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o - Karlan D, Boultinghouse
'Solar Research and Evaluation Division 9721
‘ ~ Sandia National Laboratories
Albuguerque, New Mexico

ABSTRACT

This‘repprtfdeé¢fibes;tha development of a-solar flux tracker
for application to a parabolic trough solar thermal collector.

: ‘Tests were conducted at the Collector Module Test Facility and

Performance Prototype Trough Test Facility on a resistance wire
type solar flux sensor, The device consists of two fine wires
installed along. each side of the absorber tube parallel to the
axis. The wires change resistance as a function of the solar
flux arriving at the absorber from the reflectors. The resis-
tance of the two wires is compared to produce a null signal
when both wires are equally illuminated, The signal from the
wires is used in combination with a microprocessor control
sygtem to drive the collectors to the optimum tracking angle.
Comparisons are made between the performance of the flux tracker,
a computer-based tracker and a shadow band tracker.
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DEVELOPMENT OF A SOLAR FLUX TRACKER
FOR PARABOLIC TROUGH COLLECTORS

INTRODUCTION

Solar golleqtqrs_that'tréck‘the sun on only a single axis
commonly use one of three diffgtEnt.tracking concepts., These
are shadbw band. (indirect view optiqal tracking), computed sun
p051tlon tracglng, and receiver flux sensor tracklng (direct
view optlcal tracklng). | |

Shadow, band dev1ces tYPically utllize ‘two photocells, which
.are normally separated by a vertlcal shadow plate. When the
‘dev1ce is mounted to the trough and POlnted at the sun, the
shadow plate shades the phatocells equally, resulting in a
‘nulled dlfferential output. If the‘deylce is not pointed to
_the sun, one photOcell will be illuminated more than the other.
Thls dlfferenqe between the cells output is used to drive the
trough in the proper dinectlon to reduce the signals to zero.
‘When the tracker 1s‘prope:1y‘allgned w1th the collector, the
solar flux reflectéd frbmhthe trough is focused on the receiver
tube. | | |

Shadow band syétéms track the sun satisfactorily under
ideal conditions, but user. experience has shown operational

problems. Disadvantages of shadaw band trackers include



differential aging of the light sensors and dirt or dust on

the sensors, both of which cause tracking errors. Unequal light
intensity from cloud edges and light reflections from buildings
can affect the track1ng performance.: Master tooling .and site
specific correction for collectors are required from indirect
tracking devices to assure adequate alignment.

When computer tracﬁlng is used, the solar position is
calculated as a function of t1me, and the collector is aimed at
the calculated p031t1on in the sky. A hlghlv accuratekangle—
measur1ng dev1ce, such as a dlgltal shaft encoder,'must be in-
stalled on the rotatlng axis 1n order to pos1t10n the collector
to the calculated angle.{ Computer tracklng has advantages over
the shadow band technique in that light reflectlons, clouds,
varying levels of sunllght étc.}'cahdét°éffé¢t tracking
accuracy, but equlpment costs are much hlgher.

This report de;cribes‘the development of an intégrating
direct view optical re51stance wire solar flux sensor.' Thes
system comblnes a mlcroprocessor to calculate the-sun s
position and then rotates the collectors toithe calculated angle.
The programmed mlcroprocessor then generates correct1ons to
the calculated angle by seeklng the tracklng wires null signal.
This hybrld tracking control system has advantages over both
indirect computer sun angle and shadow band tracklng in that
the high-cost optical shaft encoder required for computer sun
tracking can be replaced with a low—cost inclinometer angle
sensing device. Direct tracking sensors generates its tracking

signal from incoming concentrated solar flux at the receiver



tube. This method has the potential to minimnize the cffect

of integrate optical imperfections and trough misalijnaents.
The sensing wires are mounted on the absorber tube, one

on each side, 180 degrees apart, parallel to the axis of the

trough. Incoming solar flux from the reflector heats the

wires and changes their resistance. A sensing circuit detects

the change in wire resistance and generates a voltage propor-

tional to the resistance change which is then used for tracking.

