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1. INTRODUCTION

Structures such as parabolic trough solar collectors are being
considered for power plant thermal sources. A significant factor
influencing the economic viability of these collectors is the magnitude
of the wind load and the resulting structural requirements. The shape
of the collector, its height above the ground, the collector pitch
angle, the number and arrangement of collectors in an array and the
direction of the wind are several parameters which can modify the loads
applied to the collector. Since an analytical or a numerical approach
cannot be considered for such a complicated geometry, a simulation in a
wind tunnel in which the atmospheric boundary layer is modeled was
conducted at the request of Sandia Laboratories (1).

The purpose of this study was to investigate characteristics of
mean wind loads produced by airflow in and around several configurations
of parabolic trough solar collectors with and without a wind fence.
Four basic parabolic shapes were investigated as single units and one
shape was studied as part of several array fields. One 1:25 scale model
of each parabolic shape was constructed for mounting on a force balance
to measure two forces and three moments. The effects of several
dominant variables were investigated in this study: wind-azimuth (or
yaw), trough elevation (or pitch) angle, array field configuration, and
protective wind fence characteristics. All measurements were made in a
boundary-layer flow developed by the meteorological wind tunnel at the
Fluid Dynamics and Diffusion Laboratory of Colorado State University.

The primary consideration in modeling wind forces on structures in

a wind tunnel is that the wind characteristics in the tunnel simulate



natural boundary-layer winds at the actual site. In general, this
requires that the vertical distribution of mean velocity and turbulence
in the wind-tunnel boundary layer match those at the site and that the
Reynolds numbers of the model and the prototype be equal. In addition,
the small-scale model must be geometrically similar to its prototype. A
detailed discussion of these requirements and their implementation in
the wind-tunnel environment can be found in references 2, 3, and 4.

The construction of a 1:25 scale model of the prototype structure
and its immediate surroundings (in this case, a flat, open area),
submerged in a turbulent boundary layer of the meteorological wind
tunnel shown in Figure 1, satisfies all the above criteria except those
of equal Reynolds numbers and similarity of turbulence intensity and

scale.

<|§

In the Reynolds number , V is the same for both the tunnel and
the full-scale structure. Because of this, the wind-tunnel air speed,
U, would have to be 25 times the full-scale value if the model and
prototype Reynolds numbers are to be equal. Testing at such high wind
speeds is not feasible. However, for Reynolds numbers larger than

2 x 104 for sharp-edged structures where the flow separation point is
fixed, there is no significant change in the values of aerodynamic
coefficients as the Reynolds number increases. For flows over curved
surfaces, the velocity required for Reynolds number independence ranges
from below 105 to nearly 106 depending on surface roughness of the
curved surface and turbulence structure in the approach flow. Since
typical Reynolds number values are 106-107 for high-wind, full-scale

flow and about 7 x 104 for wind-tunnel flows, acceptable flow similarity

is achieved without equality of Reynolds numbers for cases where flow



separation is fixed at the edge of the parabolic collector. For cases
where flow separation could be on the smooth curvature of the back of
the collector, a small Reynolds number dependence may be included in
the simulation. Because of the large turbulence intensity in the
approach flow, Reynolds number dependence is expected to be quite small.
At a model scale of 1:25, the larger scales of turbulence in the
atmospheric boundary layer are not simulated in the wind-tunnel flow.
However, because the flow about the parabolic trough approximates the
flow about a flat plate at elevation angles near to zero degrees and
because the integral scale of the turbulence in the wind tunnel was 2
to 3 times the largest dimension of the model collector, the influence
of the scale of turbulence was not expected to be significant (5).
Evidence exists which demonstrates some influence of turbulence intensity
on drag of flat plates (5,6,7). Because the turbulence intensity
difference between the current simulation and a simulation with complete
similarity of turbulent structure is not large, the effects due to
turbulence intensity should be small (a few percent at most). For
cases where an upstream collector disturbs the approach flow, turbulence
characteristics are dominated by the wake characteristics of the
upstream object and possible differences due to turbulence intensity

should further decrease.



2. EXPERIMENTAL CONFIGURATION

2.1 Wind Tunnel

The study was conducted in the meteorological wind tunnel of the
Fluid Dynamics and Diffusion Laboratory at Colorado State University.
This low-speed, closed-circuit wind tunnel (Figure 1) is characterized
by a long (96 ft) slightly diverging test section, 6 ft-8 in. wide (at
the turntable) and 6 ft high to develop an appropriate atmospheric
boundary layer simulation. The ceiling is adjustable to avoid a pressure
gradient along the test section. This facility is driven by a 400 HP
variable pitch propeller with velocity varying continuously from 0.5 fps
up to 100 fps. The turntable where the tests were conducted (6% ft
diameter) was located near the downstream end of the test section. The
ambient temperature was controlled at 24°C.

2.2 Flow Simulation

The purpose of the study was to evaluate loads on collectors
in an atmospheric boundary layer developed over an open flat area,
characterized by a %th power law. Since it was impossible to model the
complete boundary layer, the simulation was conducted in a 45 in. deep
boundary layer, whose mean velocity power law exponent was 0.15. Tests
were run with a velocity at 45 in. of about 80 fps. The velocity and
turbulence profiles are shown in Figure 8 and tabulated in Table 2.

The shape of the boundary layer was obtained by means of selected
roughness on the wind-tunnel floor upstream of the model. Forty feet of
test section length were covered with 1 in. cubes followed by a 40 ft
length of pegboard with 0.25 in. diameter pegs projecting 0.5 in. above

a pegboard base. In addition to the floor roughness, four triangular

spires extending from the floor to the ceiling were installed at the



test section entrance in order to get a thicker boundary layer than

would otherwise be obtained.

2.3 The Model

The prototype of the solar collector was a 6 ft wide and 22.5 ft
long parabolic shaped unit mounted end-to-end in rows. 1In order to fit
the dimensions of the turntable, the 1:25 scale was chosen. The models
were built of brass.

Four different shapes of parabolic collectors were constructed
varying the rim angle ¢ (Figure 2). The parabolic shape was defined
by the equation:

n? = 4 ¥¢
where the rim angle ¢ is related to the aperture C:

_C 1 1
F=3 (tan¢ thsim(j))

The set of four collectors, called the metric units, were each able

to be mounted on the force balance as shown in Figures 3 and 4. Their
height and elevation angle could be varied manually. The force balance
was fixed to the wind-tunnel turntable so that measured forces and
moments were referred to a coordinate system fixed with respect to the
turntable. The coordinate system used is shown in Figure 5. A further
explanation of the chosen coordinate system and nonmenclature would be
beneficial. It is common practice to refer to the three components of
force resolved in the wind axis system as drag, cross-wind, and lift
forces and to the components resolved in the body axis system as axial,
side, and normal forces. This is logical due to the fact that at zero
yaw angle and zero pitch angle, most aerodynamic shapes (airplanes,
rockets, etc.) have their "axis'" aligned with the wind. However, since

the "axis" of a solar collector trough is normal to the wind at zero



azimuth angle, it was felt that referring to an "axial" force could be
misleading. Therefore, "lateral" force will be used to designate that
component of force acting lateral to the axis of the collector trough
and "longitudinal" force that component acting along (parallel to) the
axis of the trough (see Figure 5). Lift force will still be that
component perpendicular to the ground (i.e., that force tending to
"lift" the collector off its foundation).

