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Abstract

Several heliostat mirror panels of the CSIR 2%anget-aligned heliostat suffered corrosion-relafilure,
prompting a panel redesign. Two test samplesehtw design were subjected to mechanical and #ierm
cycling tests in an attempt to simulate acceleréifedoading, as well as simulated hail testing/hile the
samples survived all tests without failure, theultssare not fully conclusive as the mechanicaliogcand

hail test sample was manufactured of 4mm insteadhefdesign 3mm mirror sheet. The test results
nonetheless suggest that a sample made of 3mmrnsineet would successfully survive the tests, and
preparations for such tests are underway. Conausiermal cycling tests require a reduced scateomi
panel to be manufactured and tested in an envirotahist chamber.
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1. Introduction

A 25nT target-aligned research heliostat (see Figureak) een developed at CSIR [1] to provide the
concentrated solar flux for volumetric receiver elepment studies. During the operation of thisdséat,
several shortcomings have been identified, two litiwwill be addressed in this paper.

Figure 1: Front (left) and rear (centre) views ofheliostat, close-up of mirror panel showing
reinforcing stringers and three attachment studs (ight)

Firstly, the 36” satellite dish actuator (which tms the pitch or quasi-elevation motion of thdidstat) at
times decreases actuation speed when returningpither array to the horizontal stow position (ingling a
load near the motor torque limit), and occasionaligps (probably due to the motor overheating)sThi
actuation difficulty is due to the combined weigiitl9 mirror panels, each 21 kilograms, at a monaemt
of about 120 mm when vertical (giving a torque @0KMIm) combined with the unknown frictional torque o
the hygroscopic engineering plastic bearings.

Secondly, some of the mirror panels were destrayednd storms of 17 October 2007 and 16 March 2008



This was found to be due to two contributing causes

» The 3 support backing stringers on each panebf{eisn fig 1) were affixed to the back of the mirglass
but by oversight not to the outer frame, resultmthe weight of these stringers being supportethby
mirror glass and not by the frame

« Despite the fact that the mirror frames had beémntge (after the mirrors had been bonded to them),
corrosion of the frames nonetheless took placds ddrrosion propagated under the frame/resin mondi
interface, leading to mirror panes separating ftbenframes.

Since the heliostat is mounted on the roof of &®2ey building, all the remaining mirror panels wéaken
down for safety reasons. It was decided to redetsig mirror panels with aluminium frames.

The original mirror panel design comprises a 1.26rim x 3mm commercial mirror sheet, bonded to a
rectangular frame welded from 25mm mild steel squabing, with backing support stringers of mildedt
rectangular tubing (25mm x 12.5mm). Mirror curvatwas obtained from physical deformation before
bonding over formers laser-cut to the correct paliatshape. The panel is supported by three studsat
either end of one of the short sides of the paneélthe third halfway along the other short side (fsgure 1).

The replacement frame design has the same out@ndions in length and width, but is noticeably kbic

The short outer sides of the rectangle are madef @8mm aluminium square tubing, which are welded t
the 32mm aluminium square tubing that makes upldhg outer sides. The stringer design was changed
from rectangular tubing to sections from the camgton industry, made from 0.4mm galvanized sheetin
folded into 38mm sections. The stringers wereteiddo the frame, making the frame and stringestmgle
rigid structure. Using laser-cut formers, the mirsheet was deformed to a spherical curvature §of bcal
length) and bonded to the frame and stringers. fEwe mirror panel mass is 14kg compared to thealtkl
mass of 21kg. It was expected that the new myeorel design would alleviate both the corrosion #oed
actuator problems, since:

« aluminium forms a protective oxide layer againgjang corrosion, and

« the mirror panel weight dropped from 21kg to 14Kdnis reduces the mirror panel assembly maximum
static torque from 470Nm to 313Nm.

It is clear that the original steel-frame paneledieration was predominantly due to corrosion, ibig not
clear whether the corrosiocaused or merely accelerated the panel deterioration. Did the corrosion
propagate from initiation sites alone or did thermmgcling (due to day/night temperature fluctuajiar
mechanical load cycling (due to repetitive wind tgugduring the storms) accelerate the crack propagat
The new panel design needed to be tested to He#tl&ilure question.

Two test mirror panels of the new design were mactufed: one for mechanical cycling testing and fone
thermal cycling testing. If the mirror panels pas$ee test, then corrosion could be safely regaatethe
cause of the earlier failures. In addition, sintedbhail testing was performed.

2. Thermal cycling testing

2.1. Thermal cycling test procedure

Unfortunately, the mirror panel is slightly toodarto fit into the environmental test chamber atRCSUse
was therefore made of a “hot box” (used by the winthel staff to preheat wind tunnel models, badsrend
stings to wind tunnel steady-state temperaturesjbject the one mirror panel to repeated theryelirg.