DESCRIPTION

1

The solar flux wire tracker was designed for use on
parabolic-cylindrical solar collectors. Figure 1 shows the

wires installed on the Performance Prototype Trough (£PT).

Major components of the device are two nickel wires, spring

clips with insulators, expansion springs, feed-through insulators
and jumper wires.

Type 201, 0.005-inch diameter uninsulated nickel wices were
installed as the sensing device for the tracker. Nickal has
good mechanical strength, reasonable thermal conductivity, high
resistance to corrosive atmospheres and ease 0f joining itself
to other metals. Elgiloy (an alloy of nickel, iron, chromiuam,
and cobalt) was selected to fabricate the spring clip and
expansion spring. Elgiloy 1is suitable for temperatures from
sub-zero to 900 degrees F. The alloy has less than 1.5%
relaxation at stress levels of 75 Ksi and at temperatures

below 850 degrees F.
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The spring clip provides both alignment and spacing for
the sensing wire. Mullite oval, double-bore ceramic tubing was
used to provide elec;rical insulation for the nickel wires.
Ceramaseal [1] subminiature feed-through insulators were laser
welded into the stainless-steel receiver tube "O"-ring collar,
The wires and other components are capable of continuous
operation in air at 900 degrees F.

The feed-through insulators are high-alumina ceramic and the
metal sleeves are nickel. The flux sensing wires are terminated
at the expansion/torsion spring with BAG-7 silver solder. The
spring maintains tension on the sensing‘wires and prevents
overstress during thermal cycling. The jumper wire between
receiver tubes uses #22 AWG nickel, high-temperature, fire-
resistant wire, and can operate continuously at 800 degrees F.
BAG-7 silver solder is again used to join the jumper wires at
the feed-through insulators. Ceramic tubing is placed over the
jumper wire and feed-through junction to prevent shorting. A
loop at each end of the jumper wire relieves stress on the feed-

through junction.

MATERIAL ENVIRONMENTAL TESTS

Environmental tests were conducted on the material selected
for the tracker sensing wire assembly. Under normal operation
the components were subjected to temperature cycling from ambient

to 650 degrees F., humidity and UV radiation.
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The first test was conducted on the "O"-ring collar
assembly as shown in Flgure 2. The nickel base of the feed-
through is laser spot welded 1eto 304 stainless collar and the
expansion spring welded (TIG) to the end of the nickel wire
conductor of the feed—through. Ten assemblies were then placed
in an environmental test chamber and programmed to cycle from
ambient to 650 degrees F, w1th relative humidity to 100%. A
total of 150 cycles was run on the ten assemblles. At intervals
of ten cycles each assembly was microscopically inspected for
failure and oxidation. The results of this test showed one
failure at the welded laser joint between the feed-through and
collar. This failure was the result of a poor mechaﬁical fit
at the interface resulting in an improper fuse of the laser weld.
A light coherent oxide was observed after the first ten cycles
on the expansion spring, but further cycling showed no increase
in the oxide film or any detrimentai effect on the material or
weld joints. |

The second environmeﬁtal £es£ was designed to examine the
compatibility of the BAG~7 silver solder with that of nickel
sensing wire and Elgiloy expansion spring. Ten joints were made
using BAG-7 and an inorganic acid flux.l The assemblies were
placed in a furnace at 700 degrees F for 720 hours and air cooled
to room temperature, then inspected for environmental damage.
The inspection results showed that the surface of all three
materials in the assembly was covered with an incoherent black

residue and showed evidence of chemical attack.
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The chemical analysis of the black residue showed that it
was decomposed silver solder flux, which contains acid and salts
resulting in the attack of the material in the assembly. This
test concluded that cleaning of the joint is a requirement before

environmental exposure.

TRACKING TESTS AND RESULTS

The preliminary tests of the resistance wire tracking system
were run at the Collector Module Test Facility (CMTF). The
tracking system was installed on the Sandia Mod. 2 Engineering
Prototype Trough (EPT-2) [2]. The EPT-2 collector used two
2 m x 6 m troughs and four 25 mm (1 inch diameter x 3 m long)
receiver tubes.

