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CFERATICNAY, PERFORMANCE OF & LOW CGST, AIR MASS 2 SOLAR SIMULATOR

By: Kenneth Yamss and Henyy B, Curtis, NASA Iewis Regearch Center

Kenneth Yass is in the Optical Measurements Section
of the Instrument Development and Appl lcations
Cffice at the Lewis Research Center. He started
at WACA in 1990 with a B3 in physics from CCONY,

and an M3 from WvalU. Early sssignments were in

the Tield of general instrumentation. When WACA
became a NASA space center, he turned his atten-
tion to solar simulation for ocuter spacc. His most
recent activity has been solar simulation for
utilization of solar energy., The Air Mass 2
gimulater iz an oulgrowth of this activity.

& member of APS snd ATAA,

He is

Henry Curiis has an AR degree in physics from
Kenyon Collcge &nd an M3 degrec in physics from
John Carroll University. At the Lewis Research
Center since 1961, he is currently a member of the
Optical Measurements Section of the Imstrument
Development and Applications Office. Wis work
assignments have included measurément systems for
surface radiative properties; and instrumentation
for, and development of, & varilety of solar simu-
lators.

ARSTRACT

A low cost air mags 2 solar asimulator is in
operation at the Lewis Rescarch Center. It is
uzed in the testing of flat plate collectors for
goler energy ubilizmation. The deegdgn of the
gimulater and performsnce of a small prototype
have already been reparted.  Cotlector performances
have alsc been determined and reported. This
paper will discuss modifications end improvements
on the simulator and present the performance
characteristics of total irradisnce, uniformity
of ivradiance, spectral distribution and besm
gubtense angle.

The simulator consists of an array of 143 tungsten
halogen lamps hexagonally spaced in a plane. " A
corresponding array of 143 plastic Freasnel lenses
shapes the output beam such that the simulator
irradiates & 1.2 m by 1.2 & area with wniform
cellimated irradiance. (Unifowmity - +10%, beam
subtense angle - 12 :

gince the output of each individual lamp varlies
with manufacturing tolerances, the uniformity of
irradiance can be optimized by proper placcment

of the lamps in the array. Details are given
concerning individuwal lamp output measurements

and placemncnt of the lamps. Data on lamp life apd
coat are given.

Originally, only the direct component of solar
irrediance was simulated. Since the diffuse
component may affect the performance of some
collectors, the capability to simulate it is being
added. An approach Lo this diffuse addition is
digcussed,

TN RODUCTION

In an ongoing program at the Lewls Resecarch Center,
flat plate collectors are being tested for

\

.

utilization of s0lar encrgy. Tests are being
condycted both indoors and outdoors. Tndoor tests
are made for a period of hours and are used to
determine collector performance under ideal condi-
tions and are used to evaluate performance changes.
Tndoor tests are also very useful for meking rapid
comparisons between several cellectors, Outdoor
tests are conducted over much longer periods of
+ime and can deftermine collecior performance under
changing weatner conditions and prolonged use. To
moeke short term tests indoors, we need a conirolled
environment, including a scolar simulator. - A low
cost Air Mass 2 solar simulator has been designed
and a 12 lamp prototype tested at the Lewis Research
tenter (Ref. 1}. A 143 lamp simulator was then
constructed and ia currently part of o test facil-
ity. The performance characteristics have been
determined for several collectors (Bef. 2y.

Thig paper gives a review of the degign and con-
struction of the simulator, along with the operating
characteristics. Data on irradiance levels,
unifermity of jrradiance, spectral distribution .
and subtense angle of the simulator are given.
actual performance of this simulater is compared
with the performance of the prototype and the dif-
ferences are discussed. We also discuss lamp life,
lamp and bulb cocling, and long term changes in
the simulator output.

The

As originally designed, the simulator provides only
the direct (or near direct) component of incident
aclar irradiance. TPor many flat plate collectors,
this may be sufficient., However, other collectors
may perform differently under diffuse irradiance
(hemispherical), Hence, it was decided to add the
capability of simulating the diffuss component

in addition to the direct component.

