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FOREWORD 

This document is the final technical report 
to be issued under DOE Contract EY-76-C-03-1111 (Modification 
No. 4). The objective of this contract modification is to 
conduct a test program to evaluate the long term durability 
and stability of heliostat plastic materials. Work under 
this contract was initiated on March 31, 1977 and is scheduled 
for completion on May 31, 1979. This report, summarizing the 
effort from March 31, 1977, through December 31, .1978, complies 
with Contract Data Requirement No. 15. 

iii 



TABLE OF CONTENTS 

FOREWORD 

1.0 INTRODUCTION AND SUMMARY 

2.0 OPTICAL PROPERTTF,S 
2.1 Heliostat Transmittance/Reflectance 
2.2 Enclosure Specular Transmittance 
2.3 Mirror Specular Reflectance 

3.0 MECHANICAL PROPERTIES 
3.1 Enc1osure Material 
3.2 Refler.t.nr M~t~rial 

4.0 AIR FILTRATION/PRESSURIZATION SYSTFM 

iv 

Page 

; ; ; 

4 

4 

6 

8 

10 

lO 

20 

22 



1.0 INTRODUCTION AND SUMMARY 

To evaluate long term durability and stability of heliosta.t reflector and 
enclosure materials an extended life test program was performed on Re-

.. 
search Experiment Heliostats by Boeing Engineering and Co.ns~_ruction. The 
reflectors and enclosures were periodically evaluated and analyzed for_the 
effects of dirt, sunlight, wind and thermal cycling on the mechanical and 

* ** optical properties of Tedlar and changes in the Mylar reflector tension 
and reflectivity. During testing the heliostats were maintained and semi­
annually evaluated for optical and mechanical stability. The heliostats 
tested were located a~ the Boeing Boardman, Oregon test facil itYo The 
following Jists the dates of the more significant events related to the 
work desc~ibed in this report. 

EVENT 
Installation of Heltostats HO, Hl 
Installation of Heliostat H2 
Initial Data Sampling 
Completion of Collector Subsystem 
Research Experiments tontract 
Relocation of H2 at Sandia tivermore 
First Semiannual Interval Data Collection 
Final (Second .Semiannual) Data Collection 
Failure of·HO Enclosure 
Failure of Hl Enclosure 

DATE 
August 27~ 1976 
October 28, 1976 
December 15, 1976 · 
June 24, 1977 

September 16, 1977 
bctober 11, 1977 
Apri 1 12, 1978 
July 15, 1978· 
November j,. 1978 

The purpose of the program was to obta'fn data through measurements and ob-
·' 

servation to aid in heliostat design improvement. Certain weather and time 
related information, most reliably acquired by real time exposure testing, 
was sou9ht through performance of mechanical and optical testing of the 
Boardman heliostats. The key areas of technical concern were: 

* DuPont polyvinyl fluoride, 400 SG (EXP) TR co-polished with Mylar. 
** DuPont ~olyester, 200 X M648A 
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1) Enclosure and reflector optical property retention 
2) Enclosure and reflector mechanical property retention 
3) Reflector creep (or loss in membrane tension) using bonded joints 

In-place optical measurements as well as laboratory optical measurements 
on coupons cut from a heliostat, mechanical measurements from heliostat 
coupons, reflector sag measurements, and observations of the air supply 
system pressure stability and filter condition were made during the initial 
and two semi-annual test samplings. Results are summarized here and dis­
cussed in greater detail in appropriate sections of the report. 

SUMMARY 

The in-place optical measurements of the heliostats showed a gradual de­
crease in overall reflectance (T2R). This was expected, as the heliostats 
were not washed during the program. Some dt1st and dirt accumulation inside 
the heliostat was also observed. This was due to high air flow (from lAnkage 
in the base) and inadequate filtration. Near zero leakage and improved 
filtration, features of recent heliostat design, are expected to eliminate 
this problem. 