The development of a tracking system designed to incorporate
both computer and flux sensor tracking is shown in Figure 3.

The system can compare the collector position as controlled by
the computer to the tracking signal from the resistance wire
flux sensor. The test was designed to obtain basic data and
understanding of the problems and advantages associated with
using the hot wire flux sensor concept.

The design test was run at the Performance Prototype Trough
Test Facility [3]. The PPT installation uses four drive strings,
each having four 2 m x 6.1 m reflectors. The PPT receiver used
eight receiver tubes, each 31.75 mm (1.25 inch) diameter x 3 m
long. The total length of the PPT collector system is

97.5 meters. A Honeywell-designed, microprocessor-based
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tracking and control system was installed on each collector
string. The hardware aﬁdtsbftwaré désign.combinédurough;calcu—
lated sun-angle tracking with wire flux tracking. A schematic
of the system is shown in Figure 4. The purpose of ;his,test
was to install the;sensor‘on é larger collector field to obtain

1

performance, reliabiiity“and material compatibility data.

Preliminary Tests o e

To obtain a Qetter,underétanding of the output signal
response of tﬁe heaf fluxﬂsensor, fouf qufergnt configufations
of the résistancefwire were investigated; Eaih configurétion
was installed on a 3 m length of receiver tube for testing.
Voltage output from th; résistance wire flux sensor was
recorded as the receiver was dri;en sléwl§,throug@ the focused
sunlight from the collector. Figure 5-5h0ws the éircuit used
to record the electrical output_of each individual wirg,‘and
the differential signal output 6f the two wires. Before each
test, the bridge circuit was balanced at ambient témpe%atupe
with collectors in stow. Figurés 6 and 7 show the results.
obtained from each configurgtion study.

Configurations A, B, and C s?ow that the best focus for
optimum tracking occurred when the voltage outpﬁt was less
than maximum. However, configuration C and D shows thaﬁ
increased wire spacing caused optimum focus to occur at the
wire's maximum voltage output with a resulting difference
signal that is adequate for tracking. A tracking envelope

similar to that shown for A, B, and C was reported in previous
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tests by Kohler and Wilcoxen [4]. The results of this test
show that the single-peak envelope signal from configuration D
(Figure 8) would provide sufficient output and sensitivity for
accurate tracking. |

For the first operational test, configuration D of the
flux sensor was installed on the first 3 m length of receiver
tube at the east end of the EPT collector. Good tracking
signals were obtained during the middle of the day, but low
signal output was recorded at early morniné start-up. The high
angle of incidence of solar beam radiation during the early
morning caused most of the reflected light from the collector's
mirrors to fall on the receivér well to the west of the illuy-
minated position at solar noon, Only about ?5% of the east 3 m
of receiver was illuminated. The wire flux,éensor was removed
and installed on the second 3 m tube. This provided 100 percent
illumination at an angle of incidence of 70 degrees and excellent
tracking signals throughout the day.

During initial testing, the signal from the resistance
wire flux sensor showed an angle offset from the tracking null
which varied with both operating temperature and time-of-day.
The trackiqg signal offset resulted in a tracking error of
0.6 degrees at 300 degrees C fluid temperature at various times
during the day. A tracking error of no more than 0.2 degrees
is required to insure that all the reflected light will fall
on the receiver at all hours of the day. Further testing was
conducted to investigate the causes of the tracking signal

offset and the resulting collector tracking errors.
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The fluid temperature in the receiver was stabilized at
ambient air température with the collector out of focus and
at 100, 200 and 300 degrees Celsius. At each temperéture,
the collector was positioned at 90 degrees south,Aho;izontal
and 90 degrees north and the differential output of the wire
flux tracker was recorded. The results are shown in Figure 9.
The data shows that thé flux sensor offset angle is dependent
on trough angle and fluid temperature, both of which affect
the temperature distribution within the receiver tube. The
tracking offget angle is most likely caused by convection air
currents Qithin‘the‘receiVér annulus‘unequally heating the two
resistance wires. The effects of natural air convection in
annular réceiver tubes have been reported by Hickox and
Gartling [5]. | |

From the data‘in’Figu:es 8 and-9, an offset angle algorithm
was written: o

AG = K4{e +‘[K3“+ Ko ‘(.'I"- Ky) cos 8]}

From curve:

fluid temperature (°C)

Ky = 5°C (offset) _ T =
K, = .466 my/‘C (slope) € = error signal from wire (mv)
Ky = 10 mv‘(offset) ' 8 = collector angle from horz.(deg.)

