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Abstract

Two heliostats representing the state-of-the-art in glass-metal designs for central
receiver (and photovohaic tracking) applications were tested and evaluated at the
National Solar Thermal Test Facility in Albuquerque, New Mexico from 1986 to
1992. These heliostats have collection areas of 148 and 200 m2 and represent low-
cost designs for heliostats that employ glass-mctat mirrors. The evaluation
encompassed the performance and operational characteristics of the heliostats, and
examined heliostat beam quality, the effect of elevated winds on beam quality,
heliostat drives and controls, mirror module reflectance and durability, and the
overall operational and maintenance characteristics of the two heliostats. A
comprchensivc!presentation of the results of rhesc and other tests is presented. Ilie
results are prefaced by a review of the development (in the United States) of
heliostat technology.
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Background on

Large-area glass-metal heliostats have

1. INTRODUCTION

Heliostat Technology Development

collection areas in the range of 100 to 200 m2; they are the

culmination of more than 10 years of development of commercial heliostats for solar thermal central receiver

technology and represent the lowest cost glass-metal heliostat technology developed to date (see Fig. 1).

The SPECO Heliosuu The ATS Heliostat

Figure 1. Front View of the Lar&e-Area Heliostats

FIRST-GENERATION HELlOSTATS

The recent history [1] of heliostat development under the sponsorship of the United States Department of

Energy (DOE) began in 1975 with the Pilot Plant System Research Experiment. The heliostat design effort,

which was carried out by three

Douglas Astronautics Company,

US contmctor teams led by Martin Marietta Corporation, McDonnell

and Honeywell, Inc.,1 produced the first-generation prototype heliostats

]A1~ough“ot de~liledhere, tills r~sc,ar~heffort explored ~C ~eve]opmen[ Of &)m~-cnclOse(l heliostats using lnirrOr

modules made of aluminized or silveredplastic membranes. TetamsIcd by Boeing Engineering and Construction
Co., as well as General131ec(ric,developeddesigns,and Boeingbuilt four48-m2prototypes.
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ranging in size from 37 to 41 m2 of rnirrortxt collection area. The basic heliostat

emerged from this effort and were carried forward into succeeding designs included:

1. Introduction

design features that

Mirrors made from laminated glass or from a composite (sandwich) of glass and a styrofoam

(honeycomb) core. (The laminated glass design proved itself over time to bc the better choice.)

A metal framework upon which one or more mirrors were mounted to form a mirror module.

An overall metal struc[ure or frame to support the mirror modules. This frame attached to the

heliostat drive system.

A two-axis drive that permitted rotation of the solar collector in elevation (updown) and in azimuth

(east-to-west) combined in one unit.

A cylindrical pedestal to support the minor modules, their support structure. and the heliostat drive

system.

In a top-to-bottom descriptive sequence 1) mirrors arc joined to form mirror modules, 2) mirror modules are

bolted or bonded to a support structure, 3) the support structure is welded or bolted to an elevation drive

assembly, 4) the elevation drive assembly is joined to the azimuth drive, 5) the azimuth drive is set atop the

heliostat pedestal, and 6) the pedestal is set into or onto a concrete foundation.

In 1977, Martin Marietta was awarded a contract to manufacture and install 220 heliostats to serve as the

heliostat field for the Central Receiver Test Facility (CRTF) in Albuquerque, New Mexico.z The design of

these heliostats was customized to meet the changing needs of a test facility: the mirrors they employed were

adjustable and smaller than those of Martin Marietta’s first-generation design, and the total heliostat area

was also smaller (37.2 m2 versus 40 m2).

In mid-1978, Martin Marietta and McDonnell Douglas were contracted to develop competitive designs for

Solar I, a 10-MW~ pilot solar thermal (central receiver) electric power plant built in Barstow, California.

Prototype heliostats were evaluated at Sandia’s CRTF, and Martin Marietta was subsequently (1980-81)

awarded the contract to manuliicture 1,911 first-generation heliostats and install 1,818 of them in the Solar I

plant. The remaining 93 heliostats were for installation at the European solar thermal test facility in

Almeria, Spain. The design of these heliostats incorporated improvements in both the mirror modules and

the drive mechanisms, the need for which had been identified in the test and evaluation phase of the DOE

Pilot Plant System Research Experiment.

2TIwfacility is known todayas [heNationalSolarlhcrmat Test Facili[y(NSTTF).

-2-



1. Introduction

SECOND-GENERATION HELlOSTATS

A second round of DOE-sponsored heliostat development took place between 1977-1981. First, with the

goal of reducing the cost of the first-generation heliostats, a series of component design studies was carried

out by four US companies (Boeing, General Electric, McDonnell Douglas, and Solaramics) [2]. An

important result of that study was the identification of superior heliostat design approaches, approaches that

were mature, well analyzed and tested, and carried a minimum risk.

Begiming in 1979, contracts were issued to design and build prototype heliostats that would be tested by a

national laboratory (Sandia National Laboratories, hereafter referred to as Sandia) and to develop detailed

plans and cost estimates for the low-cost, mass manufacture, assembly, installation, and maintenance of

heliostats. Five US companies (ARCO, Boeing, Martin Marietta, McDonnell Douglas, and Westinghouse)

participated in this effort. The resulting second-generation glass-metal heliostats were a step larger than the

first generation and ranged in size from 44 to 57 m2. These heliostats were subjected to thorough testing at

the CRTF. An important technical result of this effort was the definition of heliostat design specifications,

which include a) operational modes, b) optical performance, c) survival, and d) a 30-year life [1]. These

specifications are reprinted in Table 1.

A follow-on effort was carried out by Martin Marietta and McDonnell Doughs, which sought to further

reduce heliostat costs by identifying justifiable changes to either the heliostat design specifications or the

specified environmental conditions. Some of the significant tindingshecommendations [3, 4] resulting from

this effort were that:

● Heliostats should bc designed for strength (against high wind) rather than for stiffness in operational

winds.

● They should be designed against standard design code wind speeds rather for the 100- to 200-year

winds.

● Because of their proximity to the receiver, 50 to 60% of the heliostats in a field that are closest to the

receiver tower can have lower pointing accuracy and poorer beam quality without degrading heliostat

field performance.

● Heliostats that are located to the inside of fhc heliostat field will experience a reduction of their wind

loads duc to shielding from tic outlying heliostats and can therefore be designed to lower wind loads.

3Westinghousc participated in the design portion of this effort but did not build a prototype.
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1. Introduction

Table 1. Second-Generation Heliostat Design Requirements [1]

Category: Requirements:
O~rational Modes: . Normal modes (track, standby, wire walk, stow)

● Track in up to 35-mph wind
. Slew in 50-mph wind
. Resolve tracking singularity in 15 minutes
● Reposition in 15 minutes
. Emergency defocus in 3 minutes
● Electrical transients (operate through a 3-cycle dropout)

Optical Performance: . Beam pointing (1.5 rnr RMS maximum, reflected beam error for
each axis)

● Beam quality (theoretical beam shape plus 1.4 mr fringe,
32°F - 122°F)

● Wind load deflection (3.6-mr RMS maximum reflccl.ivesurface
deflection in 27-mph wind, discounting foundation)

. Foundation deflection (0.45-mr maximum set after survival),
1.5-mr maximum twist or tilt in 27 mph wind)

Survival: ● 90-nlph wind, heliostat stowed
● 50-mph wind, heliostat in any orientation
● Temperature, -20”F - 122°F
. Hail, 3/4 in. at 65 ft/see, any orientation; 1 in. at 75 ft/see,

heliostat stowed
● Cold water shock

30-Year Life: ● Life of all components must be cost effective for 30 years
. Mirror and drive mechanism are critical components

● Depending on the site of use, a narrower operational ambient temperature range may be possible and

could benefit mirror modules that defocus with decreasing temperatures.

One of the more important consequences of these results was the movc!mcntin commercial heliostat design

toward increased heliostat size.

LARGE-AREA HELlOSTATS

Large-area heliostats represent the continued evolution toward lower cost of the second-generation

heliostats, and private industry has been responsible for that evolution. After the second-generation heliostat

effort, ARCO built thirty 53-m2 heliostats for a central receiver plant that provided process heat for

enhanced oil recovery [5]. Later, both McDonnell Douglas and ARCO built heliostats in the 85- to 95-m2

size range. ARCO manufactured 865 units of this size: 864 as photovoltaic (PV) trackers and 1 as a

heliostat. 756 of the PV trackers employed flat mirrors to double the direct sunlight incident upon their

photovoltaic modules. ARCO further increased the heliostat size to 148 m2 and built 45 such units, two of

-4-



1. Introduction

them as heliostats and 43 as PV trackers equipped with nearly 150 m2 of mirrors to reflect sunlight onto the

PV arrays.4

In addition to increased collection area, the post-second-generation heliostats underwent several noteworthy

design improvements [5]. The ARCO heliostat drive system was made simpler and less costly by the

replacement of its stepper motors and their costly electronic controllers with DC motors and Hall-effect

encoders. The ARCO second-generation mirror module also underwent a complete transformation. In the

former design, modules were formed from mirrors mounted on a box structure substrate made of formed

sheet metal ribbing. This design was replaced with laminated glass-on-glass mirrors glued to rolled-metal

hat sections. The result was a lighter, less costly, and more durable mirror module. SPECO developed a

200-m2 heliostat with a wind spoiler designed to reduce heliostat loads induced by high winds in the stow

position. This SPECO heliostat also explored the use of second surface mirrors protected only by paint

(applied to the back side).

Large-wea heliostats have the potential for lower cost per unit collection area. While the cost per unit area

of the mirrors and for the support structure remains fairly constant with increasing heliostat size, the cost of

the remainder of the heliostat can be spread over a larger area. In other words, a heliostat field with kwge-

area heliostats would have fewer pedestals and drive systems, and less attending controls hardware and field

wiring. However, the size of a heliostat drive system and the magnitude of ~destal loads increase as the

cube of the heliostat’s nominal diameter. For this reason, the cost of the heliostat drive and the survival of

the heliostat under dynamic wind loads are major concerns, especially large-area heliostats because of their

greater mass and lower natural frequency. Another concern is the increased beam size due to off-axis

aberration and the possibility of reduced optical performance due to gravity-induced sagging of the mirror

support structure.

Given the concern over the cost and wind survival of heliostat drives, an effort to develop a low-cost drive

for heliostats was started in 1986. Sandia placed a contract with Peerless-WinSmith, Inc. to design a

prototype low-cost drive [6]. The most promising design was to be built and tested in the lab and on a

NSITF heliostat. This low-cost drive replaced the drive originally supplied by ATS (manufactured by A.G.

Flender), and was the ATS’Sdrive during its test and evaluation period.