Enclosure and reflector material coupons were cut from a heliostat and 
optically and mechanically evaluated in the laboratory before and after 
cleaning. Losses as high as 6% in enclosure specular transmittance and 
16% in mirror specular reflectance were measured for the as-received 
(dirty) samples after 21 months of exposure. Permanent transmittance 
losses of 1 to 2% and reflectance loss of 12% were measured (after 
cleaning). Permanent reflectance loss is believed to be due to oxidation 
of the aluminum surface. Protective coating of the surface is recommended 
for future membranes. 
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Results of laboratory mechanical properties testing showed no losses in 
yield strength and moderate losses in ultimate strength and ultimate 
elongation for enclosure material. Substantial decreases in elongation 
were observed in the reflector Mylar, indicating ultra-violet damage and 
the need for using a stabilized film in the future. No creep (sag) 
in the reflector film or adhesive was measured over the 21 months, con­
firming the pret~nsioned/bonded membrane approach to reflector design. 

The enclosure mechanical properties data were plotted against time along 
with data from other real-time and accelerated tests performed at other 
sites. Considerable data scatter exists, but the data suggests the useful 
life of Tedlar is much greater than the 6 year range of the plot. 

Heliostats HO and Hl were damaged by high winds {29 m/s {65 mph)). The 
enclosures failed along the heat sealed seams. Seam strength, strain 
rate sensitivity and tear initiation resistance were measured and found to 
be more than adequate to withstand the wind loads encountered. Fatigue 
in the material adjacent to the heat sealed joint is the suspected failure 
mode. A research program to develop an understanding of the mechanism 
of failure is recommended. 

3 



2.0 OPTICAL PROPERTIES 

2.1 Heliostat Transmittance/Reflectance 

In-place optical -measurements were· taken for heliostat No. HO on- December 
15, 1976, October 11, 1977, and April 12~ 1978. Al~ data was taken with 
a TRW differential radiometer, model DR-2, equipped with a 5° collimating 
tube. Measurements were taken of single-pass transmittance (sun rays 
through s.ingle layer of dome material, taken along dome centerline normal 
to rays); double pass transmittance (sun rays through 2 layers of dome 
material, taken along line outside of dome in plane containing sun, dome 
horizontal diameter and radiometer); and overall heliost~t reflectance 
(sun rays through 2 layers of dome material and reflected by mirror, 
taken along mirror centerline). Results are plotted in Figure 2-1. The 
mirror reflectance can be inferred by ratioing double pass transmittance 
(T

2
) with the overall reflectance (T2R). ·The heliostat was not washed 

prior to scanning. 

The loss in tran~mi~tance observed in the fi~st 12 months is believed to 
be due to dust and dirt accumulaiion on the outside of the enclosure, and 
to some extent on the inside. During the 6 months from October 11, 1977 
and April 12, 1978, the blower filters required more frequent changing 
due to rodent damage and considerably greater dust ingestion was observed. 
Dust was visibly apparent on the reflector surface and gauze wipes revealed 
some dust had been settling on the inside surface of the enclosure. This 
loss of overall heliostat reflectance (T2R) due to internal contamination 
emphasizes the need for reduced air flow and adequate dust filtration 
for future heliostat enclosure designs. 

It should be emphasized that this heliostat enclosure had not been cleaned 
since April 3, 1977 and the reflector had never been cleaned since its 
installation on November l, 1976. The degradation described above is 
attributed primarily to dust and dirt contamination. This is substantiated 
in Section 3.1 where coupons cut from the enclosure ~re optically evaluated 
in the laboratory before and after cleaning. 
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2.2 Enclosure Transmittance 

Mechanical (micro-tensile) and optical (specular transmittance) coupons were 
cut from a south facing enclosure gore on October 11, 1977 and April 12, 1978. 
(BEC ow_ned h.eli.ostat erected in July, 1976.) Coupons were taken at 6 feet 
and 12 feet up from the heliostat ground plane. In addition, a mechanical 
test coupon was cut to include a gore seam. Removal of the coupons was 
accomplished with a scalpel. The holes were patched with pressure sensitive 

Tedlar tape with acrylic adhesive. No tear· propagation from these holes 
was ever observed during the program. The coupons were taken to Boeing lab­
oratories and tested for specular transmittance before and after cleaning, 
yield strength, ultimate strength and ultimate elongation. The results 
of the transmittance tests, along with control specimen data are provided 
in Table 2-1. 