Elevation angles of the collector could be set to 1 degree while
azimuth positioning using the turntable was accurate to about 0.2
degrees. The four metric collectors, each mounted alone in the wind
tunnel were called configurations 1-4 (Figure 2).

Five configurations of collector arrays were used in the study.
Each was composed of different combinations of rows with each row being
formed by three aligned collectors similar to the collector configura-
tion 1 (¢ = 90°) (Figure 6). The largest array, configuration 9, could
be set on the turntable, such that a rotation of the turntable moved the
entire array, and the relative position of the metric collector referred
to the others remained unchanged. A view of the array field in the wind
tunnel is shown in Figure 7.

A study of the effects of wind barriers on collector loads was
conducted by using 4 fences made of perforated sheet metal, punched with
0.375 in. diameter holes, which provided a 23 percent porosity. The
heights of these fences were 1, 2, 3 and 4 inches. Two 2 in. fences
were used, one with a 23 percent porosity and a modified one with 18
percent porosity. The fences were tried at several distances in front

of the collector arrays.



Three solid berms of heights 1, 2, and 3 in. were used to determine
the influence on loads of earth berms upwind. The 1 in. berm had a
linear slope with a base width of 2 in. (Figure 6b). The 2 in. berm
was composed of the 1 in. berm with a trapezoidal shape of 1 in. height
and base width of 4 in. placed below it. The 3 in. berm was formed by
inserting a 1 in. high section between the two portions of the 2 in.
berm (Figure 6b).

Since the possibility of controlling the pitch angle of the full-
scale prototype with a 1 ft diameter torque tube was under consideration,
the effects produced by a 0.5 in. diameter '"torque tube" attached to the

back of the collector were measured.



3. INSTRUMENTATION

3.1 Velocity Profiles

To determine the approach boundary-layer characteristics, velocity
and turbulence intensity profiles were measured over the turntable with
no collector in place. These tests were performed with U, = 80 fps at
the top of the boundary layer 45 in. above the floor.

Data were obtained with a single horizontal 0.001 in. platinum hot-
film probe. A vertical traverse controlled directly by an on-line
computer supported the probe. The output from a Thermo-System, Inc.
constant temperature anemometer was directed to a data acquisition
system consisting of a Hewlett Packard 21 MX minicomputer, disk, card
reader, and printer and including a Preston Scientific analog-to-digital
converter, Digi-Data digital tape drive and Tektronix plotter. Data
were acquired and processed under software control.

Calibration of the hot-wire anemometer was performed using a
Thermo-Systems calibrator (Model 1125). The calibration data were fit
to a variable exponent King's Law relationship of the form:

2 _ A+ "

E
where E is the hot-wire output voltage, U the velocity and A, B, and n
are coefficients selected to fit the data. The above relationship was
used to determine the mean velocity at measurement points using the
measured mean voltage. The fluctuating velocity in the form Urms

(root-mean-square velocity) was obtained from:

2EE
_ rms

Urms B n-1
BnlU

where Erms is the root-mean-square voltage output from the anemometer.

For interpretation turbulence measurements were divided by the mean



velocity at the height of the measurement. This result is the

turbulence intensity U__ /U.
rms

3.2 Flow Visualization

It is useful to observe flow patterns about the collectors to
determine how loads are applied to the collectors or how an upstream
fence deflects flow over the collectors to decrease loads. Titanium
oxide smoke was released from sources within and upstream of the array
field and a motion picture record was obtained of the flow patterns.
This movie shows the separation around a collector, the turbulent and
low velocity flow within the array field, and the effect of an upwind

fence. An outline of the content of the movie is given in Table 1.

3.3 Force and Moment Measurement

Forces and moments applied to each metric unit were measured with a
six component INCA strain gage balance. Only five of the six components
(two forces and three moments) were measured. Each collector was fixed
to the balance as shown in Figures 2 and 3. The balance was, in turn,
attached to the turntable. In this way, forces and moments were
measured with respect to a coordinate system referred to the collector
and not to the flow direction.

The strain-gage bridges of the force balance were monitored by
Honeywell Acudata 118 Gage Control/Amplifier Units, which provided
excitation to the bridge and amplified the bridge output. The signals
were filtered by a 100 Hz low pass filter and amplified by a d.c.
amplifier before being processed by the on-line data acquisition system
described previously. Zeros and data were recorded for 3 minutes with a

100 Hz sample rate.
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Calibration of the force balance was performed before and after the
study. Forces and moments were applied to the balance by dead weights
hung from a knife edge ring. The balance had a linear response on each
channel. Interactions between channels were small and were accounted
for in the calibration. A check of the calibration was performed by
applying known loads to a collector on the force balance in place in
the wind tunnel. By using the calibration matrix, the loads were

recovered within 3 percent.

3.4 TForce and Moment Coefficients

Forces and moments measured on the collectors were converted into
nondimensional coefficients to permit ease of scaling to full-scale
forces and moments. The definitions for force and moment coefficients
follow. Moments were transferred from the balance center of action to
either the XP’ YP,

YB’ ZB axes at ground level. The lateral force coefficient is:

ZP axes at the collector pivot point or to the XB,

F,=—>
xP 9. S

where Fx is the lateral force, q. is the dynamic pressure O.SpU2 in the
approach flow at the height HCL (height of the collector pivot) above
the floor, and S = LC is a characteristic area of the collector. The

lift force coefficient is

where FL is the lift force.

The rolling moment coefficient is the moment coefficient about the

XP axis '

where M;P is the dimensional moment about the XP axis.
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The yawing moment coefficient is the moment coefficient about the Z

where ﬂ'z is the dimensional moment about the Z axis.