The “hot box” comprises loose insulated panels tvltigp together around the wind tunnel model, sang
balance assembly in the wind tunnel test sectiorthis instance the “hot box” was assembled firsd the
mirror panel was lowered into it, taking care tpa@te the panel from the “hot box” walls using veo
spacers (see Figure 2). The thermal energy islisdppy two sets of three infrared lamps, which ased to
heat the mirror panel frame from the sides. Thidased on the assumption that in practice the sola
radiation heats the frame rather than the glasth@mirror reflects most of the radiation), and tlame then
heats the glass by conduction through the residibgrayer.



Figure 2: “Hot box” with one top panel removed shaving mirror panel inside, with infrared lamps off
(left) and on (right)

A controller monitors the target temperature (thecouple attached to frame) and environment temperat
(thermocouple attached to inside surface of hotroax), and switches the lamps on and off until fiteene
reaches the target temperature (54°C), all theevkgkeping the environmental air temperature irhistebox
below 74°C to prevent the glass being significarttigated by air convection. The wiring for the
thermocouples and the infrared lamps can be seEigime 2.

As the structure temperature approached the spéddist ceiling, the environmental temperaturetlimauld
automatically be lowered until a temperature badawas reached at 54°C structural temperature. @mwce
desired temperature was reached, the heating systéasnswitched off manually, one of the top panéige
hot box was removed and a desk fan was used tg trnenvironmental, as well as structural tempeeat
down to under 30°C.

2.2. Thermal cycling test results

The mirror panel was subjected to 37 thermal cyirie®tal with no resultant cracks or delaminatioAll
cycles began with the structure at or below 30°€@mded at 54°C (resolution 1°C).

During the performance of test run number 26 thepterature of the structure was brought down to 1%/C
using dry ice with the cooling fan to circulate @@lir inside the “Hotbox”. During test run numbet the
structure was exposed to a temperature of 54°@ friod of eight hours without any cooling.

Test run number 37 was used as a thermal shocKTeststructure was heated to 54 C and the mirew w
sprayed with cold water representing raindrops. fiireor surface cooled down rapidly to the toucHjles
the mirror frame stayed at a temperature of ab@€ Jor the duration of the test. No cracks or detation
could be detected by visual inspection after tleerttal shock test.

3. Mechanical cycling testing

3.1. Mechanical cycling test procedure

The mirror panel is supported by three studs, lenatontrol of angular positioning. In high windbe most
likely vibration mode is torsion about the singteds(red axis in Figure 3), rather than simple begdlong
the long axis of the panel due to the stiffenirfgefof the stringers.

This was simulated by anchoring the three studshasvn and applying an oscillating force, using an
mechanical exciter, at the one free corner as @eéitby the red arrow.

The effect of storm wind loading was conservativaghproximated, using the following assumptions:



Figure 3: Expected mirror panel vibration mode

« A peak gust velocity of 43m/s (Pretoria 1 in 50ry&@arm strength for building design purposes) was
assumed, with a gust factor of 1.6 [2], so the lowiad speed is therefore 43/1.6 = 27m/s

Figure 4. Wind loading approximation

* A finite element model of the composite mirror panas constructed, with a conservative torsionaidwi
loading distribution simulated by a stepwise lifetficient distribution of 2 over the windward halfthe
panel and O over the leeward half (red distributioRigure 4). This was done since an aerofoil iséall
(worst load case) has a near-triangular lift disttion, with a peak lift coefficient of 1.8 at aliéu to 1/3
chord length downstream of the leading edge (gdéstiribution in Figure 4).

« A predicted displacement of 7mm of the unsuppomédor panel corner was obtained for a steady wind
load of 43m/s. The displacement is proportionahtoforce exerted as the FEM model is lineara Atind
speed of 27m/s the corner can be expected to pdésl 2.7m/s. The mean displacement is therelooat
5mm.

« In order to get the test setup as close as pogsilttee original heliostat configuration during alerated
vibration testing, the mirror and frame was mourdatb a rigid I-Beam frame using the original M10
mounting bolts. A pre-test torsion load was agppti®one bottom corner of the mirror using a spsypgtem.
This is to allow the exciter to oscillate about eam exciter displacement of O (instead of a meaite¥x
displacement of 5mm) with the spring adding a camispreload of about 150 Newton. Figure 5 shows th
test installation.



Xciter- 2>

Figure 5: Mirror mounted on test frame (left), close-up of mechanical exciter installation (right)

A CSIR proprietary ground vibration test system waed to induce the vibration needed for the acateld
life vibration test. The system has the capabilitycontrol the response amplitude as well as ingckhe
natural frequency of the test piece. A changeaiiimal frequency would constitute an indicatiorswiictural
failure. The input force level was measured usiffC8 force transducer, and the acceleration wasuned
using a PCB accelerometer.