4When ARCO withdrew from sol,ar thermal R & D, a number of ARCO employees purchased the rights to ARCOS
hdiostat technology amt formed Advanced Thermal System, Inc. (ATS). ATS supplied one of the two large-area
heliostats that arc the subject of this report.
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1. Introduction

HELlOSTAT COSTS

Cost information for heliostat manufacture and installation in the US is limited because they have been

manufactured here only in small quantities. There were 222 heliostats built and installed at the Central

Receiver Test Facility (CRTF) in Albuquerque, New Mexico in 1977, and these had an installed cost of

$590 (1977$) per square meter of energy colletion area ($/m2). The most m~ufactured were tie 1,911

heliostats built for Solar I (and the Almeria solar plant) in 1980; these heliostats were built at a cost of

$560/m2 ( 1980$), which represents a cost reduction of about 30% over tie CRTF heliostats.s In 1983,756

mirror-enhanced PV trackers were manufi~cturcdand installed at Carrissa Plains in 1983 by ARCO; these

were of post-second-generation design. As heliostats, they would have had collecticm areas of 95 m2 each;

their cost (estimated by adjusting the cost of the trackers for the material differences) was $214h2 (1983$).

Only recurring costs (and no developmental costs) were included in Fig. 2.

222 heliostats. 1977

1200

T $1.076 f 1911 heliostats, 1980

11 756 heliostats, 1983

$756 I Estimate (1980), 50,000 heliostatiyr

Estimate (198[1)

2,500 heliostats/yr.

I

~1 I ---- + I

+ 1-!+ +

v.-.

I I

1 2 3 4 5

Figure 2. Heliostat Cost Trends

Several manufacturing studies conducted during the second-generation heliostat development effort include

cost estimates for the mass-manufacture of heliostats [2,7]. These studies were conducted prior to the

completion of the Solar I heliostats and do not reflect the lessons learned from the manufacture of even a

5Bascd on the Producer Price Index for durable (non-food) consumer goods, Table B-61, page 867, Economic
Reporl (o lhe Presi[ien(Tr(lnsmitfedto the Congress,February,1992, U.S. Government Printing Office, 1992.
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1. Introduction

modest quantity of heliostats. The manufacturing cost studies undertaken by ARCO, Martin Marietta, and

Mcllonncll Douglas as part of their second-generation development effort produced estimates that ranged

from $100/m2 to $1 16/m2 (1980$) for installed (second-generation) heliostats [7].6 These estimates were

based on assumed annual production rates of 50,000 units.

A more recent heliostat cost study provides perhaps the most accurate available estimate for large-area

heliostats [8], albeit for relatively small production quantities. A study performed in 1988 for PG&E

estimated the installed cost for large-area heliostats based on the manufacture of 25,000 units over a ten-

year period at a rate of 2,500 per year. Under these conditions the estimated (installed) capital cost was

$13 l/m2 ($1988). The results of this study are more meaningful because the study benelited from the

cumulative experience in heliostat manufacture up to 1988. However, the production rate of 2,500

heliostats per year is low, and one would expect additional cost-reductions for larger quantity heliostat

manufacture.

Figure 2 provides a graphical summary of heliostat cost trends, all costs adjusted to 1991$. The cost value

used for the second-generation heliostat is the higher value (116 $/m* in 1980$) cited in the Second

Generation Heliostut Evduufion Executive Summary [7]. It should be noted that this estimate was made in

the absence of any actual industry experience at that time in volume manufacture of heliostats. The estimate

was based on an assumed production level of 50,000 heliostats per year (a rate 20 times greater than that

assumed for the large-area heliostat manufacturing cost estimate made in 1988). All costs shown in the

figure have been adjusted for inIlation and converted into 1991 dollars using the Producer Price Index for

durable, finished (nonfood) consumer goods (see footnote #6).

Objectives and Scope of the Evaluation of the Large-Area Heliostats

In the mid- 1980s, Sandia purchased two large-area heliostats with the intent of evaluating their performance

characteristics. The heliostats, which had solar energy collection areas of 148 and 200 m2, were built

respectively by Advanced Thermal Systems, Inc. (ATS) and Solar Power Engineering Company (SPECO).

The heliostats were installed for testing and evaluation at Sandia’s NSITF, the ATS heliostat in 1986 and

the SPECO in 1987.

The purpose of the test effort was to evaluate performance and durability of the devices and to seek answers

to a number of related questions: would the heliostats perform according to their specifications? How much

power would they be capable of delivering to a receiver? What would be the overall size of the heliostat

beam? What performance penalty, if any, would there be because of the increased beam size associated

cThese cost estimaks were adjusted to set equal the cost of identical materials in the lhree studies.. .
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1. Introduction

with a larger collector? Would the heliostats perform within specifications under nmderately high winds?

Would they bc vulnerable to wind damage?

The results of that test and evaluation effort, which was conducted from 1987 to 1992, are presented here.

The effort focused on heliostat beam quality, wind effects, heliostat drives and ccntrols, mirror module

performance and durability, and overall operational and maintenance characteristics.

-8-



2. DESCRIPTION OF THE LARGE-AREA HELlOSTATS

Second-Generation Heliostat Design Specifications

As mentioned in the background discussion of Section 1, one of the important products of the DOE-

sponsored heliostat development effort was the definition of a set of specifications or desig@-erforrnance

guidelines for commercial heliostats. These specifications reflect the experience gained through two

generations of heliostat design, manufacture, and testing. Known as the “Second-Generation Heliostat

Design Requirements,” they are reproduced [1] in Table 1 as a point of reference.

The ATS Heliostat

Themirror sections of the ATS heliostat are 1.22-m2, l-mm-thick silvered glass bonded to 3-mm glass. Its

minor modules are formed by adhering the mirrors side-by-side to four parallel, sheet-metal hat sections.

The four hat sections are fastened together and stiffened by three cross members to form a mirror mcxiule.

The rectangular mirror modules are supported on the heliostat by a rack constructed from two trusses

welded to the heliostat’s torque tube (see Fig. 3). There are 10 mirror modules bolted to each of the

heliostat’s 2 racks for a total of 20 mirror modules. - “ ““ “c “ “ “’ ‘ “ “’m “‘ “ ‘“

heliostat’s elevation drive.

Ine [orque nme ltseu 1s txmeu to eltner slae or me

}r’x’?

FiEure 3. Rem- View of ATS Heliostat

The original ATS drive system was manufactured

by A.G. Flender. Its azimuth and elevation drives

were both two-stage (two gears in series) worm

gears with gear ratios of approximately 18,600:1.

Both drives employed 90 VDC, l/4-hp motors.

As part of the DOE effort to develop heliostat

technology, a US gear manufacturer, Peerless-

Winsmith, Inc. was contracted in 1986 to develop

a low-cost drive for two-axis tracking solar

collectors. The product of that effort [6] was

installed on the ATS heliostat in 1988 so that it

could be evaluated. As a result, all the tracking

accuracy, wind effects, and other drive-system-

related tests were performed on the Winsmith

low-cost drive system (not the A.G. Ftender drive

system). Its elevation drive employs a jack

-9-



2. Description of the Large Area Hetioatata

screw, while the azimuth drive is a planocentric drive. Initially the WinSmith drive was equipped with

l/2-hp motors, but these were found to coast (had no inherent braking). This produced excessive updating

by the heliostat controller and led to their replacement with l/4-hp motors. The motors on both drives were

equipped with Hatl-ellect encoders for position feedback.

The heliostat drive motors are controlled and driven by a local control board (mounted in a weather-tight

box on the heliostat pedestal) equipped with an on-board microprocessor and power supply. Operator

control of the heliostat is via a computer program running on a personal computer (PC) that is connected by

its l/O (input/output) port to the local control board. Manual control is also an optiorl with a manual control

box that plugs directly into the local control board at the base of the heliostat pedestal.

The essential specifications and component descriptions of the two large-area heliostats are summarized in

Table 2.

The SPECO Heliostat

The SPECO heliostat employs 3.2-mm-thick glass/mirror facets measuring 1.5 x 1.8 m. The glass is second

surface silvered, double strength, plain iloat glass; the mirrored back surface is protected with a coat of

white paint. Bonded to the backside of each mirror are nine threaded studs to facilitate mounting to the

mirror module. The mirror modules are formed by securing two mirrors with their studs to a rectangular,

hollow-tube steel frame. The 36 mirror modules are bolted to a K-frame rack structure, as shown in Fig. 4

with four rows and nine modules per row.

The K-frame rack to which all the mirror modules are secured is bolted to the elevation gear housing. ‘Ilte

elevation drive gear in turn is mounted atop the azimuth gear box, which itself is affixed to the heliostat’s

0.61 m (2 lt) diameter steel pedestal.

The SPECO heliostat has two wind spoilers perpendicular to the mirrored surfaces and attached to the top

and bottom edges of the heliostat (visible in llg. 4).

The SP13C0’S azimuth and elevation drives are worm gears (with 29,200:1 ratios). They are actuated by

l/4-hp DC motors with Hall-effect encoders for position feedback. The drive was manufactured by Hub

City.

The designers of the SPECO heliostat opted to use the same heliostat control system developed by ATS and

employed in their heliostat. It is described in the preceding section.
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2. Description of lhe Large Area Heliostats

Configuration:
Area:

Height
Width

Stow Position:

Mirror Modules:
Size

Area
Height
Width

Reflectivity
Mirror

Backing &
Substrate:

Mounting

Structure:

Drive Sysiem:

Azimuth
Elevation
Motors

Electronics

Control

Pulestal:

Table 2. Large-Area Heliostat
SPECO

Glass-Metal Dual Axis Tracking
200.3 m2 (2,156 ft2)
14.75 m (48.39 ft)
14.52 m (47.64 ft)
Normai: vertical
High wind: horizontal, face up

● 5.57 m2 (60 ft2)
● 5.52 m (5.00 ft)
● 3.66 m (12.01 ft)
● 83%
3.2-mm silvered giass (1.5 m x 1.8 m

facet); iLs mirrored backside is
protcctcd with paint.

9 threaded studs :iuached [o backside
of’facet. 2 f’aCeL$per module.

The steel franw module is bolted at 3
locations to a “K-frame” mck
structure designed with inlegral
wind snoilcrs.

Dual axis drivex mounted at top of
pc(lcstal
● 29,200:1 ratio worm gear
● 29,200:1 ratio worm gear
● l/4-hp DC, with Hall-effect

posilion indicators
● Heliostat controller via

microprocessor and power supply.
● Computer with 1/0 heliostat

controller.

0.61-m-(2 ft) diameter steel pipe
pedeslat placed in augured hole with
concrcm backfill.

Ipacifications

Glass-Metal Dust Axis Tracking
146.9 m2 (1,581 ft2)
12.56 m (41.21 ft)
12.34 m (40.49 ft)

Normal: vertical
High wind: horizontal, face up

● 7.44 m2 (80 ft2)
● 1.22 m (4.00 ft)
● 6.1 m (20.0 ft)
● 94?lo
1-mm silvered glass bonded to
3-mm glass. Module formed by
bonding 5 mirrors to an aluminized
sheet metal hat section with cross
members attached by 4 threaded studs.
These are positioned at four points to 2
truss recks which arc welded to a
torque tube. The tube is bolted to both
sides of the elevation drive.
Low-cost heliostat drive mounted to
top of pe(fcstal
● Planoccntric drive
● Jack screw
● l/4-hp DC, with HalLcffect

position indicators.
● Heliostat controller via

microprocessor and power
supply.

● Computer with 1/0 heliostat
controller.

0.6 1-m-(2 ft) diameter steel pipe
pedestal placed in augurett hole with
concrete backfill.

Mirror Focal Length and Heliostat Canting Range

The focal length of’the individual mirrors in a module is set during their manufacture by giving them a slight

curvature. The ATS mirror modules were manufactured with a nominal focal length of 305 m (1000 ft).