]

Ky = .007 DEG's/mv (slope) A8 = error in trough position (deg.)

from tracking wire
output single

The offset angle algorithm was inserted into the wire

sensor tracking software. Peak efficiency data was obtained

23
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at approximately 100, 200 and 300 degrees Celsius. A typical
all-day efficiency plot from flux wire tracking is shown in
Figure 10. ‘

Peak efficiency vs output temperature for both.flux wire
and computer tracking is shown in Figure 1l. The plot shows
that efficiency of the collector decreases as the temperature
is increased; the decrease in efficiency is caused by in-
creasing thermal losses from the receiver, Both tracking

methods produced approximatély‘the same collector efficiencies.

Design Tests

After establiéhing the basic design and operating charac-
teristics of the wire sensor from the preliminary tests,
configuration D was installed on the PPT collector field. A
fixture was designed to insure proper alignment of the resis-
tance wires with the trough. The fixture also provided a tool
for assembling receiver tube hétdWare.

The position of each wire was measured from the Swagelok [6]
tube fitting body hex flats that were installed into the receiver
tube support yoke., This methdd provided the required alignment
of the sensing wires to the troughs for the 32 receiver tubes.
Field installation of the jumper wires completed the assembly
installation of the solar flux tracking wires.

PPT system component checkout was conducted using calcu-
lated sun angle computer tracking. The system was operated
for approximately 60 hours-at fluid temperatures between

ambient and 300 degrees Celsius. Upon completion of system

25
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tests, the components of the flux sensor were inspected.
Several of the Mﬁllite insulafors locaéed in the center of
five receiver-tube assemblies had fractured. The fractures
are probably due to sagging of the metal receiver tubes
(which was observed during assembly, prior to operation at
elevated temperature) and from movement cauéed by tempera-
ture cycling and torque load from the flexible receiver tube

hose assembly. Receiver tube movement crushed the insulators

-

between the glass tubing inside diameter and metal tubing
outside diameter. Due to the unavailability of spare parts,
repair of all fractured insulators was not possible. Solar
flux tracking was, therefore, studied using only three of the
four collector drive strings.

The resistance wire signals were electrically balanced at
ambient temperature with the three collector drive strings in
the horizontal position (reflectors aimed at the zenith). The
offset angle algorithm used with PPT was derived from string #4
and the results are shown in Figure 9. From the curves in
Figures 8 and 9, the offset angle for the PPT collector field
was written:

From Curve:

Ky = -15°C (offset) T = fluid temperature (°C)

Ko = .722 mv/°C (slope) € = error signal from wire (mv)

Ky = 0.0 mv (offset) 3 8 = collector angle from horz.(deg.)
K4 = .025 DEG's/mv (slope)  Ag = error in trough position (deg.)

from tracking wire
output single



The offset angle data from the PPT collector field shows
a symmetrical curve pattern about the axis of the plot, while
the data from the EPT-2 (Figure §) shows an offset of the
curves. The improved symmetry obtained on the PPT installation
was due to the more precise location of the tracking wires that
resulted from using an improved assembly fixture.

After inserting the offset angle algorithm into the
Honeywell collector control system, an all-day efficiency test
was conducted on the flux wire tracker. The results of this
test from string #4 are shown in Figure 12. The DELTA-T string
established thermal equilibrium at 0830 solar time and an output
tempetature of 585 degrees F. The solar flux tracker gystem
maintained stable tracking to 1630 hours, at which time the
angle of incidence was 67 degrees and solar radiation normal
to the trough was 325 (W/m?).

