stowed Position,
Declination Angle 0°, Hour Angle 0°



APPENDIX D

MODAL ANALYSIS AND RANDOM VIBRATION

Page
Reduction to SDOF System Using Modal Analysis . . . . . . . . . . D=2
Solution of the Governing Equation Using Random Vibration Theory . D-4
Nomenelatnre . o « o« « o o « s e v s & & o 9« w 6w & a w0 o x DT

REFEFBACES: . wov & o o # % @ @ @ & & & & @ & @ s e & & & & % 7 D-9



Reduction to SDOF System Using Modal Analysis

A common analytical model of a tall building, suitable for the
analysis of dynamic horizontal loading, is to consider it a chain of
lumped masses, connected in series by beam elements. Displacements in
the x-direction, y-direction, and rotations about the (vertical) z-axis
are considered independently. For each of these components, the
structural "frame" model will have n degrees of freedom, corresponding
to the side-sway (or rotation) of each floor or lumped mass point. The
system may then be described by an n x n stiffness matrix [k], with an
"input" n-component load vector {P}, and an "output" n-component
displacement vector {x}.

In a static system, these are related by the familiar equation
{P} = [kl{x} .

When the loading varies with time and height, however, a complete

description would be
[m]{%} + [cl{x} + [kl{x} = {P}

where [m] is the matrix of lumped masses, [c] is a matrix of damping
coefficients, and {x} and {P} are now functions of time. This
represents a system of n simultaneous equations, which would be dif-
ficult to solve even if {P} could be determined. If a transformation
to a system of '"generalized coordinates" is applied, these simultaneous
equations are simplified to n wuncoupled equations. Each equation
corresponds to one of the generalized coordinates, ‘g',i, which also has an
associated natural frequency fi and mode shape {¢}i. Furthermore,
due to the frequency distribution of wind energy, almost all of the

excitation occurs in the fundamental mode associated with the lowest
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natural frequency. It is then only necessary to consider the first of

the generalized coordinate equations, which appears as

m*E + o*f + kX = P (D.1)
where

w* = {6} [m]{0}

o = {037 [c] {0}

k= {9} [k1{0}

P* = {9}7{p} .

These are referred to as the generalized mass, damping, stiffness, and
load, respectively. This governing equation is that of a conventional
single-degree of freedom system. The solution of the system, §, is

related to the actual system by

{x} = £{¢} . (D.2)

It can be shown that the natural frequency of the system is

— 1 "~ "~
£, = o KF/m% . (D.3)

A further key property of tall structures is that the mode shape
may be approximated by a straight line, that is ¢, = az, or {0} =
af{z}. Since the magnitude of a mode shape is arbitrary, ¢ may be taken

as unity. The generalized mass then becomes
wt = {z}" [(m]{z} = In 2 (D.4)

which is approximately the mass moment of inertia, I, about the base.

The generalized load is

P = {2}1{P} = 2Pz, (D.5)
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which is the moment about the base, M. The displacement vector is
{x} = E{z}, or x(2) = &2

which shows that £ is the rotation of the structure (which remains a
straight line by assumption) about its base, 6. By analogy to the SDOF
system the generalized stiffness k* 1is equivalent to a simple rota-

tional stiffness kB' Introducing the critical damping ratio,

¢ = c _¢cx _ ¢c*%
= — = =
er  Cor  2kFm*
= Zm*wo
where w, = 2nfO is the natural circular frequency, the governing

Equation (D.1) may be rewritten as
10 + 2ICwoé + kg = M(t) . (D.6)

Solution of the Governing Equation Using Random Vibration Theory

Equation (D.6) is most easily solved in the frequency domain when
the loading M(t) is random in time, since an arbitrary function of
time can be described by a superposition of sinusoidal functions. For
such a harmonic function at frequency f,

M(t) = Mosin(2nft + ),
the solution is (in magnitude, ignoring phase)
8(t) = — H(E) -+ M(t)
6

where the frequency response function H(f) is defined as
1

H(f) =

2
2 2
f{l-(f/fo) I+ (2Lt/8,)

In terms of the spring load M, which is equal to




the solution is simply
M(t) = H(f) - M(t)

Note that M(t) and M(t) are both moments, and that H(f) is
dimensionless. If the driving frequency f 1is near the structure's
natural frequency fo’ and the damping ratio { is low, this function
is an amplification factor describing a condition known as resonance.
M(t) is properly described as an externally applied base moment,
whereas M(t) is an internal or '"response' base moment. Note that if
M(t) were externally applied to the structure and a static analysis
performed, the calculated response (displacement or internal forces)
would be the same as the actual response due to the real fluctuating
load M(t). Thus M(t) 1is also referred to as a 'static equivalent
load."