The SPECO mirror modules were manufactured with a nominal focal length of 244 m (800 ft).

7SoI,ar-averaged hemispi]crical reflectivity of ckxn mirror following installation of the heliostat.
8M,anuf:icturedby I Iub City.
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2. Description 01 the Large Area Heliostats

When mounted to the module support structure, the individual mirror modules were aimed (or canted) to a

common aim point corresponding to the slant range of the heliostat (to the intended receiver). The design

slant range for the ATS and SPECO was 235 m (771 ft).

Figure 4. Rear View of SPECO Heliostat
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3. TESTING AND EVALUATION OF THE LARGE-AREA HELlOSTATS

Overview

The ATS heliostat was installed at Sandia’s NSITF in Albuquerque, New Mexico, in 1986; the SPECO in

1987. The test program covered the six-year period from 1986 through 1992, and focused on the issues of

heliostat beam quality, mirror module performance and durability, tracking accuracy, dynamic wind effects,

and overall operational and maintenance characteristics. A number of evaluation tools was employed in this

effort, the most important of which arc described here,

Tools

THE BEAM CHARACTERIZATION SYSTEM

The Beam Characterization System [9] (BCS) is a primary tool used at the NSTTF for evaluating the

perfomlancc characteristics of solar concentrators and their mirror modules or facets. It was used in

numerous tests of the large-area heliostats including beam quality, dynamic wind effects, and tracking

accuracy and repeatability tests.

In tests such as these, the BCS is employed to image the beam of concenmatcd solar energy as it k tracked .,

by the heliostat on a flux target. The result of the BCS process is a flux map of that beam. The information

obtained includes 1) the location of the beam ccntroid and peak, 2) the flux densities over the entire beam, 3)

the peak flux ,4) the total beam power, and 5) the nominal diameter of a circle that contains all flux equal to

or greater than 10% (or any specified percentage) of the peak flux. Other standard image analysis functions

can also be performed on the BCS image.

lle components of the BCS system and their interrelation are depicted in Fig. 5. The Ilux target used by the

BCS is a while, nonspccular reflective surface with unique optical properties. The relative position of the

target approximates the position of a solar receiver in a central receiver plant. (Because of practical

considerations, it is actually positioned somewhat lower than a receiver would be, approximately at the mid-

point of Sandia’s solar tower.) Images of the heliostat beam on the target are captured using a video-type

camera positioned at a convenient location with a normal or near-normal view of the target. The target

surface is painted with a high-temperature titanium-oxide paint. Because of the diffuse (Lambertian)

relleclance characteristics of the target, the intensity of the reflected light reaching the camera from each

point on the surface of [he target is directly (linearly) propordonal to the intensity of the light reaching that

same point on the tmgct from the conccntmtor. This characteristic of the BCS target is essential to the

measurement technique and ensures the desired resull: the imarc of the tlux beam ci.mturedbv the camera is

a scaled version of the actual ilux incident unon the tarnct.
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3. Testing and Evaluation of the Large-Area Hetlostats
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Figure 5. Schematic of Beam Characterization System

Because of the extreme brightness of the light from the target, the BCS camera is equipped with neutral

density filters to attenuate the light to within the camera’s working dynamic range. The lens system may or

may not include a zoom lens, depending on the distance from the camera to the BCS target. In any case, the

target and the collector beam are imaged on the camera’s sensor, digitized by a commercial frame-grabber,

and processed by image analysis software that is resident on the BCS’Shigh-end personal computer.

A flux gauge mounted on the surface of the BCS target provides a single absolute measurement of flux at

one point in the BCS image. Together with the value of the picture clement (pixel) intensity at that location

in the image, the flux gauge reading is used to establish a conversion factor, which can be applied to the

BCS image. Using this factor, the intensity value of every pixel in the image is converted into an absolute

llUXdensity value. In this manner the BCS image becomes a flux map.
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3. Testing and Evaluation of the Large-Area Heliostats

The analysis functions of the commercial image analysis system (IAS) produce most of the required BCS

information, including the locations of the beam ccntroid and peak flux, and the diameter of the bearn.g

When multiple images are analyzed, such as in tracking error or dynamic wind effect tests, the IAS can

compute and display the movement of the beam centroid from image to image.

As stated before, the magnitude of the peak Wwer and the total beam power is obtained by applying the

conversion factor (pixel-level-to-llux-density) to the IAS’s results (which are in relativistic, pixel-intensity

units).

The BCS also has analog data acquisition capability, which is employed to measure the flux gauge

mentioned above and relevant environmental conditiom including wind speed, wind direction, and normal

incident insolation. These instrument readings are acquired at the same time as the beam image data.

Meteorological data acquisition is described below.

The results from the analysis of image and non-image data are typically transferred to a spreadsheet for final

analysis, Based on a preliminary error analysis of the BCS, the expected measurement error (i.e., the

standard deviation for measurements) of that system for the tests described in this report is 6 to 105’io.

Measurement resolution is approximately 1‘%of the full-scale flux value measured. An analysis of the BCS

error sources is provided in Appendix D.

METEOROLOGICAL DATA

Environmental conditions including wind speed, wind direction, and direct normal solar insolation can be

measured each time a BCS image is acquired. A meteorological tower located 100 m west of the ATS

heliostat 10is equipped with wind sped (3-cup anemometers) and wind direction (lightweight vanes) sensors

at three heights: 10.0, 6.1, and 3. I m (32, 20, and 10 ft) above the ground. A normal incidence

pyroheliometer (NIP) is mounted on a separate platform located 75 m north of the two large-area heliostats.

Cabling from these sensors as well as from the flux gauge is routed to a data acquisition board in the PC,

which is the platform for the BCS. Each time a camera image is acquired, the BCS is able to sample each

of the sensors and digitize the reading; the meteorological data is then stored with or separate from the

acquired beam image, as desired.

‘Typically, [he di,ameter of a circle containing all flux that is greater or equal to 10% of the peak flux.
‘OThc SPECO is located 50 m duc cast ot’ the ATS; the two heliostats arc both 240 m north of the NS”I”IT’SSolar
Tower upon which is Iocakxt [he BCS uirgcl at a height of about 30 m.
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3. Testing and Evaluation of the Large-Area Heliostak

REFLECTIVITY MEASUREMENTS

Mirror reflectivity was measured (both clean and dirty) at regular intervals throughout the six-year test

period. The specular reflectivity of the mirrors was measured with a Device and Services (D & S) Portable

Specular Rcflectometer Model 15R (Serial #013), using a receiver aperture set to an effective acceptance

angle of 15 mr. This instrument has an accuracy of 0.01, a rcpeatabilit y of 0.005, and a resolution of 0.001,

all in absolute reflectance units [10]. Because the D & S device uscs 660-nm-wavelength light as its light

source, the measured reflectance values require an adjustment to obtain a solar average specular reflectivity

value for the hcliostat. Information regarding this procedure is provided in Appendix E.

Mirror Module Evaluation

MIRROR REFLECTIVITY

The ATS and the SPECO mirrors employ silver mirroring material (mirror module design and composition

described in Section 2). The mirrors employed for the SPECO heliostat were known in advance to have low

reflectivity, but Sandia accepted their use as an expedient. This type of mirror, hclwever, would normally

not be selected for a working (commercial) collector system.

During the evaluation period at Sandia, the heliostats were not cleaned except by the natural effect of rain

and snowfall. Exceptions to this were made on two or three occasions when, for the purpose of investigating

cleaning techniques, the mirror modules were sprayed with a high-pressure solutioII of water and cleaning

agent. Reflectivity measurements were made of the clean and of the dirty or” as is” condition of the mirrors.

The clean mirror measurements were made after wetting a portion of a mirror modules with deionized water

and then wiping dry that area with an absorptive paper towel. Each (clean or dilly) specular reflectance

value was obtained from 20 measurements at randomly selected pints on the mirror modules on the bottom

row of the heliostat (tic row closest to the ground when the heliostat is in the vertical position). The average

of the 20 measurements was then computed and adjusted to obtain the solar average value.

Long-Term Mirror Degradation

The reflec[ivity of the mirror modules of’the two heliostats suffered an average degradation rate of 0.6 to

0.7% per year during the evaluation period. llese trends in clean mirror reflectivity are plotted in Fig. 6.

The trend in degradation is fairly linear: there is no indication from the data of a leveling off of the

degradation.
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3. Teatlng and Evaluation of the Large-Area Heliostats

Long-Term Mirror Degradation
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Figure 6. Long-Term Reflectivity of Large-Area
Heliostat Mirrors

Mirror Soiling

The “as is” reflectivity of the mirror modules of both heliostats varied considerabley over the short term, due

to soiling by the interaction of airborne soil, water condensation on mirrors, and rain and snow. To

demonstrate the effect of mirror soiling, the “as is” (dirty) mirror reflectivity of the ATS heliostat is plotted

in Fig. 7 as a percentage of the current clean-mirror reflectivity value. The SPECO heliostat data

exhibited a very similar trend. Note that on this plot a reflectivity value of 100% only indicates that the

dirty and clean mirror reflectivity was the same at that time (probably due to the cleaning action of a recent

rain or snowfall). This plot illustrates the magnitude of the negative effect soiling will have on heliostat field

power production. On the average, soiling reduced mirror reflectivity (and therefore thermal power output)

of the large-area heliostats by 6.3 and 8.8% for the ATS and the SPECO, respective y.

MIRROR MODULE DURABILITY

Mirror Corrosion

A detailed inspection of the mirror mwhdes of both heliostats was performed in August 1992 to determine

the condition of both mirrors and modules. Several mirrors on the SPECO heliostat were broken by snow

accumulation caused by interference of the lower wind spoiler with the bottom row of mirrors. (More

details arc provided in “Mirror Breakage and SPECO Wind Spoiler Design”). Excepting that, the condition

of the SPECO mirrors and the mirror modules was good. A minor amount of flaking of the protective paint

on the rear edges of some of the mirrors was observed, however. (The SPECO minors are 3.2-mm back-

surface silvered mirrors with a protective coat of white paint.) The nominal dimensions of the dried flakes

of protective paint observed along the mirror edges were approximate y 1/3 x 1/8 in. Slight corrosion of the

silver mirroring material WMobserved tit the sites where peeling had occurred. There was m indication that
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3. Testing and Evaluation of the Large-Area Hafiostata
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Figure 7. Effects of Soiling on the Reflectivity of the ATS Heliostat

the peeling process was advancing inward to the interior surface areas of the mirrors. This peeling, and the

associated mirror corrosion, was observed on 6 of the 24 SPECO mirrors that were inspected.

SPECO mirror mwhdes, the immediate support structure for the mirrors, were also in good condition. llte

pads to which the threaded studs are attached and which arc bonded to the back surface of the mirrors

showed no evidence of debonding or deterioration of their adhesive.

The ATS mirrors and modules were also found to be in good condition, with no eiidence of corrosion or

debonding of any kind. Some broken mirrors were observed; the breaking occurred at the time of failure of

the (Winsmith) low-cost heliostat drive. (More details are provided in “Failure and Modification of the

Low-Cost Heliostat Drive”.) There was some indication of slight mirror corrosion along some of the broken

edges of these mirrors.