The optical data rev~als that as received degradation (dust, dirt, etc.) 
occurred to the extent of approximately 4 to 6% at 6 feet above the base 
plane, while a 0 to 2% loss was observed at the 12 foot level. Upon cleaning, 
(water/detergent/soft brush and distilled water rinse) the transmittance 
values were restored to within 0 to 2-1/2% of the control sample value. 
It should be noted that 3 of the 4 post~cleaning tran$mittance values 
are grouped within 1.2% band (89.5 + .6%) with their average about 
0.5% below the control value (90.3). (The instrument accuracy is esti­
mated to be+ .5%). The 4th value (87.4) is about 2-1/2% below the control 
and represents the worst case degradation nh~Prved. 
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Table 2-1. 

Optical Data for Enclosure 

SPECIMEN 
IDENTIFICATION 

South-Southwest Gore 
Location - 6 feet up 
from base 

South-Southwest Gore 
Location - 12 feet 
from base 

Seam Sa~ple - SSW 
Gore - 5.5 feet up 
from base 

Control 

(1) 0.5°Cone Angle. 
Normal Incidence 
Angle 

10/ll/77 

4/12/78 

10/ll/77 
4/12/78 

10/ll/77 
4/12-/78 

OPTICAL 
SPECULAR (l) 
TRANSMITTANCE % 

PRIOR POST 
TO CLEANING 
CLEANING 

84.6 88.8 

83.5 89.6 

87.1 87.4 
87.6 90.0 

- -
- -
89.8 90.3 

-



The transmittance-versus-exposure-time data taken from the Boardman enclosure 
coupons, along with real time data from other Tedlar coupon exposure testing, 
is plotted in Figure 2-2. Included on the same plot is data from accelerated 
testing of Tedlar material. Real time test data is shown for Boardman, 
Albuquerque and the Desert Sunshine Test Facility (DSET) in Phoenix. 
Accelerated exposure data are from tests on samples from DSET and the 
Boeing X-200 Xenon arc-so1ar simulator. 

The Boardman data was plotted directly (no adjustments). Albuquerque 
data was adjusted by increasing the months of exposure by the ratio of the 
Albuquerque average insolation to that in Richland, Washington (site nearest 
Boardman with available insolation data) DSET real time data 
w_as adjusted similarly, multiplying the months of exposure by 
the ratio of Phoenix average insolation to Richland average insolation. 
The DSET and Boeing X-200 accelerated test data equivalent exposure duration 
was determined by dividing the total insolation (in Langleys) on the specimen 
by the annual average insolation at Richland. 

The plot of Figure 2-2 suggests that the transmittance would remain at 

96% of its original value for up to 5 years. (Under the real time/acceleration 
ratio assumptions discussed in the previous paragraph). 

2.3 Mjrror Reflectance 

Reflectance 'and micro-tensile coupons were cut from a reflector membrane 
and returned to the laboratory for testing. Table 2- 2 
provides specular reflectance test results for the same two time intervals 
as for enclosure. 
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Table 2-2 reveals reflectance loss. The degradation rate is greater than 
that observed on other coupons tested on racks at Albuquerque during the 

Research Experiments (SAN 1111-76-7 Collector Subsystems Final Report). 
It is believed that the Albuquerque samples degraded less because of a lower 
humidity environment. These data strongly suggest the need for a protective 
coating on the aluminum surface. 

