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FOREWORD

The research and development described in this document was conducted within
the U.S. Department of Energy’s Solar Thermal Technology Program. The goal
of this program is to advance the engineering and scientific understanding of
solar thermal technology and to establish the technology base from which
private industry can develop solar thermal power production options for
introduction into the competitive energy market.

Solar thermal technology concentrates the solar flux using tracking mirrors
or lenses onto a receiver where the solar energy is absorbed as heat and
converted into electricity or incorporated into products as process heat.
The two primary solar thermal technologies, central receivers and distributed
receivers, employ various point and 1line-focus optics to concentrate
sunlight. Current central receiver systems use fields of heliostats
(two-axis tracking mirrors) to focus the sun’s radiant energy onto a single,
tower-mounted receiver. Point focus concentrators up to 17 meters in
diameter track the sun in two axes and use parabolic dish mirrors or Fresnel
lenses to focus radiant energy onto a receiver. Troughs and bowls are
line-focus tracking reflectors that concentrate sunlight onto receiver tubes
along their focal lines. Concentrating collector modules can be used alone
or in a multimodule system. The concentrated radiant energy absorbed by the
solar thermal vreceiver is transported to the conversion process by a
circutating working. fluid. Receiver temperatures range from 1000C in
Tow-temperature troughs to over 1500°C in dish and central receiver systems.

The Soltar Thermal Technology Program is directing efforts to advance and
improve each system concept through solar thermal materials, components, and
subsystems research and development and by testing and evaluation. These
efforts are carried out with the technical direction of DOE and its network
of field laboratories that works with private industry. Together they have
established a comprehensive, goal-directed program to improve performance and
provide technically proven options for eventual incorporation into the
Nation’s energy supply.

To successfully contribute to an adequate energy supply at reasonable cost,
solar thermal energy must be economically competitive with a variety of other
energy sources. The Solar Thermal Program has developed components and
system-level performance targets as quantitative program goals. These
targets are used in planning research and development activities, measuring
progress, assessing alternative technology options, and developing optimal
components. These targets will be pursued vigorously to ensure a successful
program.

This report presents the results of wind-tunnel tests supported through the
Solar Energy Research Institute (SERI) by the Office of Solar Thermal
Technology of the U.S. Department of Energy as part of the SERI research

effort on innovative concentrators. As gravity loads on drive mechanisms are
reduced through stretched-membrane technology, the wind-load contribution of
the required drive capacity increases in percentage. Reduction of wind loads
can provide economy in support structure and heliostat drive. Wind-tunnel
tests have . been directed at finding methods to reduce wind loads on
heliostats. The tests investigated primarily the mean and peak forces and



moments. A significant increase in ability to predict peak heliostat wind
loads and their reduction within a heliostat field was achieved.

The work reported here was monitored by L. M. Murphy and A. Lewandowski of
SERI.

This report was authored by J.A. Peterka, Professor; Z. Tan, Graduate Student;
B. Bienkiewicz, Assistant Professor; and J.E. Cermak, University Distinguished
Professor; Fluid Mechanics and Wind Engineering Program, Fluid Dynamics and
Diffusion Laboratory, Colorado State University, Fort Collins, Colorado.
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SUMMARY

The purpose of this study was to define wind load reduction factors for
heliostats within a field of heliostats. The wind load reduction factors
applied to both mean and peak wind loads and account for the protective
effects of upwind heliostats, wind protective fences, or other blockage
elements. The reason for finding methods to reduce wind loads is to improve
the economy of heliostat support structures and drive mechanisms. These
“elements will become more sensitive to wind loads as gravity loads decrease
through stretched membrane or other innovative technology. The method used
in the study was to generalize wind load data obtained during tests on niodel
heliostats placed in a modeled atmospheric wind in a boundary-layer wind
tunnel.

Previous wind-tunnel test results had shown that mean wind load decreases due
to upwind blockage from nearby heliostats or wind-protective fences could be
systematically accounted for with a simple ’generalized blockage area’
concept. In this study, the results were extended to include peak wind loads
and to include more field geometries. In addition, results were extended to
round as well as square shaped heliostats to demonstrate the use of the wind
load reduction factors for stretched membrane modules. The use of porosity
at the edge of a heliostat was investigated as a possible load reduction
mechanism.

Wind Toads on isolated heliostats were determined for a range of approach
wind turbulence intensities characteristic of those found in open-country
environments. The results of this test were expected to show small
variations in load with turbulence intensity. However, the drag and 1ift
components showed a high and unexpected sensitivity to turbulence level when
the heliostat was within about 45 degrees of perpendicular to the wind.