Mirror Breakage and SPECO Wind Spoiler Design

Breakage of several SPECO mirrors look place during the winter of 1990. Snow had accumulated on the

mirror modules while the heliostat was in its stowed horizontal position. 11 To remove the snow, the heliostat

was moved to a vertical position so the snow could slide off the mirror modules. When the snow slid off the

mirror modules it landed on the lower wind spoiler where it became packed and trapped. When the heliostat

was returned to the heliostat stow pxition, the weight of the accumulated packed snow was sufficient to

break the lower edges of two of the eight mirrors on the bottom row.

‘ llhe horizontal stow posi[ion is favored bccausc it is the posilion of least vulnerability during high winds.
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3. Testing and Evaluation of the Large-Area Helioatata

There was no indication from the evaluation that the SPECO mirrors were substandard. Rather, the lesson

learned was that this particular arrangement of the lower wind-spoiler facilitates the accumulation of ice or

snow on mirrors and can result in breakage. A redesign of the lower wind spoiler is suggested, as well as

attention to any structural elements at the boundaries of the mirror modules. The experience also suggests

that snow removal should be a well-planned maintenance activity in systems that have large solar collection

areas.

Beam Characterization

BEAM QUALITY

Purpose of Beam Quality Testing

The optical performance of the large-area heliostats was measured in order to characterize the concentrated

solar encrgy ttwy can deliver to the central receiver. The objectives of the beam quality tests included a)

characterization of the heliostat beam, including total beam power, peak power, and overall beam shape and

b) evaluation of changes in beam quality throughout the day (due to gravity effects as the heliostat elevation

angle varied, changes in insolation and sunshape, and changes in heliostat-to-receiver orientation.

Description of the Beam Quality Test

The primary tool used for beam quality tests was the BCS. The BCS is described in some detail in the

subsection “Tools” in the introduction to this section.

For the beam quality tests, an image of the heliostat beam was captured with the BCS as the beam was

tracked on a llUXtarget. The image was then scaled into flux density units by applying to each pixel in the

digitized image a (pixel-intensity-to-flux-density) conversion factor, based on the measure of a single flux

gauge in the BCS target. The processed image reveals the peak power density, the locations of the peak as

well as the beam centroid, the total power, the cross-sectional area containing the power, and the overall

distribution of the power in the heliostat beam.

On several representative days of the year, beam quality measurements of the two large-area heliostats were

made with the BCS over the course of the day. l%ese tests were performed under clear-sky and low wind

speed conditions (less than 10 mph).

The results of the beam quality test are a good measure of [he flux distribution that these heliostats can

deliver to a centrtil recciwr. Giwn that the flux measurements arc made on the BCS target, the specific

spalial relationship of the hcliosttits to [he BCS target was as follows:
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3. Testing and Evaluation of ‘the Large-Area Heliostat

● the slant range from both heliostats to the BCS target was 240 m (800 ft).

● the elevation angle from the hcliostats to the target was 5°.

● the target was south of both heliostats to within 5°.

Results of the Beam Quality Test

The all-day beam quality tests that were performed on the ATS and SPECO heliostats included tests

performed on August 26 and 27, 1991, res~ctivel y. The results on these two days are presented because

they are typical as well as representative of all test results obtained. On both test days, the beam quality

measurements were made at 30- to 45-minute intervals over the course of the day using the BCS. Each

beam quality measurement produced an estimate of the heliostats’ total beam power (in kW), the peak flux

(kW/m2), and the beam diameter (m). The direct normal insolation (kW/m2) and the wind speed and

direction. were also measured at each of these times. For each test, an estimate was made as to the

theoretical maximum total beam power, based on the measured insolation, the total reflective area of the

heliostat, its rcflectivity (as measured at the time of the test), and the angle between the heliostat normal and

the sun (to calculate the resulting cosine loss) at the time of the measurement. Given the measurement

uncertainty inherent in the BCS, the total power and peak flux values reported here have an expected

measurement uncertain y (standard deviation) of 6 to 10%. Significant differences occurred between the

measured and the calculated total beam power for the heliostats (particularly the ATS measurements), but

they are within the expected (10%) error range. An error analysis of the BCS is presented in Appmdix D.

A TS Heliostat Beam Quality Measurements

The all-day beam quality test of the ATS consisted of 20 BCS measurements made at 30- to 45-minute

intervals throughout the day. Contour plots for a selection of nine of these measurements are provided in

Fig. 8. The effects of cosine angle and insolation Ievcl on the beam shape are easily appreciated from the

plots: at times distant from solar noon, the reduced insolation and the larger cosine loss result in reduced

power and a larger beam diameter.

Table 3 provides a listing of the actual measured values for total beam powtir, peak flux, and beam

diameter associated with the nine contour plots.
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Figure 8. Contour Plots of ATS Heliostat Beam on August 26, 1991.
The dimensions (h x w) of each plot window are 9.0x 10.5 m

It is evident from the contour plots that outside 3 hours from solar noon the ATS beam size begins to

increase significantly, and at 4.5 hours or mom from solar noon the beam begins to take on a bimodal

distribution, an evident divergence of the solar energy reflected from the left and right halves of the collector.

This may be caused by gravity-induced deflection of the left and right sides of the mirror medule support

structure relative to one another. (See section titled “Comments on Off-Noon Performance and Modeling.”)

The measured values for beam power, peak flux, beam diameter, etc. for all 20 BCS measurements (of

August 26) are plotted in Fig. 9. A Iablc containing those data values is provided in Appendix B.
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3. Tasting and Evaluation of the Large-Area Heflostata

I 1Table 3. Measured Beam Characteristics of ATS Heliostat
(Corresponds to Figure 8)

I Hoursfrom 1InsolationI Beam Peak Beam
lime Solar Noon (kW/m2) Power Flux

+

Diameter (m)

(kW) (kW/m2)

08:30 -4.63 0.72 71 4.59 6.22

10:03 -3.08 0.85 92 10.60 4.84
10:32 -2.60 0.88 101 13.87 4.49
11:28 -1.67 0.91 101 18.49 3.99 4

I 12:30 I -0.63 I 0.94 I 111 I 21.02 I 3.89 I

14:10 1.03 0.93 106 16.81 4.30

15:12 2.07 0.91 99 11.36 4.93 i

I 16:12 I 3.07 I 0.87 I 94 I 7.25 ! 5.69 I

17:45 4.62 0.72 67 3.24 7.21 ~

When normalized to a one-sun level (defined as an insolation level of 1 kW/m2) the maximum total power

observed for the ATS on that date was 119 kW. The highest peak flux level observeclwas 21.0 kW/m2, and

the smallest beam diameter was 3.9 m.

SPECO Heliostat Beam Quality Measurements

The contour plots of selected images of the SPECO heliostat beam shown in Fig. 10 reveal the changing

shape of the beam over the course of the day. The increase in beam size at times away from solar noon is

more pronounced for the SPECO than for the ATS. This is due only in part to the larger size (200 m2) of

the SPECO. Table 4 lists the actual measured parameters (beam power, peak flux, etc.) corresponding to

each of the contour plots.
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Figure 9. A1l-llay Pcrfm-rnancc of the ATS Heliostat —
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3. Testing and Evaluation of the Large-Ares Heliostats
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Figure 10. Contour Plots of SPECO Heliostat Barn.

The dimensions (h x w) of each plot window are 9.0 x 10.5 m

The increase in the beam diameter and its splitting in half is quite substantial at time distant from solar noon,

and may be an indication of deflection of (he SPECO’S mirror module support structure (SCCdiscussion in

the “Comments on OfI-Noon Performance and Modeling”).

The SPECO’Spcrformwwe over the entire test day is depicted in a multiple-overlay plot in Fig. 11, while the

corresponding data values are tabled in Appendix A.

The normalized noontime total beam power of’the SPECO was measured at 129 kW, and the highest yak

flux (actual, not normalized) was 16.7 kW/m2. The smallest observed beam diameter was 4.7 m.
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3. Testing and Evaluation of the Large-Area Hefiostata

Table 4. Measured Bea
Heliostat (CoI

=

11:03 -2.08 0.929
I I

14:00 0.87 0946
I I

15:00 1.87 0.912
I I

m Characteristics of SPECO

“=-FU==i
(kW/m2) (m)

I I --l

111.2 8.14 6.35
I I -1

116.3 15.03 4.86
I I 4

Comparing the Beam Quality of the Two Heliostats

In order to compare the optical performance of the two heliostats, the test data was normalized in a manner

in(cnded to eliminate differences due to collector areas, insolation, and collector-to- sun-to-target geometry.

The resulting performance data of the two heliostats is plotted together in Figs. 12 and 13. In the plots, the

beam power test data has been normalized a) to 1 m2 of heliostat reflective area, b) to an average insolation

level for the time of each measurement, and c) to an average cosine loss (i.e., to an average collector-to-sun-

SPECO Beam IIJalItY Test Results
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Figure 11. All-Day Performance of the SPECO Heliostat
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Normalized Total Power
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Figure 12. Comparison of the Beam Power of the ATS and
SPECO

to-BCS target geometry) for the time of each measurement. The direct normat insolation (NIP) values are

the time-local average of NIP measurements made on the days of the ATS and SPECO beam quality tests.

The measured peak flux values were normalized in terms of those average insolation values. Finally, the

beam diameter values have been plotted unchanged.

A precise statement of the normalization or treatment of the data shown in these plots is provided in

Appendix E.

The intent of the normalization process was to preserve the verisimilitude of the data by retaining the effect

on power collection of the reduced insolation, the higher air mass, and the poorer sun-heliostat-target

geometry in the early morning and late afternoon while eliminating the effects of different heliostat collection

areas, insolation levels, and heliostat-to-sun orientations.

Beam Oiameter and Peak Flux

o~o
-6 .4 .2 0 2 4 6

l-burs from Solar Noon

Figure 13. Comparison of Peak Power and Beam Diameters
of the ATS and SPECO
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3. Testing and Evaluation of the Large-Area Heliostats

The SPECO heliostat’s optical performance was less than one might have expected for a number of reasons.

First, the use of lower quality glass mirrors resulted in a solar averaged reflectivity that was 11 percentage

points lower than that of the ATS mirrors (initial solar averaged reflectivity of the SPECO mirrors was

83%; ATS mirrors were 94%). To examine the performance of the heliostats in the absence of this effect,

the total beam power data plotted in Fig. 12 was timber normalized by dividing each heliostat’s performance

values by the heliostat reflectivity measured at the time of the test. The results are plokd in Fig. 14.

Performance Normalized for Mirror
Reflectivity

Hews from solar Nccm -____l
o SPECO Beam

Power (kW/rnA2
collection area)

D Direct Normal
Insolation (kW/mA2)

I
Figure 14. ATS and SPECO Beam Power
Normalized in Terms of Mirror Reflectivity

— .—. —

Second, the canting (aiming) of the SPECO mirror modules was not optimized (as were those of the ATS

heliostat); a realignment of the modules would almost certainly reduce the nominal beam diameter.