The pitching moment coefficient was calculated for the moment M}P

about the YP axis through the pivot point

Ml
M = _________‘Y__E
yP q. SC

or for the moment M’YB about the YB axis at ground level

M!
M - __ﬂ
yB q, SC

Values of L, C, S and standard height HCL for each collector are

outlined below:

COLLECTOR NUMBER = 1 2 3 4
Rim Angle g0° 40° 65° 120°
Aperture C (inches) 2.80 2.92 2.94 3.00
Length L (inches) 10.8 10.8 10.8 10.8
Surface S (inches?) 30.24 31.54 31.75 32.4

Standard Height of Collector
Centerline ref. to the floor,
HCL (inches) 2.10 1.99 2.06 2.55

HCL/C = K 0.75 0.68 0.70 0.85

I

Focal length dF 0.70 2.01 1.15 0.43

Center of gravity position dG 0.26 0.09 0.16 0.52

For tests in which the height HCL of the collector above the ground

was varied, q. for force and moment coefficient calculations was based

on the velocity at the actual HCL used for the test.
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Pitching moment coefficients with respect to the center of gravity
G and to the focal point F of the collector trough were calculated. The
notations are referred to Figure 5b. The force acting on the collector

with the XP - ZP plane is

& = JF}Z( + F%

F

X
— = cos O
Il
F
"%ﬁ = sin o
The pitching moment around the focal point F will be
o=y - I
= M'YP - “f“ dF sin (a + 8)
= M'yP - ”f” dF (sin o cos 6 + sin 6 cos o)
= M‘YP (FL dF cos O + Fx dF sin 6)

Using the same development, the pitching moment around G is:

' - M -
M v6 = M vP (FL d

in terms of coefficients:

g €08 0+ Fx dG sin 6)

1 1
M. = §—X£ M,.= g—zg
yF chC yG qCSC



4. TEST RESULTS

4.1 Single Collector Loads

The four different shapes of collectors, model configurations 1-4
with varying rim angle, were tested alone to determine the effect of
collector shape and to establish a baseline for comparison with array
field tests. The first step was to determine at a height HCL/C ~ 1 and
for approach azimuth § = 0, the pitch angle emax for which the lift was
maximum. These data are shown in Figure 9 for the four collectors and
are tabulated in Table 3. At this value of emax and at 6 = 0, the
height of the centerline of each collector HCL was varied. These data
are tabulated in Tables 4 and 5. Selected portions of these data where
loads were larger are presented in Figures 10 and 11. The effect of
collector height above ground is not dramatic in coefficient form with
the most rapid changes in coefficients occurring for small spacing from
the ground. Pitching moment about the ground level was most influenced
by height effects as would be expected.

In order to determine the effects of pitch angle 6 and yaw angle
¢ on the loads, a standard height of collector was selected (HCL/C =
0.75, 0.68, 0.70 and 0.80 for collector configurations 1-4) and load
measurements were obtained for a matrix of pitch and yaw angles. Yaw
angle § (approach wind direction) ranged from -15° to +60° while pitch
angle 6 ranged from -135° to +180°. The results of these tests are
listed in Table 6. Selected portions of the data are plotted in Figures
12 and 13. Several comments regarding these data can be made. The
force coefficients are relatively insensitive to collector shape for
¢ = 0 (Figure 12a, b). Pitching moment depends somewhat on collector

shape (Figure 12c, d), but trends to increasing or decreasing load with
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curvature of collector are mixed. Yawing moments for varying pitch at
$ = 0 (Figure 12e) were near zero as expected. Rolling moments for the
same conditions (Figure 12f) should be zero, but showed moment
coefficients from zero to 0.5 depending on pitch angle. Test loading
during balance calibration did not show this behavior in rolling
moment--the cause of these moments remains unexplained. It is doubtful
that they arise from small imperfections in model shape. Lateral and
lift forces became more dependent on collector shape at different yaw
angles (Figures 13a, b, e, f). An explicit display of the effect of
rim angle is shown in Figure 14.

The coefficients obtained in the case of one collector only could
be compared with the drag coefficient of a flat plate or a cylinder.

In Table 6a (configuration 1)

F

- o
<P 1.42 at 0 =0

FxP

The drag coefficient for a flat plate with the length greater than

t

1.06 at 0

180°

the width is
CD = 1.2 if the plate is of finite length to width ratio.
In our case, we have an intermediate case where the boundary can
have some effects.
At our range of Reynolds number, the drag on an infinite length
cylinder is about 1.2 far from the ground and decreases somewhat for
finite length cylinders to about 0.8 for length to diameter ratios

similar to the L/C ratio of the collector used for this study.

4.2 Array Field Loads

Configuration 5 was formed by adding two collectors identical in

shape to collector 1 as shown in Figure 6. The gap spacing G between
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the center metric collector and the two outer collectors was varied in
configuration 5 to find the optimum spacing to be used for load
measurements on configurations 5-9. With the standard legs shown in
Figure 4, it was not possible to obtain a gap spacing less than
G/C = 0.54. Alternate legs were constructed which allowed a smaller
G/C. Cardboard taped to this modified collector permitted gaps as small
as G/C = 0.06 to be obtained. These data are shown in Table 7. The
data for both sets of legs are shown in Figure 15. The discontinuity
between the two collector types was probably due to the influence of the
modified leg geometry. Very little influence of gap spacing on loads
can be observed. A gap width of 0.54 was selected for the standard gap
width for the subsequent collection of load data on configuratioms 5-9.

In order to establish row spacing R for the collector array field
studies (see Figure 6), row spacing values of R/C = 2.0, 2.5, and 3.0 in
configuration 9 were used for selected data acquisition. These data are
presented in Table 8. On the basis of these data in conjunction with
evaluation by the sponsor of space required for collector access, a row
spacing of R/C = 2.25 was selected for all further data collection on
the array field. Figure 16 shows selected data from Table 8 and data
from further tests on configuration 9 (Table 9) at a row spacing of
R/C = 2.25.

To determine the origin of the peak in the lift coefficient at
R/C = 2.25, 6 = emax shown in Figure 16b, a smoke visualization study
was conducted. The flow patterns were highly variable with time;
however the essential characteristics of the flow could be observed
and are shown in Figure 16c. High velocity flow was observed just above

the collectors for all three row spacings, R/C = 2.0, 2.25, 2.5. 1In
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addition, a tendency was observed for the high velocity flow to remain
attached to the curved rear surface and to be pulled downward
intermittently under the trailing collector. This tendency was
observed to be stronger at R/C = 2.25 than for either R/C = 2.0 or
R/C = 2.5. For R/C = 2.0, less quantity of high velocity flow was
observed to pass under the edge of the trailing collector while for
R/C = 2.5, the percentage of time when high velocity flow passed under
the edge of the trailing collector was reduced as compared to the case
at R/C = 2.25. This may indicate that short-duration lift loads at
R/C = 2.5 could be much higher than the mean and comparable to short-
duration lift loads at R/C = 2.25. With torque tubes attached to the
collectors, no high velocity flow was permitted underneath the
collectors--a distinct improvement over the case without torque tubes.