A key finding was that heliostats in operational orientations have higher
wind loads than for survival winds in stow position if the heliostats are
properly oriented to the wind. A review of past wind load analyses for
parabolic solar collectors was made to determine whether or not additional
measurements were required for parabolic collectors. Insufficient data for
adequate design decisions were found. The following conclusions were drawn
from the study:

o The influence of upwind blockage of heliostats or wind fences can be
accounted for by defining a generalized blockage area (GBA) so that the
specific geometry may be ignored.

e Both mean and peak wind loads decrease significantly with increasing GBA
except for very small GBA characteristic of heliostats in very open fields
or of heliostats in the first two rows at the field edge.

o Wind fences at 45 degrees to the approach wind are less effective than wind
fences perpendicular to the wind. Wind blockage elements (fences) whose
length to height ratio is one or two are likely to be more effective than
longer ones.



e Wind drag and 1ift on isolated heliostats have shown a surprising
sensitivity to turbulence in the wind within the range expected for
open-country environments.

e Square and circular heliostats have similar mean and peak wind Tload
coefficients.

e Peak wind 1loads on operational heliostats are larger than those on
heliostats in survival stow position provided that the heliostat in stow is
rotated so that the elevation rotation axis points into the wind.

e Fluctuating loads about a near zero mean load in stow position may create
fatigue loading more severe than for operational loads for some 1load
components.

e Heliostats with porous edges do not provide effective load reductions for
either mean or peak wind loads.

e Some data in uniform flow exists for wind loads on parabolic collectors,
but insufficient data is available for adequate design decisions.

The following recommendations for future work were made:

o The effects of approach wind turbulence should be explored to determine the
range of isolated collector Tload expected 1in typical installation
environments. This recommendation is in response to the unexpected
sensitivity to turbulence uncovered in this study.

e With resolution of the turbulence issue, a simplified design guide should
be prepared for use in preliminary field design.

e Peak wind loads on flat heliostats in stow position should be examined more
closely to determine the nature of fatigue loading.

e Mean and peak wind loads on parabolic collectors should be obtained in both

isolated and field environments to determine differences between flat and
parabolic shapes.
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SECTION 1.0
INTRODUCTION

An important knowledge base needed for the design and development of fields of
tracking solar collectors is an understanding of mean and peak wind Tloads
which act on individual units within the field. This knowledge base provides
an important input into the «cost effective design of conventional
concentrators and low-cost designs which can be less resistant to wind loads
than conventional designs. This input can provide a basis for systems studies
aimed at optimizing energy production per unit cost. Thus, the effects of
collector size, component strength for resisting wind loads, field density,
and protective wind fences can be traded during field design to produce the
most economical field.

Wind loads for current heliostat designs which support the heliostat at a
single point are particularly critical since the tracking drive system also
must support the gravity and applied wind loads. Thus, the magnitudes of
forces and moments at the drive/support location are important.

Previous studies of heliostat wind loads have concentrated on measurement in a
boundary layer wind tunnel of mean wind Toads on isolated units and on units
within a field. However, it is the peak loads which must be resisted. It is
not evident that peak loads can be obtained by a quasi-static analysis using a
peak gust speed in conjunction with load coefficients determined from mean
wind and measured mean load. In this study, peak wind loads were measured
directly.

A need has existed for a wind load formulation for fields of heliostats which
will permit meaningful systems studies and preliminary field designs. This
study has addressed that need by finding a set of load coefficient reductions
which can be applied to a heliostat anywhere within a field and which predicts
the reduction in wind load which is expected to occur due to protection of
surrounding heliostats and protective wind fences. The Tload reduction
coefficients were determined for both mean and peak wind loads for operational
orientations of the heliostat.

Some experiments were made in this study to extend the range of wind
turbulence intensity to the full range expected for an open-country
environment. The purpose was to verify that this range of turbulence intensity
would cause only minor changes in wind load. These experiments revealed an
unexpected sensitivity to turbulence intensity in the range of typical
atmospheric turbulence for drag and 1ift forces and suggest the need for
additional study.

Structural failure due to wind Toad can be due to different mechanisms. One
type is overstressing in which the peak stresses induced by the wind exceed
the material capacity. Measurement of peak loads in this study provide a
method for design against this type of failure. A second type of failure is
fatigue in which a large number of 1loading cycles at less than material
capacity can cause failure. Measurements of mean and peak loads partially
solves that loading problem.