3.0 MECHANICAL PROPERTIES 

3.1 Enclosure Material 

!able 3-1 presents the results of the mechanical properties tests. No 
loss of yield strength was observed in any of the microtensile coupon 
tests performed. Results for ultimate strength and percent elongation 
varied, however. Ultimate strength showed changes from -30% to + 2% and 
elongation varied from -43% to + 12%. A single sample (3 microtensile 
coupons) taken at the 6 foot plane on April 12, 1978 accounts for the -30% · 
ultimate and -43% elongation values. Excluding it results in variations 
in ultimate strength of A5% to + 2% and -9% to +12% for elongation. Reasons 
for the low values for this sample are unknown and do not agree with other 
Boardman, Albuquerque and Phoenix sample data. 

Figures 3-1, -2, and -3 are plots of the Boardman data along with other real 
time data from Albuquerque and Phoenix tests. Also shown are data from 
accelerated testing at Phoenix (DSET) and a Boeing Laboratory (X-200;10suns). 
The treatment of the data prior to plotting was described in Section 2.2. 

10 



__, 
__, 

I 

YIELD 
STRESS 

SPECIMEN MN/m2 
IDENTIFICATION (PSI} 

South-Southwest Gore 10/11/77 38.8 
Location - 6 feet up I (5627) 
from base 4/12/78 36.4 

(5280) 

South-Southwest Gore 
Location - 12 feet 10/11/77 39.3 
from base (5692) 

4/12/78 38.6 
(5602) 

Seam Sarrple - SSW 
Gore - 5.5 feet up 10/11/77 38.8 
from base (5630) 

4/12/78 37.6 
(5450) 

Control 38.0 
(5503) 

·Table3-l 
Mechanical Data for Enclosure 

ULTIMATE ULTIMATE 
STRESS ELONGATION 

I 

MN/m2 % 
(PSI} 

I 
I 

I 

73.9 289 I 
( 1 0721) I 

i 
50.8 147 

I (7370) l 

I 
I 

I I 
I I 

68.4 289 I (9920) ! 
73.9 236 I 

( 10 '720) ! 
I 

i I 
I 
i 

49.3 104 
(7149). 
47.2 85.5 

(6840) 

72.4 258 
(10494) 



Cl 
c ·c: 
"" E 
Cl> 
a: 
c;; 
c 
'51 
·;:::: 
0 

Cl 

·§ 
·;; 
c 
~ 
~ 

:~ 
0 

~ 
.~::.· ... 
Cl 
(; 
Cl> 
!: ... 
~ 

"" .5 ... 
5 

100 

r-

80 r-

r-

60 r-

F-

40 r-

r-

20 ~ 

r-

0 

* 

• ------·-*·---------------

0 

I 

6 

X 

C 
e Boardman dome 

Real Time 6 Albuquerque tower coupon 
0 DSET real time 

· [ x DS.ET 8 sun emma 3 months 

A I d x DSET 8 sun emma 6 months cce erate * Lab x-200 • 1 Osun 
• Lab x-200 · 1 Osun 

2 3 4 

Years Exposure 

5 

Figure 3•1 Residual Yield Strength vs. Exposure 

• ~::A • 
X 

* 

* 

C 
e Boardman dome · 

Real Time 6 Albuquerque tower coupon 

0 DSET real time 

[ 

X DSET R ~un emma :1 mont.hs 

Ar.r.eler11tert X DSE~ 8 sun emm11 fi mnnths 

* Lab, accel. X· 200 1 Osun 

I I 

2 3 4 
Years Exposure 

-·----

I 

5 

Figure 3·2 Residual Ultimate Strength vs. Exposure 

12 

6 

X 

6 

X 



Cl 
c: ·c 

•t; 
E 
Ql 

a: 
i;; 
c: ·a, 

·;: 

100 

80 

0 60 .. 
c: 
Ql 
<.J .... 
Ql 

0.. 

a 
·~ 40 
Cl c: 
.2 
w .. 
c: ... 
~ 
"' 0.. 