A matrix of conditions varying wind azimuth § and pitch angle ©
were used to obtain loads on configurations 5-9 using a gap G/C = 0.54
and row spacing R/C = 2.25. These data are tabulated in Table 9. While
obtaining data on the various configurations, fences and berms of various
heights were placed in front of the first row of the array at varying
distances. Table 10 shows the fence heights FH/C and placements FS/C,
collector pitch angle, collector configuration and force and moment
data. For some cases, a 0.5 in. torque tube was attached to the back of
the collector to determine its influence on the loads. Table 11 shows
conditions for the study of effects of an upwind berm. Except for Runs
300 and 302, all data on the influence of fences or berms were obtained
with ¢ = 0. The influence of array field configuration and fences on

selected loads is shown in Figure 17. These data indicate that loads
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drop dramatically with either a single collector upstream or with a
fence upstream. The influence of fence height is shown in Figure 17d.

The loads with a torque tube attached to a single collector
(configuration 1) were determined for a range of pitch angles at § = 0.
These data are shown in Table 12. A comparison of single collector
loads with and without the torque tube is shown in Figure 18. The
torque tube had some effect on the loads. The torque tube on a single
collector decreased the lift at * emax and at 6 = % 90° but increased
slightly the lateral force and the overturning moment MyB’ Increases
in lateral force and overturning moment occurred at smaller values of
the coefficients. Furthermore, it has been seen that in an array field,
the torque tube creates a blockage on the first row, protecting the
following row. Then the flow between two collector rows becomes
stagnant. The presence of the torque tube showed moderate effects on
array field loads (Table 10).

Moments about the focal point, F, and center of gravity, G,
are compared with moments about points P and B in Tables 13 to 21.
Because variation of these moments with various independent variables
(6, for example) includes other variables as well (height of point F or
G), these data were not plotted. In many cases, differences in moments
between P, F and G are small.

Because of flow leakage into the force balance compartment during
the initial stages of testing, small errors were introduced into the
data. This problem was discovered and corrected after data on the first
four configurations were obtained. A correction to the data was devised
by rerunning some data on configurations 1 and 4 and calculating

correction factors. Figure 19 gives an example of the correction
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showing the original data uncorrected, the original data with the
correction factor applied, and the rerun data with the leakage problem
fixed. This factor is based on force and moments evaluated upon the
force balance action point which is different from the pivot P. The
correction appeared to work well. All data reported herein are

corrected where corrections were required.

4.3 Smoke Visualization of Fence Effect

The previous section showed the dramatic decrease in loads which
occurs when an upwind collector or wind fence is included. Figure 20
shows flow visualization photographs which help to explain why this
occurs. Figure 20a shows flow sweeping onto the lead collector without
benefit of a wind fence. The collector sees the full effect of the wind.
Figure 20b shows the low velocity, separated flow regime behind the lead
collector which provides protection to downstream rows from the full
force of the wind. In Figure 20c, a low fence of height FH/C = 0.36 is
shown. This fence does not provide significant protection; the wind
flow is deflected upward somewhat, but still impinges on the lead
collector. Figure 20d shows a porous fence of FH/C = 0.71. Here the
low velocity region behind the fence is just higher than the collector,
even though the fence height is smaller than the collector height. As
shown in Figure 17d, this height fence provides almost maximum decrease
in lift or lateral force for zero or negative pitch angles. For positive
pitch angles, a slightly higher fence may be required to provide maximum
load decreases, since the top of the collector would be at a higher

elevation.
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4.4 Calculation of Full-Scale Loads

The force and moment coefficients presented in this report can be
used to determine corresponding forces and moments on full-scale
collectors of the same geometry and field array configuration in an
open-country environment. This is possible because the force and moment
coefficients are constants as long as the Reynolds number is sufficiently
high (see Chapter 1). Full-scale forces and moments can be determined by
multiplying the coefficients by values of q.» S and C appropriate to the
full-scale environment as demonstrated below by an example.

Consider a single exposed collector 6 ft wide and 22.5 ft long (C =
6 ft, L = 22.5 ft) at sea level exposed to a quasi steady wind U30 of
30 mph at 30 ft elevation in an open country environment (0.14 exponent
power law profile for mean velocity). The shape of this collector is
assumed to be similar to configuration 1 (¢ = 90°), with a height of the
centerline such that: HCL/C = 0.75. It is desired to calculate the
lateral force F in the X direction and the pitching moment M;P about the
rotation point of the collector from the force coefficient FxP and moment
coefficient MyP for zero pitch angle (6 = 0) and zero wind angle (Y = 0).

From the equations for force and moment coefficients (section 3.4)

F =qSF,

X P
FL =98 Fpp
t
MyP = ch C MyP
From Table 6, for configuration 1, wind azimuth = 0, pitch angle = 0:
FxP = 1.42
FZP = 0.39
M, =-0.14

yP
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From the collector size:

L=225Fft, C=6 ft

S = IC = (22.5 ft)(6 ft) = 135 ft°

HCL = 0.75 C = 0.75 (6 ft) = 4.5 ft
To determine q. ¢

q, = 05005,

(qc = 0.00256 U%CL if UHCL is in mph and q. is in pounds per square
foot, see ref. 8)

Using a mean velocity profile with a 0.14 power law,

.14
- HCL
Uper, = Y30 | 30 ¢
.14
_ 4.5 ft -
= 30 mph W = 23.0 mph

Thus q = 0.00256 (23.0)% = 1.35 psf,

The forces then become

i

tr
1
71
)
{021
Frg
[}

(1.35)(135)(1.42) Fr (1.35)(135) 0.39

F, = 260 1b F, =70 1b
Mip = a. S CMp = (1.35)(135)(6.0)(-0.14)
M', = -150 1b ft

yP
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The moment arm of the force from the pivot point is:
M'
AZT = _LPl
¥
vhere [Fl = JF% + F%
602 + 70

270 1b

_ 150 1b ft

T = 270 1B = 0.56 ft



5. CONCLUSIONS
Wind forces acting on parabolic trough solar collectors were modeled
in a boundary-layer wind tunnel in which atmospheric winds were simulated.

Wind loads were measured on four collectors with different rim angles.

Loads were also obtained on several array field configurations including

wind fences.

The following conclusions can be drawn:

1. Maximum lift on a single collector occurs for negative pitch angles
(collector pointed downward) and occurs at different pitch angles
for different rim angles.

2. Maximum lateral force on a single collector occurs for wind directly
into a collector at zero pitch angle.

3. Maxima in pitching moments on a single collector tended to occur
at more than one pitch angle.

4. Collectors downwind of other collectors showed large decreases in
wind load.

5. Wind loads on a collector in an array field directly exposed to
winds decreased dramatically with inclusion of an appropriately
designed fence upwind.