When the loading M(t) is random in time, its statistical
description as a superposition of harmonics is its '"power spectral
density," denoted SM(f)' The response moment is then also described as
a power spectral density, SM(f)' The general result of random vibration

theory is the relationship between these two, which is simply
_ 2
SM(f) = |H(£)|® - SM(f) e (D.7)

The relating function |H(f)[2 is just the square of the frequency
response function, and is referred to in general as the transfer

function:

|H(£)|? = 1 (5.8)

(1-(E/£ )% + (atE/,)*

This particular transfer function is also referred to as the "mechanical

admittance."



The principal usefulness of the power spectral density of a
function is that its variance may be computed as the area under the
spectrum:

2:

oy SM(f)df A (D.9)

o' 8

The integration of Equation (D.9) was performed on the computer
using numerical integration. Another accepted procedure in the present

context is to use the so-called white noise approximation; then

of = Sy(f,) £ |H(£)| %af .

The integration can be performed analytically, with the result

2 _n
Oy = 54 fo SH(fo) : (D.10)

The square root of this is the desired rms dynamic response Oy- Note
that any value of natural frequency f0 and damping ratio { may be
incorporated after the test results, SM(f), are obtained. The results
from the two techniques were compared and gave similar results. For
quick estimates of the rms response one can read the coefficient
Cf Sﬂ(fo) from the load-spectral graphs in Appendix C. To convert this
cogfficient to fosl*l(fo) which can be used in Equation (D.10), the
coefficient values have to be multiplied by the nondimensionalizing
quantities. This can be done for any reduced natural frequency of the
model or prototype.

The response is expected to be normally distributed (Gaussian)
statistically, and thus can be completely described by its variance 02
and mean value M (note that the mean response M is equal to the mean
load M). Since the structural damping is very low, the response is

also "narrow band," i.e., it can be loosely described as vibration at a




single frequency fo with randomly varying amplitude. Each cycle of
vibration has a maximum and negative 'peak' value associated with it.
It is this series of peaks which are of interest insofar as structural
design for strength or stiffness is concerned. It can be shown that
these peak values obey a Rayleigh probability distribution, which is
easily obtained from Gﬁ. The expected value, variance, etc. of these
peaks could be easily found from the Rayleigh distribution. What is
more desirable, however, are statistics describing the largest peak
which is likely to occur. Such an analysis is beyond the scope of this

review, and the following result is simply stated:

M=M+ ng (D.11)

~

Here M 1is the expected value of the largest peak M occurring during
a duration T of the loading M. The so-called "peak factor" gp is
calculated as follows [D3]

g, " H¥ ——E'S;n (D.12)
-1

22avT + 2n42£nVT
J22nvT

]

where M

<
I

f V8T

(o)



Nomenclature

[e] Damping matrix

c* Generalized damping

fo Natural cyclic frequency of fundamental mode
g Peak factor

|H(f)|2 Mechanical admittance (transfer function)

I Mass moment of inertia of fundamental mode approximated by
straight-line shape

[k] Stiffness matrix

k* Generalized stiffness

kB Rota?ional'stiffness of fundamental mode approximated by
straight-line shape

M Resultant base moment of externally-applied wind load

M Response (internal, static equivalent) base moment

[m] Mass matrix

m* Generalized mass

m, Mass lumped at floor i

{P} Vector of Pi

Pi Resultant force of wind load acting at floor i

p Generalized load

S( )(f) Power spectral density of ( )

{x} Vector of floor displacements

{z} Vector of z;

z; Height of floor i

¢ Critical damping ratio

0 Rotation of fundamental mode approximated by straight-line
shape

3 Generalized coordinate

U( ) Standard deviation (fluctuating rms) of ( )



Variance of ( )

Mode shape

Phase angle

Natural circular frequency
Temporal mean of ( )

Expected peak value of ( )



D1.

D2.

D3.
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