20 

0 

.. , 

•• 6. -• X 

• '41 X 

• 

G Boardman dome 
Re<il Time ~Albuquerque tower coupon 

DSET real time 

[ 

DSET 8 sun emma 3 months 

A I d 
X DSET 8 suri emma 6 months cce erate 
• Lab x-200- 1 Osun 
• Lab x-200 -10sun 

2 3 4 5 6 

Years Exposure 

Figure 3·3. Residual Elongation vs. Exposure 

13 



Figure 3-1 suggests that the yield strength was not detrimentally affected 
by exposure, and would remain at a high level for at least 6 years. 
(Assuming the 1:1 acceleration/real time correlation used here~ i.e., 

Xlangleys for 1 day-= 1 Langley for X days.) Ultimate strength and % elonga­
tion (Figure 3-2 and 3-3) appear to roll off with time, but would likely 
retain sufficient values well in excess of 6 years, particularly in view of 
film stress margins used in the enclosure design. 

TQe two test enclosures at the Boardman site (HO, Hl) were damaged beyond 
repair by separate wind storms. HO failed on July 15, 1978 under 29.5 m/sec 
(66 MPH) gust conditions and Hl failed on November 3, 1978 under 29 m/sec 
(65 MPH) peak winds. In both.cases tearing along the seams appeared to be 
the failure mode. 

Representative material was cut from HO enclosure at Boardman and returned 
to the laboratory for mechanical testing. Tensile tests were performed on 
material specimens and joint specimens removed from vertical gore seams 
near the top and bottom of the enclosure and from the horizontal seam near 
the steel base. In addition, tensile tests were conducted on ~nexposed 
material and material with joints for control purposes. Figure 3-4 presents 
the test results graphically. 

While small losses in ultimate and yield strengths of the material were 
observed, the yield strength was greater than the allowable stress by 1.5:1. 
The ultimate strength was approximately 3 times the allowable stress. These 

. data strongly suggest that the material strength was adequate at the time 
of enclosure failure. Attention to joint data reveals a similar situati~n. 
Only slight loss in yield margin occurred and the ultimate failure margin 
was equal to at least 2:1 in all cases. The most obvious change was the 
nearly 2:1 loss in ultimate elongation observed in the horizontal seam 
joint. However, over 100% elongation still remained at the weakest joint; 
certain1y not indicative of a brittle material. 
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Because the failure of the enclosures occurred in a gusting wind condition, 
the possibility of increased strain rate sensitivity with exposure was con­
sidered. Joint samples were subjected to strain rates of .5, 5 and 20 
inches per minute on a tensile test machine. Figure 3-5 and 3-6 present 
the results. The curves show two effects. One effect is the apparent 
higher strength corresponding to the higher strain rate. The other effect 
was a slight decrease in strength at all strain rates for the exposed 
material. However, all curves are .well above (1 .6:1) the material allowable 
of 20.7 mn!m2 (3000 PSI), and reveal no significant decrease in elongation 
attributable to $~rain rate variation. 

As mentioned earlier, the failure mode was tearing along the seam. Data has 
ver1fied that the enclosure material and seams had more than adequate 
strength to withstand the wind velocities experienced during failure. Exam­
ination of the failed seams reveals that the material tore along the seam 
edge rather than within the seam. Tear samples were cut from exposed mater­
ial and joints and tear tested per ASTM 01004 (Graves). This test is pri­
marily useful for determining tear initiation. The results are shown in 
Figure 3-7. Apparently the exposure had no effect on the tear initiation 
strength. Furthermore, the joints are no weaker than the base material for 
tear initiation. (However, once the tear is started the joint is observed 
to be weaker than the base material. This is believed to be the result of 
the heat sealing process, which locally thins the material as well as re­
moving some of the tear propagation resistance). The testing discussed 
above reveals nothing that clearly indicates the cause of failure. 