6. Gap spacing between collectors in a row did not affect collector
loads significantly.

7. Row spacing in an array field had a slight influénce on collector

loads especially at the pitch angle which gives maximum lift.
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Figure 2a. Collector shapes for configurations 1-4,
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Collector 4

Collector 1

Figure 3. Collector mounted on force balance.
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Figure 7. Array field in the wind tunnel.
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THETA = THETA-MAX, HCL/C = KI
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Figure 13i, Variation of single collector loads with yaw
angle for HCL/C=K;, (configurations 1-4).
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THETA = - THETA-MAX, HCL/C = KI

BOX = COLL #1  STAR = COLL #2
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Figure 13j. Variation of single collector loads with yaw
angle for HCL/C=KI, (configurations 1-4),
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BOX = THETA = B DEG STAR = THETA = 180 DEG
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COLLECTOR RIM ANGLE,PHI

Figure 14a. Effect on the rim angle ¢ on collector
loads.
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THETA = THETA-MAX
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Figure 14b. Effect on the rim angle ¢ on collector
loads.
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o BOX: THETA = THETA-MAX STAR: THETA = - THETA-MAX
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0
8 * x
*
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Figure l4c. Effect on the rim angle ¢ on collector
doads.
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BOX: STANDARD LEGS, STAR: ALTERNATE LEGS
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GAP WIDTH G/C
Figure 15a. Effect of gap width on loads for configuration 5.
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BOX: STANDARD LEGS, STAR: ALTERNATE LEGS
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Figure 15b., Effect of gap width on loads for configuration 5,
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ROW SPACING R/C
Figure 16a. Effect of row spacing on collector loads

(configuration 9).
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THETA = -60 DEG
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|
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Figure 16b. Effect of row spacing on collector loads
(configuration 9).
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R/C = 20 © = Omax
—> P . o
R/C = 2.25 © = Smax
- »-
R/C =25 © = Omax
o -
____/:’_. .
stagnant stagnont
R/C = 2.25 ©= Omax

WITH TORQUE TUBE
Figure 16c. Effect of the row spacing upon the flow pattern.
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1.90 } i
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A 2 o .4
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CONFIGURATION #

Figure 17a. Influence of array field configuration and
fences on collector loads.
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BOX: THETA = -68 DEG, NO FENCE
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Figure 17b. Influence of array field configuration and
fences on collector loads.
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Figure 17c. Influence of array field configuration and
fences on collector loads.
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BOX: LATERAL
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Figure 17d. Influence of array field configuration and
fences on collector loads.
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BOX: WITHOUT TORQUE TUBE
STAR: WITH TORQUE TUBE
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Figure 18a. Effect of torque tube on collector 1 loads.
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Figure 18b. Effect of torque tube on collector 1 loads.
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BOX: ORIGINAL DATA, UNCORRECTED
DELTA: ORIGINAL DATA, CORRECTED
STAR: CORRECT DATA, WITH NO LEAK
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Figure 19. Effect of applying correction to collector 1.
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(b)

Figure 20. Smoke visualization of upwind barriers.
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(a)

(b)

Figure 20. Smoke visualization of upwind barriers.
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(c)

(d)

Figure 20 (continued).
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(c)

(d)

Figure 20 (continued).
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Table 1. MOTION PICTURE SCENE GUIDE

WIND
RUN # DIRECTION CONFIGURATION PITCH FENCE BERM
1 General preseptation of the array|and the pind tunnel
2 0 9 0 3-in. no
fence
3 30 9 0 3-1in. no
fence
4 0 9 0 no 2-1in.
berm
5 0 6 0 no no
6 0 6 0 1-in. no
fence
7 0 6 0 2-in. no
fence
8 0 6 0 3-in. no
fence
9 0 6 -60 2-in. no
fence
10 0 6 120 2-in. no
fence
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VELOCITY AND TURBULENCE INTENSITY PROFILE
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Table 3. DETERMINATION OF Gmax FOR CONFIGURATIONS 1-4

HEoPING
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MOHENT COEFFICIENTS

COLLECTOR FORCE AMD

DAaTA FOR THE SadDia PRRABOLIC

CONFIGURATION £

DETERMINATION OF THETA MAX,COLL#E

10,80 IHCHES

.80

o

#

nYP

MEP

~

HOL /G FXP

PITCH

FZpP HAF HYP

FAP

PITCH HCL/C

P O U
D D et D

PO AR L
A G s D IO TP

Lalad sdaladacian]
e O

PO O e v 1) et
DAL PAD T O O

AL S B OO O

TS PN NG I
preSugog =Rl <4

WP QUL
LR P P O 3 0
L A Sl

LR

PAFREH S Bt
et O et vt et

LI L A

st 4 3 2 00}
B et (O

TEOIII O

......

nopiInz

FILE-HANKE:

FORCE AND MOMENT COEFFICIENTS

DATR FOR THE SANDIA PARABOLIC COLLECTOR

DETERMINATION OF THETA WaX,COLL#Z

Lo= 19.80 IHCHES

2.%2

C

CONFIGURATION 2

HCLAL FiF ‘FRF HEP nyp [ rd

PITCH

HELZC FXP FZp HAF HYP HZp

FITCH

W3OV N v

A e P Pt

M P ST

,,,,,,

......

......

78

HDPIN3

FILE~HAHRE:
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Table 4. EFFECT OF HEIGHT HCL ON SINGLE COLLECTOR LOADS AT
6 =0, y = 0 FOR CONFIGURATIONS 1-4