A1l experimental measurements in this report are for flat concentrator shapes.
Parabolic concentrator shapes are expected to have somewhat different loading
than flat plate geometries. A review of past wind load measurements is
included in this report as a starting point for future work.

The main purpose of this study was to investigate the mean and peak wind loads
on a single flat plate heliostat and a heliostat in a field of similar
structures. The intent was to determine methods for decreasing the wind loads
on heliostats below those values for an isolated heliostat. Both mean and
peak loads were measured in a boundary layer wind tunnel capable of. modeling
the atmospheric boundary layer winds. No inertial response of the heliostats
was assumed in this study. Six load components (three forces and three
moments) are presented in non-dimensional coefficient form: ch’ CFy, CFZ’

ch’ CMy and CMz‘ The hinge moments (CMHy) and centers of pressure (Ccp) are
developed from these results.

Wind loads on a heliostat in a field are a function of heliostat orientation,
field density, wind direction, and the presence of wind blockage elements
other than the heliostats themselves. The wind load on a heliostat fluctuates
about a mean value due to gusting in the approach winds, due to turbulence
generated by upwind heliostats or fences and due to turbulence generated in
the wake of the heliostat itself. For a structure which has little resonant
response to the fluctuating wind load, peak design stresses will result from
the peaks in the fluctuating wind load acting as a quasi-static load assuming
that the bulk of the wind energy is at frequencies below the heliostat natural
frequency. For a heliostat or collector which can undergo resonant response,
the stresses to which the collector can be subjected will be larger than those
induced by a quasi-static wind load since inertially driven stresses are
present. For those cases, analysis beyond that presented herein would be
necessary.

1.1 A REVIEW OF PREVIOUS WORK

The study of wind loads on ground based solar collectors has been extensive
during recent years, [references 1 to 14]. These studies include: heliostats
[references 1 and 2], photovoltaic collectors [references 3, 5 to 7, and 10 to
14] and parabolic trough collectors [references 4, 8 and 9]. Some other
related studies have investigated roof mounted collectors [references 15 to
18] and dish antennas [references 19 to 21, and 40 to 42]. Reviews of some
previous wind load studies are given in references [22 and 39].

The most recent study pertaining to the work in this report was performed by
Peterka et al. [23] at the Fluid Dynamics and Diffusion Laboratory at Colorado
State University. In that study, mean wind loads on heliostats within a field
were compared to those for an isolated heliostat to determine load reductions
to be expected within the field. In order to avoid:explicitly analyzing the
large number of dependent variables (heliostat azimuth and elevation angles,
field layout geometry, protective wind fence geometry, and wind direction), a
generalized blockage area (GBA) was defined to account for all upwind blockage
in a single variable. While not all possible geometries were explored, the
concept of -a generalized blockage area appeared to work well for mean loads.



That report also measured some fluctuating loads -- sufficient to show that
peak loads decreased within a field.

The current study expands upon and extends the work of Peterka [23].
Additional mean load cases were studied to expand the range of conditions for

which the GBA concept is valid and extended the study to also cover measured
peak loads.

1.2 DEFINITION OF THE GENERALIZED BLOCKAGE AREA (GBA)

The generalized blockage is defined as follows:

GBA = Ag/Af When the test array is deeper into the field than the
second row or when an external fence is in place.

Ag = solid blockage area of a representative set of upwind heliostats
added to the area of protective wind fences or other blockage
elements projected onto a plane normal to the approach wind
direction (see Figure 1-1).

AfF = the ground area occupied by the upwind blockage arrays included in

the calculation of Ag.

Special cases are:

GBA = 0.01 When the test array is in the .first row with no external
fence.

GBA = 0.02 When the test array is in the second row with no external
fence.

Because the generalized blockage area does not work strictly for the first two
rows without fence, values of 0.01 and 0.02 were selected arbitrarily. These
values provided a convenient method of representing these two rows in relation
to the interior rows.

The definition of GBA can be simplified for the case when the external fence
is not constructed (see Figure 1-2):

(a) Without internal fence,

Ag

the projection of the heliostat on to the normal to the approach
wind direction.

AF = the field area surrounding the arrays under consideration (see

Figure 1-2).
(b) With internal fence,

Ag = the projection of the heliostats and the internal fence.

field area containing two heliostats and an internal fence (see
Figure 1-2).