It is felt that fatigue in the material adjacent to heat sealed joints 
is the most likely mechanism of failure. However, because of limited 
funding no experiments were performed to verify this hypothesis. It is 
recommended that a research program be undertaken to develop an under­
standing of the mechanism of failure of Tedlar domes. The research work 
should include long term exposure of statically and dynamically loaded 
joint samples to environments of moisture and ultraviolet radiation 
(individually and combined). Periodic non-destructive and destructive 
tests would be performed on samples immediately after unloading to 
avoid suspected 11 healing effects ... 
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3.2 REFLECTOR MATERIAL 

3.2.1 Mechanical Properties 

Table 3-2 shows the mechani~al property test results for the two time 
intervals (October 11, 1977 and April 12, 1978) and the control values. 
It should be recognized that this reflector did not track the sun (no 
active gimbal)o It was positioned roughly south-facing and near vertical 
for most of the 21 months. In addition to continuous diffuse backlighting, 
some direct backlighting occurred during early mor.ning or late afternoon 
hours, depending on exact orientation. The data reveals embrittlement 
and indicates the need for me~brane stabilization. 

3.2.2 Membrane Tension 

To assist in evaluating the change in reflector membrane tension with time 
and environmental exposure, reference measurements were taken. The distance 
between the ~nderside of the membrane, near center, and the backside of the 
interface plate was measured for heliostat HO on May 10, 1977, October 11, 1977, 
and again on April 12, 1978. The results of these measurement~ and ambient 
conditions are shown in Table 3-3. 

uate/Time 
May 10, 1977 

October 11, 1977 

Table 3-3 
Membrane Tension 
Ambh!IIL Temp. Spacing 

10.3 em I 
( 4. 06 inches )j 
10.1 em 
(3.98 inches) 

1 April 12, 1978 57°F 10.2 em 
i--------------~--------------------------L-----(~4~-~00~i~n~ch~e~s~) 

Note: Mirror configuration was horizontal in all three cases 

The maximum deflection change was 0.20 em (0.08 inches) between measurements. 
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N ...... 

Table 3-2 Mechanical Test Results 

YIELD ULTIMATE 
STRENGTH STRENGTH 

' 

SAMPLE [OENTIFICATION .. MN/m2 MN/m2 
(PSI) (PSI) 

CONTROL 82.1 130 

., 11 '900) (18,900) 

·. 

REFLEC.TOR SAMPLE 96.6 . 102 
10/11/77 (15 months) 14,000) ,(14,800) 

REFLECTOR SAMPLE 96.6 101 
4/12/78 14,000) (14,700) 

.. 

ULTIMATE 
ELONGATION 

% 

81 I 
I 
I 

l 
I 
I 
i 
I 
I 

29 I 
I 
I 
I 

' 
12 



This difference could be attributed to either temperature difference between 
days, or long term creep. The value is quite small and is not considered 

to be significant. 

This data confirms that the concept of pretensioning and bonding of a membrane 

reflector to a support rim is satisfactory. Creep in the film ~nd adhesives 
(at rim and joints) did not occur. 

3.2.3 Membrane Joints 

The reflector membrane seams were formed by butt joining with tape on the 
backside. The tape consisted of aluminized polyester with thermosetting 
polyester adhesive, with the aluminized side back facing. This placed 

the bare polyester film facing toward the sun. If the reflector membrane 
butt joint was not totally closed, the possibi1ity of sun exposure 

through its slit and subsequent UV degradation existed. 

Samples were cut across a seam and tensile tested. It was found that for 
joint gaps of a few mils, the joint was as strong as the base material. 
Joint gaps in excess of 6 mils (.006 inches) resulted in embrittled tape 
and weak joints. 

Lap joining is recommended for future reflector seams to avoid the problem 
described above. In lap joining, the membrane panels to be joined are 
overlapped and bonded together in the overlapped area. No bare polyester 
is exposed to direct sunlight in this technique. 

4.0 AIR FILTRATION/PRESSURIZATION SYSTEM 

During the time period covered by this work the manometers were checked 
weekly. as a minimum. No adjustments with time or temperature were required 
except when work was performed on the inside of the enclosure or filter 
maintenance was conducted. 
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As described in Section 2.1, the filters required more frequent changing 
due to rodent damage during the latter part of the program. This resulted in 
dust settling on the reflector surface and internal dome surfaces. Are­
duction in the· overall heliostat reflectance was subsequently detected. 
Future heliostat designs must address the need for reduced air flow and adequate 
dust fi ltra'ti on . 
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