DATA FOR THE SANDIA PARABOLIC COLLECTOR FORCE RAND MOMENT COEFFICIENTS FILE-HAME: HMDCONME
CONFIGURATION 1 C = 2.80 L = 19,80 INCHES HEIGHT EFFECTY AT THETA=0.,COLL#1
PITCH HEL/C FXP Fzp MXp MYp i ¥4 PITCH HCL/C FAP FZF NEP nyp nip
.67 1.43 10 69 ~.39 03 0. 1.93 1.352 19 -.03 -.21 .98
9. .74 1.49 02 04 -.25 ~-.91 0. 1.23 1.48 03 03 -. 97 -. 91
9. .89 {.93 3] ~.04 -.34 ~-.13 0. 1.4 1.590 03 13 -, 29 -. 02
9. .89 .48 10 99 -.i4 -.13 9. 1.9 1,594 3 13 -. 49 -. 11
DATA FOR THE SANDIA PARABOLIC COLLECTOR FORCE AMND MOMENY COEFFICIENTS FILE-NAHE: MDCDAZ
CONFIGURATION 2 € = 2.92 L = 19.89 INCHES HEIGHT EFFECT AT THETA=0,COLL#2
PITCH HCL/C FXP Fzp HXp e p HZP PITCH HCL/C Fxp F2P HEP MYP nze
g. 64 §1.37 .10 .10 -.18 -.i2 ¢ .35 1.5¢6 .03 03 -.24 -. 13
g. .68 {.49 .92 ~.12 ~-.05 ~. 15 0 1.26 1.4% .03 03 -.19 -. 98
9. e {.48 .02 .03 -.29¢ -. 04 0 1.54 1.4% .09 07 -.14 -. 97
9. .86 i.49 .02 .03 -.18 -. 05 3 1.88 1.48 .03 i2 -. 49 -.1¢
DATA FOR THE SANDIA PARABOLIC COLLECTOR FORCE AND MOMENT COEFFICIENTS FILE-NAMNE: NMDCDN3
CONFIGURATION 3 t = 2.94 L = 10.80 INCHES HEIGHT EFFECT AT THETA=0,COLL#3
PITCH HCL/C FXP FZp MXP HYP MZP PITCH HCL/C FAP FZP HEP nyYp nZe
9. .64 1.31 .18 .15 -.17 -.08 9. .98 1.3¢ .63 .13 ~.29 ~. 92
Q. .68 1.43 .02 .94 ~-.26 -.29 0. 1.19 1.5¢6 e A -.29 ~. 11
9. 17 1.4% .92 .93 -.19 -.01 ¢. 1.853 1.43 .03 .13 -.18 ~.1¢
9. .85 1.514 03 .03 ~-.18 -.09 ¢. 1.87 1.46 .03 .12 ~.29 -.10
DATA FOR THE SANDIA PARABOLIC COLLECTOR FORCE AND MOMENT COEFFICIERTS FILE-NANE: mMDCON4
CONFIGURATION 4 = 3.00 L = 10.80 INCHES HEIGHT EFFECT AT THETA=0.,COLL#4
PITCH HCL/C FXP FZp HXP HYP HZP PITCH HCL/C FXP F2FP MEP nyp BZF
L .63 1.34 .10 -.93 -.18 -.00 0. .96 1.64 -.19 .04 -.39 - 03
q. .67 1.37 10 .98 -.24 -.04 $. 1.17 1.82 .93 11 ~.23 .04
g. .25 1.52 -. 13 .95 - .49 ~-.6% ¢. 1.5¢ i.e2 .$3 49 ~.27 .90
9. .83 1.57 -.12 .10 -.3§ -.08 0. 1.83 1.56 .09 .22 -.32 -.92



Table 5.

EFFECT CF HEIGHT HCL ON SINGLE COLLECTOR LOADS AT

emax, ¥ = 0 FOR CONFIGURATIONS 1-4

DATA FOR THE SANDIA

CONFIGURATION 1 £ = 2
PITCH HCL/C FXP FZFP
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CONFIGURATION 3 €t = 2
PITCH HCL/C FXP F2p
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MXP MYP nZPp
.27 -.13 -.92
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PARABOLIC COLLECTOR

CONFIGURATION 4 g = 3.00 L = 10.80 INCHES
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(CONFIGURATION 1)

PATA FOR THE SANDIA PARABOLIC COLLECTOR

Table 6a. MATRIX OF SINGLE COLLECTOR LOADS AT HCL/C = KI
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Table 6b. MATRIX OF SINGLE COLLECTOR LOADS AT . HCL/C = KI (CONFIGURATION 2)

npcoLz

FILE~NANE:

FORCE AND MOMENT COEFFICIENTS

DATA FOR THE SANDIA PARABOLIC COLLECTOR
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(CONFIGURATION 3)

MATRIX OF SINGLE COLLECTOR LOADS AT HCL/C = KI

Table 6c¢c.

noCoL3

FILE~NAME:
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DATA FOR THE SANDIA PARABOLIC COLLECTOR
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(CONFIGURATION 4)

MATRIX OF SINGLE COLLECTOR LOADS AT HCL/C = KI

Table 6d.

DATA FOR THE SANDIA PARABOLIC COLLECTOR

MDCOL4

FILE-NANE:

FORCE AND MONENT COEFFICIENTS

ONE SINGLE COLLECTOR.,RIM ANGLE=120

= 10.80 INCHES
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LOADS FOR VARIOUS GAP SPACINGS FOR CONFIGURATION 5

Table 7.

MDiBOO

FILE-NANE:

COEFFICIENTS

FORCE AHD MOMENT

DATAH FOR THE SANDIA PARABOLIC COLLECTOR

CONFIGURATION 3
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» ALTERNATE LEGS

FORCE AND MOMENT COEFFICIENTS

DATA FOR THE SANDIA PARABOLIC COLLECTOR

COMFIGURATION 3

JONE COLLECTOR ROW

STYDY
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L= 19
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Table 8.
DATA FOR THE SANDIA PARABOLIC COLLECTOR
CONFIGURATION 9§ cC = 2.80
WIND PITCH FXP FZP MXP
AZ2IN. ANGLE
9. ¢.090 04 ~-. 11 -.19
9. 9.09 03 -. 11 -.135
9.-69.09 29 36 -.9%6
9.-65.00 23 43 -.04
DATA FOR THE SANDIA PARABOLIC COLLECTOR
CONFIGURATION 9 cC= 2.80
WIND PITCH FXP FzP nxp
AZIN. ANGLE
9. 0.00 .13 -.98 -.98
0.-60.00 .41 .46 -.23
DATA FOR THE SANDIA PARABOLIC COLLECTOR
CONFIGURATION 9 C = 2.80
UIND PITCH FXPpP F2P nxp
AZIN. ANHCGLE
0. 0.00 17 -.09 .01
0.-60.00 48 .57 -.04

My

22 -X-4
Wao

ny

ot bn
™

Ny

Ao

P

[3

P

o

L = 10.80 INCHES

L = 10.80 INCHES

L = 10.80 INCHES

nz

o000
BT

Nz

.1
f

nz

-1
1

DATA FOR ESTABLISHMENT OF ROW SPACING R (CONFIGURATION 9)

P

P

9
13

P

6
2

FORCE AND MOMENT COEFFICIENTS

ROW STUDY., ROW SPACING=2.0=C

WIND PITCH FXP FZP NXP
AZIN. ANGLE

{5.-69.0¢ .28 30 00

15.-65.90 .29 30 ~-.97

39.-60.00 .29 32 03

30.-69.00 .29 37 12

FORCE AND MONMENT COEFFICIENTS
ROV STUDY,ROV SPACING=2. 3sC

TCH FXp FZP HXP
GLE

.00 .33 .37 .13
00 . 40 .42 .23

FORCE AND MOMENT COEFFICIENTS
ROV STUDY,ROW SPACING=3 0»C

FXP Fzp HXP

.33 .33 .13
.44 .49 .17

FILE-NRME: MDR2.9
nYP nZP
-. 99 -.98
-.03 -.035
-.9%9 -.16
-. 135 -.18
FILE-NAME: MDR2.S
nyYyp nzp oo
N
-.19 -.27
-.20 -. 17
FILE-NANE: MDR3.O
BYP NZP
-.04 -.18
-.23 -.18



LOADS ON ARRAY FIELDS (CONFIGURATIONS 5-9)

Table 9a.