3.1. Mechanical cycling test results

The first natural torsion frequency of the mirranel was experimentally determined to be 17.13Mbke
mirror panel was vibrated at this torsional frequencontrolling displacement (maximum corner
displacement of 4.6 mm) rather than force as tpetinariable. The panel successfully survived @ 000
cycles. The natural frequency varied only in dttigange of 17.122Hz to 17.150Hz (0.16% of nominal
value), and the starting and frequencies diffeiy dnlthe 3° decimal place, so no damage is expected.. A
visual inspection of the mirror, mounting frame dainterface bond did not show any signs of vibmatio
damage or de-lamination and cracking.

4. Hail testing

4.1. Hail test procedure

The hail specification given for large-area hebdst[3] is survival of impact of 1 inch (25.4mmpdieter
hailstones travelling at 75 fps (22.9m/s), an impamergy of 4.13J. The South African standard Hait
testing of mirrors and glass is survival of the aopof a 38mm hail stone at 20J and 30J, and threra®
condition 25 year storm test criteria is survivitte impact of a 45 mm hail stone at 20J.



Hail impact tests were performed with the aid o€&IR-designed pneumatic hail gun, used for testing
elements for the construction industry. The hailstsizes used were ice spheres of 20mm, 38mm&anch4
diameter. The test setup ensured that the testtdradls would impact perpendicularly to the mirnorface.

All shots were fired at close range to maximize ithpact and accuracy of projectile speed readings.
pneumatic hail gun can be seen in figure 6.

4.2. Hail test results

As shown in Table 1, a range of hailstone sizesvahotities were tested on the mirror panel. Tihelftest

made use of a 45mm diameter hailstone at 78m/& niilror panel withstood the 243J impact withouy an
damage to the surface (as illustrated in figure ag),it had survived all the previous hailstonesor F
comparison, the hailstone density implied by thes tmass and nominal diameter is given, as welhas t

Figure 6: Pneumatic hail gun

implied diameter for the true mass and ice dersi§16.8 kg/m.

Drominal Mass Pimplied fOT Dhominai fOr density | Velocity | Impact
(mm) (@) Dhominal of 916.8 kg/l‘ﬁ (m/s) energy
(kg/n) (mm) )

20 3 716.2 18.42 82 20.17
20 3 716.2 18.42 69 14.28
20 2.7 644.6 17.78 75 15.19
20 2.7 644.6 17.78 57 8.77
20 3.1 740.1 18.62 80 19.84
38 26.1 908.4 37.88 18 8.46
38 26.2 911.9 37.93 45 53.06
38 26.6 925.8 38.12 38 38.41
38 27 939.8 38.31 54 78.73
38 26.6 925.8 38.12 50 66.50
38 26.4 918.9 38.03 25 16.50
45 39 817.4 43.31 40 62.40
45 39.2 821.6 43.38 62 150.64
45 40 838.3 43.68 78 243.36

Table 1: Hailstone sizes and velocities tested



Figure 7: Impact of 45 mm hail stone at 78 m/s

5. Conclusions

After the tests described in this paper had beemptzted, it was discovered that the mirror paneldur
the vibration tests and hail tests had in fact beanufactured from a 4mm mirror glass sheet as sgapto
the design 3mm glass sheet. The 3mm panel isftiiereow being prepared for the vibration and tests.

As the 4mm mirror panel had been excited to theutaled 3mm panel displacements for the storm wind
limits of 43m/s and 27m/s, it had been tested fectif’ely much higher wind loads as the 4mm pasel i
stiffer than the 3mm panel. It is therefore bediédthat the less stiff 3mm mirror panel will simifapass the
accelerated life test.

Similarly, the fact that the 4mm panel passed thi test at impact energies so much higher than the
specification similarly gives confidence that ther8 mirror will at least meet and probably exceed th
specifications.

The 3mm panel survived the limited thermal cycliegts performed upon it: cycling from ambient t6G4
and thermal shock. A temperature difference of @a°C, however, does not prove that the mirrcgriiaice
with the frame can withstand extreme climactic dem and 37 cycles do not constitute a conclugse t
Ideally the temperature fluctuation test should daeried out in the environmental chamber where
temperature differences between minimum and maxirmambe programmed to be from -10°C to +50°C at
least, for a substantial number of cycles. Asrthieor panel design is about 15% too large torftbithe
environmental chamber at CSIR, a reduced scal@npanel will be manufactured for sustained, autecha
thermal cycling testing.

The new mirror panel design has withstood all emvinental tests carried out so far, but a concluseelt
requires the 3mm mirror panel to have passed thehamécal and vibration tests and extensive thermal
testing.
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