Finally, another likely contributor to overall slope error in the SPECO mirror modules relates to the position

of the module-mounting studs on the mirrors. These studs attach the mirror to the metal frame of the mirror

module; they are adjusted to set the curvature of the mirror. There are nine studs on each mirror, spaced

evenly in a rectangular pattern approximately 3(I cm from the edges of the mirror. This means that about

50% of the mirror area lies to the outside of the stud pattern. A consequence of this is that the curvature

obtained in the mirror surtiice areas to the outside of the stud pattern is less than that obtained for the

interior area.
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3. Testing and Evaluation of the Larg*Area Helioatata

Modeling the Beam Quality of the Large-Area Heliostats

The measured performance of the large-area heliostats was compared to performance predictions generated

by HEL1OS[11], a computer code for modeling the optical performance of concentrators. The comparison

was obtained by varying the input slope error’2 to the HELIOS mccleluntil the predicted measurement had

been made. The results of the computer runs are plotted together with the measured beam profiles in Figs.

15 and 16. In the case of the ATS heliostat, an overall heliostat slope error of 1.2 mr (as an input parameter

for the HELIOS run) was found to provide a reasonable match between the predicted and measured beam

centroid pro[iles at or near.solar noon. An input slope error of 2.0 mr was required in the HELIOS model to

obtain a good match for the morning measurement; this is an increase ineffective overall slope emor over the

noon time of about 0.8 mr.

Modeling of the SPECO’S performance (Fig. 16) indicated that an overall slope error of 2.2 to 2.5 mr was a

reasonable estimate for the SPECO heliostat at or near the solar noon-time. Matching of the HELIOS

model to the measured performance outside of solar noon is required for an input slope error of 4 mr.

Comments on Off-Noon Performance and Modeling

Gravity-induced deflection is a reasonable explanation for the observed flux distribution of the heliostats

(see 08:30 a.m. contour in Fig. 8). The bimodal nature of the distribution outside of solar noon is evidence

that the heliostat has effectively developed two separate aim points, Moreover, the construction of the

mirror module support structures and their means of attachment to the elevation drive (see Figs. 3 and 4)

suggests that gravity-induced deflection (“clam-shelling” or “opening up”) of the left and right sides of the

heliostat is fwored when the mirror modules are in the horizontal orientation. Such deflection would result

in a divergence of the beams from the left and right sides of the collector. In other words, as a heliostat’s

reflective surface is rotated from a vertical to o horizontal position, the left and right sides of the module

support sag and the structure “opens up”; as the heliostat is lowered in elevation, the structure recovers from

that dcllcction and “closes up.” Mirror modules are canted to obtain the best beam characteristics at

noontime when the heliostat’s average elevation angle is approximately 34° from horizontal (for

Albuquerque, New Mexico). At this elevation angle, the left and right sides of the mirror module support

structure have some detlcction or sagging. When the heliostat is rotated toward the vertical orientation at

times outside of noon, the module’s support structure recovers from the gravity-induced deflection, and the

aim points of the left and right sides of the heliostat cross over one another. This explanation is consistent

with the observed bctim quality measurements, but tests have not been performed to verify or refute the

hypfhesis.

12Thc overall slope m-or includes the clfcc[s of waviness (dcvia(ions of the surface on a small-scale), surface slope
errors, ml canting errors.
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3. Testing and Evaluation of the Large-Area Heliostats

Figure 15. Comparing Measured and Predicted Beam Profiles for the ATS Heliostat
i’orOn-Sun Performance on August 26, 1992 (Day #238)
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Figure 16. Comparing Measured and Predicted Beam Profiles for the SPECO Heliostat
for On-Sun Performance on August 27, 1992 (Day #239)
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3. Taatlng and Evaluation of the Largr+Area Halloatata

Summary/Conclusions on the Beam Quality Test Results

On the test days discussed here, under noontime, normalized (1,000 kW/m2) conditions, the ATS and

SPECO respectively delivered up to 119 and 127 kW of thermal energy. On a unit basis this is 0.79

and 0.63 kW/m2 of collection area for the ATS and the SPECO, respective y.

The smallest observed beam diameter (10% power contour line) for the ATS and the SPECO was 3.85

and 4.75 m, respective y, and the highest measured peak flux levels of the two heliostats were 21.0 and

15.9 kW/m2.

The ATS’S noontime overall slope error of 1.2 mr (as determined by matching actual performance

profiles to those generated using the HELIOS computer code) meets the seccmd-generation heliostat

design requirements 1] for beam shape (“theoretical beam shape plus 1.4 mr fringe”). Its slope errors

oulside of solar noon (1.7 to 2.0 mr) just exceed the requirements.

The SPECO heliostat’s noontime performance of 2.2 mr falls short of the design requirement, and

outside of noon its performance of 4.0 mr exceeds the design limit by a large margin.

The SPECO helioslat’s performance would be improved by further optimizing the alignment of the

mirror mcdules.

The positioning of the SPECO mirror-to-module mounting studs may incur additional surface slope

errors, and could be cvaluat ed as a means to improve collector performance.

The beam quality measurements outside of solar ncmn for both heliostats indicate the emergence of two

separate aim points. This effect is most evident for the SPECO heliostat, which for times away from

solar noon substantially exceeds the specified maximum slope error. The effect may be caused by

gravity-induced deflection of the left and right portions of the mirror module support structure. The

acceptability of the optical performance of either heliostat would depend on the heliostat’s location (slant

range and orientation) as well as the dimensions of the receiver.

WIND EFFECTS

Background and Description of Test

The large-area heliostats were designed (to the second-generation heliostat specifications) for normal

operation under windy conditions up to 27 mph [1]. In the event wind gusts exceed 27 mph, the heliostats

are to bc sent to a stow position that minimizes wind drag on the collector. The purpose of the wind effects

tests was to evaluate the effect of the wind on beam quality for high velocities within the operational limit,
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3. Testing and Evaluation of the Large-Area Heliostats

and to seek answers to a number of questions: At what wind speed levels does significant heliostat

movement begin to occur? How much movement of the beam results at elevated wind speeds? What is the

relationship of the angle of attack of the wind on heliostat movement? At what wind speed and for what

angles of attack does the beam quality become unacceptable from an operational standpoint? Do the wind

spoilers on the SPECO heliostat reduce wind drag?

The tools employed in the wind effects tests were the BCS and the meteorological tower. The BCS was

used (o observe and capture successive images of the heliostat beam on the BCS target while simultaneously

measuring and recording wind speed and direction. The test was performed at times when there was both

sunshine]3 and wind speeds were above 10 to 15 mph. The simultaneous occurrence of high winds and

sunny conditions is fairly infrequent at the NSTTF, and, in addition, winds are predominantly from the west

and southwest, which limited the recorded wind “events” to a fairly narrow range of angles of attack.

Nonetheless, successful tests were carried out on several occasions, and the results answer some questions

regarding wind effects.

The BCS is employed in the wind effects test to obtain a measure of heliostat beam centroid movement

during the wind event.14 For a 27-mph wind, the (second-generation) specifications (see Table 1) permit a

maximum mirror surface deflection of 3.6 mr and a maximum pedestal twist or tilt of 1.5 mr. But the actual

source of the beam deflection (be it pedestal twist or bend, deflection of the mirror support structure, or

bending of the mirrors themselves) cannot be determined from heliostat beam movement alone. l%e wind

effects test only provided a measure of overall beam deflection due to the wind. Since the expected

combined eflkct of two independent error sources is the square root of the sum of the squares of the two

errors, an approximate combined specification for wind-induced beam deflection would be 3.9 mr.15

In the wind effects test, the BCS images are used to measure the relative movement of the beam ccntroid and

the general shape of the heliostat beam during the observed wind event. For the purposes of the test, the

average position of the heliostat beam during the test is taken to be the desired aim point. This is not

prccisely the case, but is a reasonable approach since wind events cannot be predicted in advance, and in

most cases the “actual” heliostat aim point on the BCS target has not been established prior to the onset of

]~Since the wind effect was measured by observing heliostat beam movement with the BCS, sunshine is a required
condition for the test. Fully clear conditions, however are not essential.
14Av~ld tlux map of he heliostat beam is not possible since tie wind-induced movement Ofthe b~am “SlIlf3afS” the

llUX measurements obtained from the gauge on the BCS target.

d1539 = (3.6)2 +(1.5)2.
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3. Testing and Evaluation of the Large-Araa Heliostats

the test. A consequence, however, is that this test does not measure any constant offset of the average beam

position during the wind event (constant offset compared to the average beam position when there is no

wind).

The wind effects test was performed using the image analysis system’s fastest image-capture rate (O.1

seconds per image) and taking the greatest number of images possible. Some image series were taken at full

camera resolution, which resulted in 48 images and a 4.8 second time series; others were taken at half

resolution, resulting in 192 images and a 19.2 second series. The digitized images of the beam and the

associated wind data were then saved for later analysis.

Results and Discussion

To illustrate the wind-induced beam movement that was observed during the wind effects tests, Fig. 17

provides a polar plot of the (SPECO) heliostat beam’s centroid movement. In the plot, the successive

locations of the beam centroid are marked with a cross; each cross is labeled with its associated image-

capture time in seconds. The beam centroid movement during a representative interval of the 20-second

period of BCS image data capture can in this way be observed. The movement observed during this

particular wind event was the maximum beam movement observed in all the tests. ~,le average wind sped

during the event was 18 mph, and the wind’s angle of attack (AOA, the angle between the wind direction and

the vector normal to the surface of the heliostat) was 150° (i.e., the wind was coming from the back of the

f
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heliostat). The average movement of the beam centroid was 1.8 mr during the 20-second time interval

recorded, and the maximum was 4.65 mr. (4.65 is also the radius of the circle in the polar plot.)

Because of the predominance of west to southwesterlyy winds at the test site, the wind effects tests were

performed in a fairly narrow range of AOA: for the, ATS heliostat, the AOA for all tests was behveen 92°

and 1110; for the SPECO, it was between 104° and 150°. The absence of test data for “head on” AOA (an

AOA of or near 0° or 180°) is unfortunate since one would expect to observe maximum wind drag at these

angles. A description of the data obtained and a summary of the results are provided in Table 5.

Although similar trends were observed for both heliostats, the test data obtained is probably insufficient to

draw firm conclusions. The wind effects data for the two heliostats is presented in Figs. 18 and 19. here

is considerable scatter in the data, and although clear trends are difficult to infer, linear curve fits of the data

are also presented in the figures.

Most of the wind effects data obtained were for AOA close to 90°, i.e., with the wind parallel or nearly

parallel to the heliostat surface, i.e., beam deflection under “head on” AOA was not measured. The

observations that ~ made were at angles closer to perpendicular to the collector surface. The moment

coefficients for shallow angles of attack are expected to be greater and should produce a greater dynamic

response. The results suggest that beam movement will remain within heliostat specifications. In an 18-

mph wind, with an AOA of 150°, the SPECO heliostat’s maximum beam movement of 4.7 rnr did exceed the

3.9-mr (second-generation design) specification. The average beam deflection of 1.8 mr, however, was well

within specified limits. In a 27-mph wind, with an AOA of 1110, the ATS heliostat’s maximum beam

deflection was 3.2 mr, while its average was 1.6 mr. Thus, the data that was obtained, though perhaps

Table 5. Summary of Wind Effects Test Results

ATS Heliostat
Number of recorded cvenls 11
Range of wind speeds: 11 to 27 mph
Range of angles of attack: 92°to 111°
Maximum observed beam 3.7 m
deviation: (at 20.7 mph & 92°

AOA)
Averdge deviation of beam 0.92 mr
centroid deviation for all
observations
Average maximum beam 1.9rnr
ccntroid deviation for all
observations

%%%+

i%E4
0.86

1.9
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Summary of ATS Wind Effects Data
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Figure 18. Effect of Wind on ATS Heliostat Beam Position
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Fimu-e 19. Effect of Wind on SPECO Heliostat Beam Position

insufficient, suggests that the large-area heliostats will perform within second-generation specifications in

terms of their average wind-induced beam deflection.