MDBROW

FILE-NANE:

FORCE AND MOMENT COEFFICIENTS

DATA FOR THE SANDIA PARABOLIC COLLECTOR

FOUR COLLECYOR ROWS,R/C=2.29

L = 10.86 IHCHES
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DATA FOR THE SANDIA PRRABOLIC COLLECTOR
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LOADS ON ARRAY FIELDS (CONFIGURATIONS 5-9)

Table 9b.

MD6ROW

FILE-NANME:

DATA FOR THE SANDIA PARABOLIC COLLECTOR
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LOADS ON ARRAY FIELDS (CONFIGURATIONS 5-9)

Table 9c.

MDEDIT

FILE-NAMNE:

ONE ROW OF THREE COLLECTORS,G6/C=.336

FORCE AND MOMENT COEFFICIENTS

DATA FOR THE SANDIA PARABOLIC COLLECTOR
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Table 10a. FENCE STUDY

File: MDFNCE
SPACE BETWEEN
FENCE THE FENCE AND CONFIGURATION
HEIGHT FIRST COLL. ROW PITCH WITH OR WITHOUT
RUN # FH/C FS/C ANGLE TORQUE TUBE
270 1.43 2 180 V without
271 1.43 2 120 V without
272 1.43 2 0 V without
273 1.43 2 -60 V without
274 0.71 3 0 V without
275 0.71 3 -60 V without
276 0.71 3 0 VI without
277 0.71 3 -60 VI without
278 0.71 alt fence 3 0 VI without
279 0.71 alt fence 3 -60 VI without
280 1.07 3 0 VI without
281 1.07 3 -60 VI without
282 1.43 3 0 VI without
283 1.43 3 -60 VI without
284 0.36 3 0 VI with
285 0.36 3 -60 VI with
286 0.36 3 -60 VI without
287 0.36 3 0 VI without
288 0.71 alt fence 3 -60 VI with
289 0.71 alt fence 3 0 VI with
290 1.07 3 120 VI with
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Table 10b. FENCE STUDY (CONTINUED)
File: MDFNC1
SPACE BETWEEN
FENCE THE FENCE AND CONFIGURATION
HEIGHT FIRST COLL. ROW PITCH WITH OR WITHOUT

RUN # FH/C FS/C ANGLE TORQUE TUBE
291 1.07 3 180 VI with

292 1.07 3 180 VI without
293 1.07 3 120 VI without
294 1.07 5 0 VI without
295 1.07 5 -60 VI without
296 1.07 3 0 VII without
297 1.07 3 -60 VII without
298 1.07 3 -60 IX without
299 1.07 3 0 IX without
300 1.07 3 0 IX without (¥=30°)



Table 10c. EFFECT OF FENCES ON ARRAY FIELD LOADS

RUN &

270
271
272
273
274
273
276
2r?
278
279
2890

RUN
292
293
294
293

DATA FOR THE SANDIA PARABOLIC COLLECYOR FORCE AMD MOMENT COEFFICIENTS
C = 2.80 L = 10.80 INCHES FENCE STUDY
FXP FZP MEP nyp nze RUN ¢ FXP FZp HXP nYp
.20 .23 .24 -.32 -.12 281 -.04 .28 W17 .14
.18 .22 .13 ~-.31 ~-.13 282 .16 .24 .19 -. 03
.27 .20 .14 -.23 -.0% 282 .07 .22 .11 -.12
.08 .33 .12 -.91 -.04 294 1.10 .41 .38 -.19
.36 .27 .17 -.93 -.08 285 .23 .29 17 -.02
.98 .28 .28 -.12 -.11 286 .07 .50 .25 .06
.26 .32 .32 .16 -.01 287 1.03 .27 .09 -.09%
.14 .16 .14 -.30 ~-.29 288 .09 .20 .18 -.21
.33 .29 .23 -.09 -.11 289 .37 .29 .08 -. 13
.01 .23 .15 ~-.04 -.05 290 .09 .35 .51 -.04
11 .18 .19 -.03 ~.09 291 .06 .20 .22 -.92
DATA FOR THE SANDIAR PARABOLIC COLLECTOR FORCE AND MOMENY COEFFICIENTS
C = 2.80 L = 10.80 INCHES FENCE STUDY
FXP F2p NXP nyp nze RUN @ FXP Fzp LEe nyp
.19 .34 .22 -.29 -.19 296 .14 .29 .26 -.35
.26 .33 .19 -.46 -.20 297 .03 .29 .20 -. 13
.17 .34 .30 -.30 -.11 298 .17 .41 .26 -.25
.03 .24 .14 -.13 -.13 29% .13 .28 .19 ~-.09

390 .23 .40 .33 -.13

FILE-HAME: WDFNCE

mze

-.04
-.12
-. 07
~-.03
~-. 07

.03
-.14
-.14

FILE-NAME: MDFNC1

nze

~.903
-.16
-.97

6
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Table 1la. BERM STUDY

SPACE BETWEEN

File: MDBERM

BERM THE BERM AND
HEIGHT FIRST COLL. ROW  PITCH
RUN # FH/C FS/C ANGLE CONFIGURATION
301 1.07 3 IX
302 1.07 3 IX (y=30°)
303 1.07 3 \'2t
304 1.07 3 -60 VI
305 0.71 3 -60 VI
306 0.71 3 0 VI
307 0.36 3 0 VI
308 0.36 3 -60 VI
309 0.36 2 -60 VI



Table 11b.

RUN &
3ot
302
303
304

EFFECT OF BERMS ON ARRAY FIELD LOADS

DATA FOR THE SANDIA PARABOLIC COLLECTOR
2.80

FXP

.23
.14
.03
.16

FzZP

.49
.40
.30
14

C =

HXP

.26
.16
.09
.20

nYP

.07

-.36

L = 10.80 INCHES

nze
.14
.10
.10
.18

RUN #

308
3906
397
308
309

BERM STUDY
FXp FZP
.04 .36
.24 .51
.13 .47
.27 .71
.32 .77

FORCE AND MOMENT COEFFICIERNTS

HXP
.21
.12
.07
.26
.18

MYP
.15
.06
.32
.22
.34

FILE-NAME:

nze
.06
.07
.18
.10
.17

MDBERM

h6



Table 12. LOADS WITH A TORQUE TUBE ON COLLECTOR 1

DATA FOR THE SANDIA PARABOLIC COLLECTOR FORCE AND MOMENT COEFFICIENTS FILE~-NAME: MDTORL
c = 2.89 L = 14.80 INCHES TORQUE TUBE EFFECTS.COLL#I ALOME
WIND PITCH FXP FZP L b1 WY P MZP WIND PITCH FXP FZP HXP MYP MZP
G 9 1.39 .41 L3¢ -.02 -.9% g 1% 78 -.18 -.01 06 -.11
¢ -3¢ .92 i.1¢ .18 .68 - 08 9 -390 33 L& L0 -.27 .00
% 39 1.5¢ -.89 .26 -.2% -.909 Q 90 59 1t.1¢ .18 15 ~-.Q6
0 -690 .85 1.36 L1t -. 00 -.03 o ~126 74 .46 -.062 -. 41 -. 06
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DETERMINATION OF THETA HAX,COLL¥2