A test was designed to demonstrate the performance of the
flux wire sensor tracking system with that of computer and
shadow band tracking.

In the computer-control tracking technique, the calculated
tracking angle could‘ehange from the ideal tracking angle because
of misalignment and imperfections in the collector's string. The
PPT computer angle error offset was determined by measuring the
system fluid temperature rise as a function of angle. The
measured angle error offset was then inserted into the computer
software to provide peak efficiency computer tracking for the
PPT configuration. A shadow band tracking device was mounted

to string #4 of the PPT configuration and, for the same reason

29
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given above, the optimum tracking angle may differ from the

calculated angle. Therefore, the device was adjusted for null

at 0900, 1200 and 1500 hours solar time for three consecutive
days to insure the best possible alignment. No alignment or
adjustment was made on the flux wire sensor.

Tracking of string #4 was switched between the three

tracking modes at intervals of approximately 15 minutes during

the test day. The results of the test are shown in Figure 13.

The shadow band tracking curve indicates a continual efficiency

loss throughout the day. Imperfections such as optical quality

of the refiector,‘sagging of the receiver tube, misalignments
between the shadow band and reflector and reflector and
foundation are the results of efficiency loss for the shadow
band tracking. The efficiency curves for both flux wire and
fine-tuned computer tracking modes show no difference in

the tracking performance of the collector string, but with
aging of the collector string such as warping of collector
components and foundation mevement would require the computer
angle offset to be tested and adjusted to maintain peak
efficiency. The‘aSwinstailed flux wire sensor showed the
ability to integrate imperfections from the collector
components by direct view tracking from the jincoming heat

flux of the collector.

31



43

EFFICIENCY ( %)

90 .
I i | | ) | I | | ' |
DATE 5/ \ STRING NO, 4
A 19/8
8ol— / OUTPUT TEMP. 100°C —
/o-‘“' T teeae .
\...
o — s =
/' \.\\ .
L~

- ~.4

“°r z//’“. 7
o
U] .’
50 |- s =
,/
o
a0 |- .,/ +--- COMPUTER y —
—-— SHADOW BAND
—— WIRE
30 L .
20} —
10 _
o | | ] L N l 1 e | l
8 9 10 " 14

12 ' 13 -

SOLAR TIME(hr)

Figure 13. Performance test of shadow band, computer, and
flux wire tracking.



CosT

It has been generally accepted that computer sun position
tracking be utilized as the tracking device for most 'single-
axis parabolic collectors. For this reason, a cost estimate
of the two systems has been compared. The estimated cost is
based on one drive string from a large collector array of

24 strings. The results are shown in Table I.

Table I
Item | Computer  Flux Wire

Sensor fabrication _-— 40.00
Sensor installation - 320.00
Optical encoder 1200.00 -
Inclinometer -- 300.00
Field controller 100.00 - 75.00
Collector controller 500.00 400.00
Wiring 300.00 200.00
Efficiency (adjustment) 100,00 - --
String (alignment) 150.00" 75.00
Tooling 200.00 -=

TOTAL $2550.00 $1410.00

It is expected that with manufacturing development, the

cost in Table I would be reduced substantially.

33



34

CONCLUSIONS

A solar flux wire tracker has been developed and tested
that allows accurate tracking of parabolic-cylindrical solar
collectors. - A mic:oproéessof control system is used in
combination with the flux wire output signal to drive the
collectors to optimum ﬁracking angle.

Environmental tests were‘donducﬁed‘on the flux sensor
components, -The tests resulted in the solution of two poten-
tial problems, that of poor fit between collar and feed-through
and chemical attack of nickel wire and expansion spring.

The preliminary and design test data established wire
sensor configuratioh}roffset‘angle‘algorithm and tracking
performance for the flux wire tracking system., The direct
view tracking device pfovided the optimum tracking angle by
integrating misalignments from the collector's components.

The estimated‘total cost of the system when compared
with computed sun angle tracking was reduced by 45%, mainly

due to component and maintenance cost of the systenm.
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