Figure 20 provides a side-by-side comparison of the linear curve tits of beam movement for the two

heliostats. Given the great degree of scatter in the original data, the linear curve fits are not particularly

meaningful, but the plot does illustrate the similarity of the performance of the two heliostats. The ncar-

horizontal slow of tlw SPECO curves are intriguing given the Fact that the heliostat’s wind spoilers were

intended to dampen out the structure’s response to the wind! Although the number of observations made was

limited, they suggest that the wind spoilers do dampen heliostat response at higher wind speeds.
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Com~arison of SPECO & ATS Wind

Effects Results
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Fi~ure 20. Com~arison of Linear Curve Fits of Wind Effects Results

Conclusions

● For both large-area heliostats, the observed deflection of the collector beam in winds from 12 to 27 mph

remained within specilications for the second-generation heliostat design. The average beam centroid

movement was ().9 mr, and the average maximum movement was 1.9 mr.

. The observations that were - suggest that the heliostats will perform

design specifications in terms of their average wind-induced beam deflection.

Heliostat Drive and Control Systems

OPERATIONAL CHARACTERISTICS OF THE DRIVE SYSTEMS

within second-generation

The drive systems of the two heliostats were evaluated in terms of standard operation, power consumption,

slew rates, and drive control repeatability.

95° to 98° F, and wind speeds were 5 to 8

cost drive. ‘G

Slew Rates

During all the tests, ambient temperatures were in the range of

mph. All of the ATS results presented here pertain to the low-

Thc average slew rate (results summarized in Table 6) for the two heliostats was around .210 per second.

The rate varied only slightly for the heliostats in different modes of operation (such as driving upward in

elevation or combined driving in azimuth and elevation).

16Thc original drive manufactured by A. CT.Flcndcr was replaced wiLh the Winsmith Low-Cost drive as explained

above.
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Table 6. Lar~e-Area Heliostat Slew Rates

Slew Rates in degrees per second
Azimuth slew rate:

Elevation down rate:

Elevation up rate:

Combined rates, elcw. drive down:
Azimuth:
Elevation:

Combined rates, elev. drive up:
Azimuth:

%--l+
.21 I .22
.22 .18

.21 1 .22

.21 .22

.20 .21
Elevation I .21 I .18

Power Consumption

Table 7 summarizes the results of tests to evaluate both the instantaneous power draw of the drives as well

as the power consumption during a typical (10-hour) day of heliostat operation. The measurements were

made with an AC watt-hour (WH) meter.]7 The all-day power consumption of the ATS and SPECO,

respectively, was measured at 292 and 385 watt-hours. This included heliostat mcvement from horizontal

stow to on-sun tracking of a target, tracking of iarget for 1()hr, and then returning to the horizontal stow

position. The test demonstrates the inelficicncy of worm gear drives (employed by the SPECO heliostat);

however, they have the advantage of high strength, large gear reduction in a single stage, anti-backdriving

capabilities, and low cost.

Control Drive Repeatability

A group of tests ww performed to evaluate the repeatability of the drive’s control system; the results are

summarized in Table 8. The tirst test consisted of commanding the heliostat to drive 45° in azimuth and 30°

in elevation away from a starting position and then (o return to the original starting prsition. To determine

control drive repeatability, an independent measurement of the heliostat’s position before and after the

Table 7. Power Utilization of the Large-Area Heliostats

Quiescent Power:
Avg. Power Draw (both drives)
Avg. Power Draw (elcv. drive)
Typical peak draw (both drives)
On-sun tracking:
All-day power consumption

ATS:

10 w
35-75W
22-35W
175W
80 W (average)
292 WH

SPECO:

14W
200-300 w
120
470 w
140 W (average)
385 WH

17Mo&l WH3- 14, manufac[urcd by Ohio Scmitronics, Inc.
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Table 8. Large-Area Heliostat Drive Control Repeatability

ATS: SPECO:
Move away & return to original POsition: 1.3+/- 0.1 m 0.5 +/- 0.1 m
Lose power, rc-calibrate encoders, & return to 0.97 +/- 0.1 ml- 0.64 +/- 0.1 mr
original position:

commanded movement was made using a laser beam. With the heliostat in its starting position, a laser

mounted on the mirror support structure was aimed on a paper target positioned about 50 ft from the

heliostat. The initial location of the laser beam on the paper target was marked at the outset of the test and

after each “round trip” of the heliostat. Differences in the laser beam

of the heliostat drive. A variation of this test involved commanding

psition and then return to it.

position represent repeatability error

the heliostat to drive past the home

A second test involved repositioning the heliostat after executing a sequence of commands that simulated

pewer loss to the heliostats. After the simulated power loss, the heliostats were commanded to go to the

“wake” position, which causes a resetting of the tilve motor encoders, and then to return to the “home” or

reference position. The same laser mounted on the heliostat (as described above) was used to measure the

difference between the original laser beam position on a target and its position in repeated iterations of the

test sequence. For this test, an average repeatability error of 0.97 mr and 0.64 rnr was observed for the ATS

and SPECO heliostats, respective y.

The results of these tests indicate that the SPECO’S drhe system achieved better repeatability, although the

performance of both heliostats is acceptable in terms of second-generation design specifications.

LIFE-CYCLE TESTING

The drives of the two large-mea heliostats were exercised in order to give them accelerated use and wear.

This practice wm initiated after the installation of the low-cost drive on the ATS heliostat, and the

accelerated life-cycling information given here is pertinent to the low-cost drive and not to the A.G. Flender

drive (SWrelated comment on the ATS drive). The accelerated life cycling was carried out by the use of

batch command film executed by the heliostat computer control program. This feature of the computer-

based control system permitted the sequential, unattended execution of drive commands. A typical cycle in a

batch command file would drive the heliostat through the range of movement in azimuth and elevation that it

would normally experience in a day of operation at a central receiver plant. The drive would command the

heliostat from its normal morning sun-tracking position all the way to its normal evening position, and then

pause for several minutes to allow the drive motor to cool before returning again to the morning position.
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The batch command file consisted of multiple repetitions of this sequence; by this means, a number of

equivalent years of heliostat operation was obtained.

The azimuth and elevation drive-cycling was performed separately. The elevation drive was cycled during

the nighttime only so as to avoid tracking the potential y hazardous heliostat beams up and down through the

heliostat field during the day. The azimuth cycling was carried out at any convenient time; a result of this

was that more azimuth than elevation drive life-cycles were carried out.

During the period from April 1990 to August 1991, the ATS (Winsmith low-cost drive) received an

equivalent of 4.22 years]8 of operation of the azimuth drive and 2.98 years of operation of the elevation

drive; the SPECO’S(Hub City) azimuth drive reccivcd 3.36 years and its elevation clrivereceived 2.58 years

of operation. 19 The life-cycling information is reproduced in Table 9.

No failures of either drive systcm were experienced during this time.

Table 9. Summary of Life Cyclin g Data for Large-Area Heliostats
ATS SPECO

Elevation Drive Cycles** 1086 943

Azimuth Drive Cvcles 1540 1226

** 1 cycle = 1 day of normal operation

TRACKING ACCURACY TESTS

Both the SPEC() and ATS heliostats employed a prototype heliostat control system20 which has a tracking

deadband that is set in the software by the operator. The control system initiates movement of the heliostat

drives only when the positional error exceeds tic specified deadband. In an evalu:~tionof this aspect of the

tracking controls, the RMS tracking error of the azimuth and elevation drives, resp~ctively, was measured at

0.50 and 0.35 (+/- 0.1) mr when the tracking deadband was set at its minimum value, 0.1745 mr. The test

data is plotted in Fig.21.

All-day tracking error tests were performed on the two heliostats in order to measure the overall tracking

error over a period of several days. Larger than expected tracking errors with the ATS prompted

18A year of operation defined as 365 cycles.
19,1~iS ~YCllng (Jf the SpECO ~)ccumed~ift~rtie fai]urc and rep;fir of the (Jrivc unit, which k ~iSCUSS~(l belOW.

20See description of [he prototype hclios~~t control system in Section 2, “Description of the Large-Area Heliostats. ”
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SPECO Beam Centroid Movement

Tracking Deadband: 0.1745 mr (0.01 deg)
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Figure 21. Tracking Control Error

investigation and led to the discovery of an intermittent malfunctioning of the ATS’Selevation drive encoder.

Because the tracking tests were concluded prior to the repair of the ATS encoder, the results presented here

are for the SPECO heliostat.

For these tests, the BCS was employed in the test to observe and record the location of the SPECO

heliostat’s beam centroid at 20- to 30-minute intervals as it tracked the BCS target over a 6-day period.

Differences between the observed location of the beam centroid and the coordinates of the aim-point were

the measure of overall tracking error.

The all-day tracking error tests revealed systematic tracking errors that increased linearly as a function of

time from solar noon. There was evidence of substantial pedestal tilt errors21 which were probably a

consequence of the earlier failure of the SPECO drive (described in the next section). The average

magnitude of the tracking error of the S1’ECO during the all-day tracking tests was 1.65 (+/- 0.25) rnr; a

maximum error of 3.9 (+/- 0.25) mr was observed 4 hours after solar noon.

Because the prototype heliostat control systcm is capable of compensating for pedestal tilt error, an analysis

of the all-day tracking error test data was performed in order to differentiate the linearly occurring tracking

error, which could have been eliminated by inputting pedestal tilt data into the control system. When the

systematic linear error of the lest data was subtracted out, what remained was an RMS tracking error of

0.83 and 0.28 (+/- 0.1) mr, respectivcly, for the azimuth and elevation drives. This result, though not

exhaustive, provides a reasonable representation of tracking error for the SPECO heliostat. The test results

21Pedestal tilt errors arc those resulting from the pedest<atnot beingperfecttyvertical.
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compare favorably with the Second Generation Hcliostat Design Requirements (Table 1), which specify a

maximum RMS tracking error of 1.5 mr for each drive.

FAILURE AND REMANUFACTURE OF THE SPECO DRIVE

In a winter storm in early 1988, the SPECO’S drive unit, which was manufactured by Hub City, Inc., was

damaged by winds [12]. Because of general power outages that occurred at the time of the failure, the exact

time of failure and the wind speed at which the failure occurred are unknown. Likewise, it could not be

determined if the failure occurred at winds above the design-specified 90-mph (stow position) survival wind.

Upon inspection, several broken teeth were discovered in the (elevation) bronze worm gear that had been

cast onto the steel hub of the drive. Moreover, the bronze casting was found to have significant surface

imperfections due to the casting process.