COHFIGURATION 2
=

HYG

EFFECT OF 6 ON PITCHING MOMENT COEFFICIENTS
nYF

(CONFIGURATIONS 1-4)
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nys
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FILE NAWHE:HDCDH2
L 10.890
HEIGHT EFFECY AT THETA=0,C0LL#2
nyse MYF MYG
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COEFFICIENTS AT 6 = 0, y = O (CONFIGURATIONS 1-4)
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EFFECT OF HEIGHT HCL ON SINGLE COLLECTOR PITCHING MOMENT

Table 14.
FILE NAME:HDCDM1
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EFFECT OF HEIGHT HCL ON SINGLE COLLECTION PITCHING MOMENT

Table 15.

COEFFICIENTS AT 6 =6

s ¥ = 0 (CONFIGURATIONS 1-4)

max

FILE NAMEIMDCLM2

10.80

CONFIGURATION 2

FILE NAHE:HOCLHI
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HEIGHY EFFECT AT THETA HAX, COLLAI

L

CONFIGURATION
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FILE NAME:NDCLM4

L = 10.80

CONFIGURATIOH 4
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MATRIX OF SINGLE COLLECTOR PITCHING MOMENT COEFFICIENTS

AT HCL/C = KI (CONFIGURATION 1)

Table 16a.
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iys
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(CONFIGURATION 2)

FILE HaME:#DCOL2
10.280

K
I
L =
CHE SIHCLE COLLECTOR.RIM ANGLE=40

MATRIX OF SINGLE COLLECTOR PITCHING MOMENT COEFFICIENTS

AT HCL/C

COHFIGURATION 2

Table 16b.
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FILE NAME:NDCOL3

L = 10.8¢

OHE SIHGLE COLLECTOR,RIM AHGLE=6Y

.24

MATRIX OF SINGLE COLLECTOR PITCHING MOMENT COEFFICIENTS

AT HCL/C = K; (CONFIGURATION 3)
CONFIGURATION 3

Table 16c¢c.
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MATRIX OF SINGLE COLLECTOR PITCHING MOMENT COEFFICIENTS

AT HCL/C

Table 16d.

(CONFIGURATION 4)
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PITCHING MOMENT COEFFICIENTS FOR VARIOUS GAP SPACINGS

(CONFIGURATION 5)

Table 17.
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PITCHING MOMENT COEFFICIENTS FOR ARRAY FIELDS

(CONFIGURATION 5)

Table 19a.
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PITCHING MOMENT COEFFICIENTS FOR ARRAY FIELDS

(CONFIGURATIONS 6-7)

Table 19b.

FILE NAME:ND6ROW

COHFIGURATION 6

10.89

L o=

.80
Y#0 COLLECTOR ROWS,R/C=2.23

MYF HYG

nys

P GV AD PO PO - 1Y OO0 0N ORI ot O 193 O vt AD P O o OV W 0N P
COMOO OO Ot O MV vt vt vt vt vt U It OO O

NN O v we S VMW O D ND O MBI v DY i 1IN O DN
L2 i E-2-2 o l-gda E-g=gal=do {3 ls f -2 alalalyfalad-qn Lol

) 00wt SR QO OU OO O ANVTWO A MU N O O O NS o (2 O 00 W
CONDOTWEMINOMODuNNMDWDIN DT PO

QM T VD RNEDMIOID wONDONT N N0
OO OHNNCOWCIIME NN O NNNDONS

OCOOOODOVOOODOOVDOOOOOOOODOOO
COOOOOOUVODOLLDOEOOROTCDOOT

VODIPNOIDININVCOCINNOODITOODOOC
MM TOVON- =MD WWIE WO
i i [N} ' I vttt ot L] -} -

COoCOTTIVCTITTOOCIOONNNNININOSOOT
- vt et et TV O Y N

FILE NAME:ND7ROW

L. = 10.89

COMFIGURATION 7

.80

2
THREE COLLECTOR ROWS,R/C=2.23

nYF HYG

mye

MOV OVRININTUIMMMOBORAINONE

VOO O O O O vt vt O O & ONOU it 0V (s O ot ) w0 e

[ 2 20 IOk O BN B N BN N | LINE T IO IO N OO IO I O B A |

OGO IO e O P IO D U o P wt Y Y
TN OO DO v O vt O v O DI O O vt OO S

L2 20 T N T R B I I ) L I A A A A A e

won O vt V3113 %00 CU IS IV O VI X PN O 0% OF O UD v 19200 BN
Pt D ONONOM L vt O D vt O et O O

MOWVWOOTONRNI OO BCPBBMEImROTR
CUON N O CUTD O O vt o O 04 O OBOU ot N O ot vt O T ot vt

CODDOOCOOIOVDOCCITONLIDOOO
COOOVODOVOVOVOVDOVODVOOLODO
CODONOSCINNOIODVINNGIOBIODOSOO
MM RQBT=P OV NI DWW WDDE
¢ ' i i I L e R

1 i

LOOOCUTOoOOCLOVCL TIMIIBNINITOC
et ok oy vt 3 13T Y



HYF LA 44

nyYs

107
FILE NAME:MDBROW

L = 10.80

.80
FOUR COLLECTOR ROWS,R/C=22.23

PITCHING MOMENT COEFFICIENTS FOR ARRAY FIELDS
(CONFIGURATIONS 8-9)
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EFFECTS OF FENCES AND BERMS ON ARRAY FIELDS, PITCHING

MOMENT COEFFICIENTS

Table 20.
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Table 21. PITCHING MOMENT COEFFICIENTS WITH A TORQUE TUBE
(CONFIGURATION 1)

CONFIGURATION | FILE MNAWE:NDTORI
L = 2.89 L = 10.890
TORAUVE TUBE EFFECTS.COLL#! ALONE

WIND PITCH HYp uye HYF H¥G

AZ2IH  ANGLE

0 9.00 -.02 1.02 -.12 -.086
0 -39.090 .08 .17 -.495 .03
O 30.00 -.29 .87 ~. 34 -.27
0 -69.0¢ -. 090 .41 -.93 -.02
0 60.990 .06 .63 -.98 0t
) -94.00 -.27 .13 -.13 -.22
O 99.040 .15 .60 .01 .10
4. -120.00 -.41 .14 -.19 -.33
o 120.00 ~.01 .70 ~-.16 -.07
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