AF
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FIGURE 1-1. Definition of Generalized Blockage Area (GBA)
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FIGURE 1-2. GBA Calculation Without External Fence

A special case arises for the case of a heliostat in the first or second row
with an external fence. In that event, the calculation of GBA is performed as
shown in Figure 1-3. For more details refer to the example calculations in
Appendix C-2.

1.3 SIMILATION OF WIND LOADS IN THE WIND TUNNEL

Modeling of the aerodynamic loading on a structure requires special
consideration of flow conditions in order to obtain similitude between model
and prototype. In general, the requirements are that the model and prototype
be geometrically similar, that the approach mean velocity 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. At large
model scales of 1:20 to 1:100, some problems are encountered with exact



modeling of the turbulence intensity. Further discussion of this issue and
. its impact on measured loads appears in following sections.

First Row Wind
D =Distance between EF and Heliostat {}
L,=Distance between Heliostats in the EF\_

- . e Ll -
EF Direction \ '
H¢=EF Height, P= Porosity of EF &___

_ Ly x Hg x(I-P) _ H¢(1-P)
oBA= < =% —L, —

o

Second Row

L2=Distance between Heliostats
Across EF Direction

H =Side Length of Square Heliostat

_Lyx Hg x (1-P) +H2 cos B sina

© L,(Ly+D)

GBA

FIGURE 1-3. GBA Calculation With External Fence

Reynolds number similarity requires that the quantity UD/v be similar for
model and prototype. Since v, the kinematic viscosity of air, is identical
for both, Reynolds numbers cannot be made precisely 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 unacceptable comgressibi]ity effects. However,
for sufficiently high Reynolds numbers (>2x10%) the pressure coefficient at
any location on the structure will be essentially constant for a large range
of Reynolds numbers. Typical values encountered are 107-108 for the
full-scale and 10°-106 for the wind-tunnel model. In this range acceptable
flow similarity is achieved without precise Reynolds number equality.



SECTION 2.0

EXPERIMENTAL APPARATUS
AND PROCEDURES

2.1 THE WIND TUNNEL AND FORCE BALANCE

This study was performed at the Fluid Dynamics and Diffusion Laboratory of the
Engineering Research Center at Colorado State University. All the data was
collected in the Industrial Wind Tunnel, Figure 2-1.

The closed circuit Industrial Wind Tunnel is powered by a 56 kw electric
induction motor connected to a sixteen blade propeller. The useful mean flow
velocity may be varied from 0.3 to 25 m/s. A flexible roof permits a boundary
layer flow to be developed with a zero pressure gradient to approximate the
zero pressure gradient in atmospheric flows. Roughness elements on the wind
tunnel floor and four spires at the entrance to the working section develop a
velocity profile comparable to that found in an open country environment.

The force balance is a strain sensing apparatus mounted on the test section
turntable, Figures 2-2 and 2-3. The lower strain gauges, Figure 2-2, are
mounted in the base of the force balance and the upper gauges (see Figure 2-3)
are mounted to the heliostat support post. Each set of gauges measures
fluctuating moments about two horizontal and perpendicular axes through the
gauge location. Differences in the moments at two elevations permit the
forces to be obtained. Placing the upper gauges on the heliostat support post
permits a more precise measurement of the hinge moment than can be obtained if
both sets of gauges are below floor level. The vertical position of the plate
centerline is given in this report as HCL (height of centerline = 152 mm).
This centerline height represents 6.08 m if the model scale is taken as 1:40.

The turntable was mcunted to prevent contact with the wind-tunnel walls so
that fan induced vibrations were minimized. In this study the turntable and
balance maintained a constant orientation to the stationary wind tunnel.
Variations in wind direction were achieved by rotating the heliostat on the
fixed support pole. Thus the coordinate system used was wind-fixed, not
body-fixed. Prior to presentation, the data was rotated to a body-fixed
coordinate system.

A pitot-static tube was mounted upwind of the heliostat models to record the
approach wind speed. The velocity was measured at the HCL height of 152 mm,
the heliostat centerline. This velocity was used in the calculation of wind
load coefficients.

2.2 THE MODELS AND FENCES

The three models shown in Figures 2-3 and 2-4 were made of 1/8 inch thick
piywood: a square solid plate, a round solid plate and a square plate with
porous edges. The solid square plate was used in both the single and in-field
studies. The round plate was only used for a comparison with the single,
square plate results. Similarly the porous-edged plate was only used to
determine the effect of porosity for the single case when compared to the
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