A second hub manufactured at the same time as the original was installed in the drive was then returned to

Sandia. X-rays taken of the worm gear through the housing revealed similar surface imperfections in the

bronze worm gear casting, but showed no large voids or olhcr problems. During torsional load tests, one of

the worm gear teeth fractured and a second one cracked. The subsequent analysis resulted in several design

changes to the gear and its recasting. The worm gear was recast (at a different foundry) and the

remanufactured gear passed subsequent X-ray examination and load testing, and was re-installed on the

SPECO heliostat. The drive performed satisfactorily through the remainder of the test period.

FAILURE AND MODIFICATION OF THE LOW-COST HELlOSTAT DRIVE [13]

In June 1988, a low-cost heliostat drive specifically developed for heliostats under DOE sponsorship was

installed for evaluation on the ATS heliosta (this drive is described in Table 2). On January 9, 1989, during

a period of severe cold, the azimuth drive unit failed structurally, resulting in the detachment of the heliostat

from the pedcstal.

The failure of the azimuth drive was caused by water, which seeped into the azimuih drive cavity. The

water, together with the drive’s lubricating grease, completely tilled the cavity and then froze. The frwzing

process began at the outside surfaces and traveled inward, scaling off any escape route for fluid. The

expansion of the water as it froze increased the internal pressure; eventually the hydraulic pressure was

sufficient to shatter the oulcr housing of the azimuth drive, and with it the support for the outer race for the

main support bearing. The entire mirror structure then tilted and caused further damage to the azimuth

drive.
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Careful inspection of the failed drive led to the conclusion that water penetmted the cavity around the bolts

that fasten the elevation drive unit to the top of the azimuth unit. Several of these bolts were found to be

loose, with evidence of associated water corrosion in the bolt holes. These bolt holes are located radiany to

the inside of an outer scaling o-ring. As a result, any water leaking through them would have a direct path

down into the azimuth drive cavity.

A design modification was made to provide an additional scaling ring radially to the inside of that bolt circle.

The use of Loctite was also proposed to insure secure tightening of the bolts. (lmckwiring of the bolts was

suggested as an alternative.) A drive unit with these modification was re-installed on the ATS heliostat and

operated satisfactorily (and with no failures) for the balance of the evaluation period.
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●

●

●

●

●

●

●

Heliostat Costs

A 1988 cost estimate for the manufacture of large-area heliostats (at a rate of 2,500 per year) set the

cost (199 1$) at $14 l/m2 of collector area.

Mirrors

Mirror Module Reflectivity: slight degradation of mirror reflectivity was observed over a period of 6

years in both the ATS and the SPECO mirror modules; the average degradation rate for both

heliostats was 0.6 to 0.7% per year. Stabilization of the reflectivity during this time period was not

observed.

Mirror Soiling: in the environment of Albuquerque, New Mexico, mirror reflectivity was observed on

the average to decrease from 6 to 9% due to module soiling when no mirror cleaning was performed

and the only cleaning action was that provided naturally by rain, snow, and wind action.

Mirror Module Durability

Both heliostats’ mirror modules have demonstrated durability. After five years at the New Mexico test

site, small flakes of the protective paint at the edges of approximately one-quarter of the SPECO

mirrors were peeling. Corrosion of the mirroring was evident at these very small and localized edge

al-em.

After five years, the mechanical integrity and condition of the mirror mcdulcs were excellent: the

adhesives used to bond the glass and metal parts of the module showed no signs of debonding or

decomposing, and the threaded studs, hat sections, and other metal parts remained free of rust or

corrosion.22

Heliostat designers should consider the issue of snow removal from heliostat collection surfaces.

Structural elements having a physical proximity to the outer edges mirror i~ay have the potentiat to

trap snow on the mirrors, leading to possible mirror breakage.

Beam Characterization

At times outside of solar noon, the optical performance of both collectors is hampered by the

divergence of the beams from the left and right sides of the heliostat. This effect is most evident with

221n fairness, it should be pointed out that Albuquerque, Ncw Mexico is a fairly dry climate; outdoor metal
structures do not in general suffer speedy rus[ and corrosion.
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the SPECO heliostat. It may be caused by gravity-induced deflection of the heliostats, which would

indica[e insufficient stiffness of the mirror module support structures. The BCS test results alone are

insufficient to confirm this hypothesis.

ATS Heliostat Beam Quality

● During a three-hour period centered around solar noon, the average total beam power of the SPECO

(normalized to an insolation level of sun or 1 kW/m2) was 115 kW; this amounts to 0.77 kW/m2 of

collection area. The average peak flux and beam diarnctcr (actual measured values) during this same

interval were 18.5 kW/m2 and 4.1 m, respectively, with an uncertainty of+/- 6 to 109ZO.

● For noontime performance, the estimated overall slope error of the ATS collector (based on

comparisons of the actual beam profiles with those predicted by the HELIOS code) is 1.2 mr. The

expected error in this comparison of measured and modeled performance is approximate y 0.5 mr.

This value meets the second-generation heliostat design specification of 1.4 mr (see Table 1). During

off-noon conditions the slope error increases to approximate y 1.8 to 2.0 mr, a value slightly in excess

of’the specification. The expected error in this comparison of measured and modeled performance is

approximate y 0.5 rnr.

SPECO Heliostat Beam Quality

● During a three-hour period centcrcd around solar noon, the average total beam power of the SPECO

(normalized to an insolation level of sun or 1 kW/m2) was 124 kW; this amounts to 0.62 kW per

square meter of collection area. The average peak flux and beam diameter (actual measured values)

during this same interval were 13.8 kW/m2 and 5.0 m, respectively, with an uncertainty of +/- 6 to

10%.

● For noontime prformancc, the estimated overall slope error of the SPECO collector (based on the

HELIOS code) was 2.2 mr. The expected error in this comparison of measured and modeled

performance is approximately 0.5 mr. This value exceeds the second-generation heliostat design

specification of 1.4 mr (see Table 1). During off-noon conditions the slope error increases to

approximately 4 mr, a value considerably in excess of the specification.

● l%e SPECO heliostat’s performance would be improved by realignment of the mirror modules.

● The positioning of the SPECO mirror-to-module mounting studs may incur additional surface slope

emors, and could be evaluated as a means to improve collector performance.
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Wind Effects

s

●

●

●

●

●

●

●

●

In terms of their average wind-induced beam deflection, both heliosrdts appew to be structural y stiff

enough to perform within specifications under design wind conditions (27 mph or lCSS).

For both heliostats, the average measured heliostat beam deflection in winds from 12 to 27 mph was

0.9 (+/- 0.25) mr while the average maximum movement was 1.9 (+/- 0.25) mr. Some wind-induced

beam movements did exceed the 3.9-mr beam pointing error specification.

No observations were made at wind angles of attack of (or close to) 0° or 180(’ (wind perpendicular to

face or back of collector). This leaves unexplored an important region of the design space.

Operational Characteristics of the Drive Systems

Slew Rates: the average slew rate for both heliostats was around .210 per second, and proved to be

adequate. The rate varied only slightly during different modes of operation.

ATS Power Utilization: the ATS heliostat consumed 292 watt-hours during a.typical day of operation

involving 10 hours of on-sun tracking. The average power draw of the drives was found to be 35 to

75 W for simultaneous operation of the drives, and 22 to 35 W for operation of the elevation drive

only.

SPECO Power Utilization: the SPECO’S all-day power consumption was 31i5W; the average power

for operation of both drives was 200 W, and about 120 W for operation of tic elevation drive only.

Drive Control Repeatability

In several tests measuring the ability of the heliostat drive control system to drive off of and then

return to a specific position, an average repeatability error of 0.5 and 1.3 mr was measured for the

SPECO and ATS, respectively. (Measurement uncertainty was +/- ().1 mr.)

Tests involving the return of the heliostat to a specified position following the (simulated) loss of

power resulted in repeatability measures of 0.97 and 0.64 mr for SPEC() and ATS, res~ctively.

(Measurement uncertainty was +/- 0.1 mr.)

Life-Cycle Testing

The drive systems of both heliostats survived life-cycle testing without failures. The elevation drives

of the ATS and SPECO, respectively, received 3.0 and 2.6 years of life-cycling, while their azimuth

drives received 4.2 and 3.4 years, respectively.
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All-Day Tracking

● Tracking error data was obtained for the SPECO heliostat, but not for the ATS heliostat (which was

equipped with the low-cost drive).

● The tracking error of the prototype heliostat control system was determined experimentally to be 0.50

and 0.35 (+/-0. 1) mr, respectivcly for the azimuth and elevation drives when the control system’s

tracking deadband was set at the minimum permissible value, 0.1745 mr.

● Based on analysis of all-day tracking test data, the overall RMS tracking error of the azimuth and

elevation drives, respective y, ww found to be 0.83 and 0.28 (+/-0.15) mr, and compares favorably

with the Second Generation Heliostat Design Requirements (Table 1) which specify a maximum RMS

tracking error of 1.5 mr for each drive.

Failure and Remanufacture of the SPECO Drive

● The failure of the SPECO drive led (o the discovery of design and manufacturing faults in the bronze-

cast worm gear. A detailed report on this is given by Grossman [12].

● After its redesign and manufacture, the SPECO drive performed well and experienced no further

failures.

Failure and Redesign of the Low-Cost Heliostat Drive

● A failure of the Peerless-Winsmith drive in June 1988 led to the discovery of a design flaw that

permitted the penetration of water into the azimuth drive cavity. After modifications to the design, a

new drive unit was manufactured and operated satisfactorily for the balance of the evaluation period.
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6. APPENDICES

Appendix A: ATS All-Day Beam Quality Test Data

Table 10 contains the original measured test parameters obtained during the all-day beam quality test of the

ATS heliostat on August 26, 1992. The Beam Characterization System was employed in the tests, and the

approximate measurement uncertainty (average measurement error) of that system is 6 to 8% for the total

beam power and peak flux measures, 2% for the beam diameter and for the relative flux distribution, and

1% for the normal incidence pyrohcliometer (NIP) measure.

Table 10. ATS All-Day Beam Quality Test Results

Test Day: August 26, 1991

Hr from NIP Total Beam Pwr (kW): Effective Peak

Time Solar Noon (kW/m2) Calc. Mess’d. Beam Dia. Flux

(m) (kW/m2)
08:02 a.m. -5.10 ().645 61.9 61.7 6.78 3.11

08:30 a.m. -4.63 0.723 71.2 71.1 6.22 4.59

09:02 a.m. -4.10 0.784 81.2 81.5 5.66 6.46

09:30 a.m. -3.58 0.828 86.9 87.9 5.27 8.19

10:01 a.m. -3.08 0.852 90.9 92.4 4.84 10.60

10:30 a.m. -2.60 0.881 95.9 101.1 4.49 13.87

11:00 a.m. -2.10 0.902 99.3 108.8 4.16 17.36

11:28 a.m. -1.67 0.910 101.4 100.6 3.99 18.49

12:00 p.m. -1.10 0.928 103.4 106.8 3.85 20.04

12:30 p.M. -0.63 0.937 104.4 111.3 3.89 21.02

1:00 p.m. -0.10 0.936 104.3 109.3 3.85 20.59

2:08 p.m. 1.03 0.929 102.3 106.3 4.30 16.81

2:43 p.m. 1.62 0.906 98.6 103.7 4.63 14.20

3:09 p.m. 2.07 0.910 97.9 99.4 4.93 11.36

3:39 p.m. 2.55 0.891 93.5 94.4 5.35 9.09

4:09 p.m. 3.07 0.870 86.6 93.8 5.69 7.25

5:11 p.m. 4.08 0.792 73.9 72.2 6.01 4.52

5:41 p.m. 4.62 0.720 64.6 66.7 7.21 3.24

6:09 p.m. 5.07 0.479 41.2 40.7 7.54 1.79

6:39 p.m. 5.55 0.533 44.5 45.7 7.95 1.81
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Appendix B: SPECO All-Day Beam Quality Test Data

Table 11 contains the original measured test parameters obtained during the all-day beam quality test of the

SPECO heliostat on August 27, 1992. The Beam Characterization System was employed in the tests and

the approximate measurement uncertain y (average measurement error) of that system is 6 to 8% for the

total beam ~wer and wak flux measures, 290 for the beam diameter and for the ralative flux distribution,

and 170for the normal incidence pyroheliometer (NIP) measure.

Table 11. SPECO All-Day Beam Quality Test Results-l
Test Day: August 27, 1991

I I ‘lP b=-w=-l ‘ffec’vePeak

Time Solar Noon (kW/sq m) Calc. I Mess’d. Beam Dia. Flux

(m)

8:03 -5.08 0.674 69.4 58.3 9.38

(kWlm2)

1.82

8:301-4.63 10.748 179.1 176.9 19.18 ‘2.54

9:001-4.13 10.811 189.2 191.2 18.89 3.25

9:301-3.63 10.856 196.9 195.8 18.33 3.75

10:011-3.12 10.888 1104.0 1102.2 17.72 4.60

10:42 -2.43 0.913 109.3 112.4 6.85

11:03 -2.08 0.929 118.1 111.2 6.35
6.93
8.14

10.26

12.52

14.30

11:30 -1.63 0.938 121.5 116.0 5.76

12:04 -1.07 0.941 123.2 115.9 5.22

12:301-0.63 10.944 1125.8 1112.1 14.79

13:001-0.13 10.945 1125.3 1119.9 14.75 15.92

16.72

15.03

11.93

9.91

7.96

13:3010.37 10.949 1127.3 1122.7 14.70

14:00 ().87 0.946 126.8 116.3 4.86

14:30 1.37 0.934 123.9 114.8 5.40
15:00 1.87 0.912 120.9 112.3 5.90

1 1 1 1 1

15:3012.37 10.911 1119.4 1116.6 16.55

16:0112.88 10.897 ‘“ ~10.7 –1115.1 17.16 6.23

16:30 3.37 ().894 112.5 105.9 7.61
17:01 3.88 ().842 103.4 104.5 8.04

5.25
4.61

4.0017:3014.37 108 195.7 196.7 18.29

18:0014.87 10.736 185.6 175.2 I 8.5( 2.79
18:3015.37 10.599 !67.3 163.0 I 8.8:’ 2.12
18:5415.77 10.435 147.3 140.1 8.71 1.34
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Appendix C: Normalization Procedure

for Comparison of Beam Quality Test Results

Figures 12 and 13 of this report provide a comparison of the all-day beam quality performance of the two

heliostats. The plots are based on the original test data, but the data has been normalized and otherwise

treated in order to eliminate performance differences due to differences in insolation and heliostat-to-sun

geometry at the time of each separate measurement as well as the difference in collection area of the two

heliostats.

As stated in the text of the report, the intent of these normalizations was to preserve the verisimilitude of the

data by retaining the effect on power collection of the reduced insolation, the higher air mass, and the poorer

sun-heliostat-target geometry in the early morning and late afterncmn while eliminating the effects of

different heliostat collection areas, insolation levels, and heliostat-to-sun orientations.

The total beam power values plotted in Fig. 12 adjusted the original power values of each heliostat as

follows:

PN = (PH /AH ) (NIPAVG / NIPH ) (COSAVG / COSH ) . (1)

In Eq. (1), PN is the normalized power (the value to be plotted in the comparison chart), PH is the actual

measured power, and AH is the collector area. NIpAvG and NIP1.lare, respective y, the insolation at the

time of the BCS measurement and the average insolation for BCS measurements made during that (10-15

minute) interval of the day. The lerm COS refers to the cosine loss, which is merely the cosine of the angle

between the normal to the heliostat surface and the sun vector. COSH is the actual cosine loss for the

heliostat in question at the time of the BCS measurement, while COSAVGis the average of the cosine losses

for those measurement made during that interval of the day.

The peak flux measurements for the two heliostats were adjusted in terms of input insolation by normalizing

them to an average insolation value for that time of the day:

PFN = PF1.l (NIPAVG / NIP1l ). (2)

PF1.l and PFN are the heliostat’s measured and normalized peak flux values, respectively, and NIPAVG and

NIP1{ have the same meaning as in Eq. (l).

In order to eliminate the performance difference because of differences in the reflectivityy of the ATS and

SPECO mirror modules, the beam quality data was normalized in terms of mirror reflectivity. The resulting

data are compared in a plot in Fig. 14; the beam power data in that plot were normalized as follows:

PN’= PN / R1.l. (3)
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In Eq. (3) PN’ is the total beam power normalized for reflectivity, while PN is the “beam power previously

normalized as described in Eq. (1). RI{ is the reflectivityy of the heliostat in question, while PN’ is the beam

power further normalized to the ATS reflectivity. The reflectivity of the ATS mez;ured at the time of this

test is RATS. That of the SPECO is RspEco.
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Appendix D: Analysis of Measurement Error

in the Beam Characterization System

The individual elements of the BCS flux map array may be in error either in terms of the flux density value

or the physical dimension and/or position of the pixel. Pixel geometry (pixel height and width) in the BCS

image is easily corrected for the lengthening or foreshortening due to the non-normal flux incident angle on

the target or the capture angle of the camera relative to the same. But based on experience, the use of high-

quality lenses ensures that any physical distortion of the image due to the lens assembly is small enough to

be ignored.

Given the BCS components currently in use, the resolution of the flux measurement is 1 part in 256 (8

computer bits) or about 0.5% of the fill-scale intensity level in the image. The system’s geometric

resolution (the size and number of picture elements) is dependent on the camera sensor and the digitizer, and,

of course, the distance from the camera to the target. The picture array size for common digital imaging

systems is in the range from a 250 x 250 (o a 1000 x 1000 array. The uncertainties associated with the flux

density measurement are not small enough to ignore, and their analysis is the subject of this section.

Consider a small area of the flux target corresponding exactly to a single picture element of the BCS image.

Let F be the average flux density over that area; we’ll also refer to the “flux bundle” from the collector that

is incident on that area at the moment of the measurement. The aim of the analysis is to establish the

uncertainty associated with the BCS measure of F.

F is processed as an input signal by the measurement system, and the output (from the image digitizer) is a

pixel level which we’ll call P. In a manner of speaking, during its passage through the BCS, F is

transformed by each successive element: the target, the neutral density (ND) filters, the lens assembly, the

camera sensor, and finally, Ihe digitizer (frame grabber). The validity of the measurement prmess requires

that each successive transformation bc linear and constant over both the full flux range and over the entire

target. Thus, the collector flux reflected from a pixel-sized area on the target toward the camera must be

proportional to the collector flux incident on that area. Let us call this constant (output/input) ratio k~ (T

for target !); o~, is lhe standard deviation (for all the pixels in that image) of kT, and is the expected error or

deviation of the ratio from pixel to pixel. We define similar terms for each succeeding “in-line” element in

the measurement: kNDfor the ND fillers, kL for the lens assembly, ~ for the camera sensor, and kD for the

image digitizer. The error associated with each is likewise its standard deviation of the given k term for the

population of pixels in the image We can employ these terms to express the relationship between the flux

density, F, and the pixel level, P:

(1)P=k~kc.kI-.k~~.k~F.
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And, assuming that the errors in each of the k terms are independent, we can express the error [14]

associated with P as

.~ [ \2 / \2 /’ \2 1 \2 [ \2
(2)

(oP/P) gives the cxpectcd error as a percent (or

information about the error of each of the BCS

In this expression for measurement uncertainty, the ratio

fraction) of the full-scale value of P.

Determining pixel intensity error by this means requires

components. In practice, an alternative, experimental measure of relative pixel intensity error is possible by

evaluating the uniformity of a BCS image of the flux target while it is illuminated uniformly. If the target is

uniformly illuminated, any non-unifomlities in the resulting digitized image are a measure of system

measurement error.

The pixel-level-to-tlux-density conversion factor for the BCS image is

measurement (FFG)and the pixel level, PFG, at the location of the flux gauge

These lwo values also introduce error into the measurement. Since these

another, the uncertainty in F can be expressed in terms of FFG, PFG, and P:

(GF/@2=(%./&)2+(oP#’FG)’+(@’)2.
K

the ratio of the flux gauge

(3)

errors are independent of one

(4)

The accuracies of the BCS flux measurement are listed in Table 12. The estimated error for individual

heliostat measurements is 10% (of the peak flux level in the flux map), and for groups of heliostats as well

as for point-focus collectors it is 6%. In each case, the flux gauge is the source of largest error and lies

with the large uncertainty associated with the calibration of the gauges. The calibration uncertainty is

greatest for the gauges used for single heliostat measurements and is the focus of attention in current efforts

to improve the BCS. The larger error associated with estimating the level of the flux gauge pixel for the

dish concentrator BCS is due to the fact that because of the small size of the collector beam the flux gauge

produces a larger perturbation in the image. In addition, the flux gradient across the gauge is also usually

fairly steep, which increases the uncertainty of the flux measurement itself.
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Table 12. Estimates of BCS Error for Heliostats and Dish Concentrators Measurements

Source of Measurement Uncertainty BCS System and Component Measurement Uncertainty

Dish Concentrators Single Heliostats: Heliostat Groups:

Pixel Level, (oP/P) < 1’% 2% 1%

Flux gauge, (%m/hG)
5% 10% 5%

Estimate of Pixel Level at Flux Gauge: 3% 1% 1%

(%’m/pFG)

Overall Uncertainty, (0~/F) 6 % 10% 6%
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Appendix E: Determining the Solar Average

Specular Reflectivity of a Collector Mirror

The Device & Services (D & S) Portable Specular Reflectometer employs 660-nrrl wavelength light as its

light source for measurements, so collector mirror measurements made with the device must be adjusted to

obtain an estimate of the mirror’s reflectivity over the solar s~ctrum.

To do this requires prior knowledge of the following:

1. The solar average total hemispherical reflectivityy, Rz~,s,A.of me mirror materi~ which is i~ average

reflectivity over the 300- to 2500-nm range of the spectrum, a range containing more than 90% of the

available energy. This is determined from a laboratory test or from the literature.

2. l%c hemispherical reflectivity of the same sample for 660-nm light, R2X,Wm, .

These two measures provide a means of determining the difference behveen the minor sample’s reflectivity

over the solar spectrum to its reflectivity at 660 nm.

The specular reflectivity measurements, R1511W,cfioM1,,which are obtained (in the field) with the portable

D&S retlectometer and using a 15-mr aperture are then adjusted as follows to obtain the solar averaged

specular (15 mr aperture) reflectivity, RIsnW,s,A,,of the mirror module:

‘15nu,S. A. = ‘2p,S.A. -( ‘2p,660nni – ‘15nu,660nm ). (1)
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