SIMULATOR DESCRIFTION

The solar ;imulat.or is located in the indoor test
facility at the Lewis Research Center. A view of
the facility is shown in figurs 1. The simulator
is suspended to irradiate the collector on the
floor below at zero incidence angle and at a
separation distance of 4.4 meters (15 ft). JThis
pogition ig adjusteble through angles of 25 to
727 freom the horizonbal to accommodate different
collector t1lt angles. At the separation-distance,
Ehe irradiated area is 1.2 by 1.2 meters {4 by
££).

The gimulator's dimsnsions are approximately 1.9 by
1.9 meters (75 by 75 in) by 1.3 ueters (50 in)
deep, The rear section tapers to a 0.8 meter {30
in) diameter opening for exhausting the cooling
air, Constructicon ia mainly aluminum. Total
weight is estimated at 500 pounds.

A outaway view of the simulator is shown in figare
2. The sguare fromtal section 1s covered with 143
hexagonal lenses jn a clogely fitted arrey. A
structurally reinforced plate containing 143

lamps is parallel to and behind the lens section,
It is approximately 28 centimeters (11 in) from
the lens=s. The optical axis of each lamp is
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coincident with that of its respective lens. The
lenses are flat plastic (acrylic) Fresnels heving
2 foeal length of 25 om. (10 in) and a circular
groove density of 39.4 lines per em (100 lines
per in)., They are commercially available in 17 om
(7 in) squares which are then cut intc hexagons
measuring 15 em (6 in) across the flats. The
lamps {General Electric Quartzline ELH) are alsc
commereially avallable and intended for use in
film projectors. Reted 300 watis at 120 volts,
each lamp conslists of a tungsten halogen bulb
fixed into a2 stippled, front surface dichroic
conted glass, open ellipsoidal reflector,

Forced alr cooling of the lamps is provided by &n
exhauster motor with a blower cagacity of 2.2
cubic meters per second (4700 f£t/min). The
dircetion of the cooling air in the simulator

is shown by the air flow arrows in figure 2. Air
entera the enclosed simulator between the lenses
and lamps through sight air filters. It then
enters the lamp plate openings adjacent to each
lamp and is redirected with deflecting vanes
(figure 3) 40 pasg over the rear reflector sur-
faces snd bages of the lemps. Tt is finalily
exhausted to stmosphers through a flexible 0.8
wmeter (30 in) dismeter duct.

Power to the lemps is controlled through two
switches at the remote console. [ech switch
opsrates a mobor driven bank of auwtotransformers,
and the output voltage of each bank is directed
to half the lemps of the simulator. Another
switch permits the.voltage readout of each hank
on a commeon digital veoltmeter, A more complete
degceription of the entire simulator is furnished
ia referenc:egl. Total cost wag less than $10,800/
m® {$1000/187).

OFERATIQNAL EXFERIENCE AND IMPROVEMEBNTS

gince becoming operational, the gimuiator hag
accutulated over ;50 hours of running time on
solar collector tests. Results of tests on 5
collertors have besn reported, Operating
experience gained during this pericd indicated
certain areas in need of improvements, and
modifications were made to ypgrade simulator
performance. The modifications had to do with
{1} lens preparation and mounting, {2) lamp
cooling and lamp life, and (3) lamp varietion,
measurement, and placement. These are described
below.

Lense Preparation and Mounting

ghortly after becoming operaticnal, several lenses
‘eracked, althoagh twoe thermocoupled lenses showed
no excessive temperature during operation. Cracks
developed at the mounting holes and at the outside
edges of the lens, Stresses at the hole were
eliminated by cushicming with a febric-reinforced
neoprene wagher between each screw and the lens.
The cracks at the edges originated at small nicks
ocrurring during the cutting of the lenses from
the square into its hexsgonal shape. New lenses
were cub approximately 0.08 em (1/32 in) over-
sige, end then sanded to final size. Wo further
cracking oceurred,

Lamp Cooling and Lemp Life

The lamp menufacturer specifies an average life of
35 houre at rated voltage (120 volts), providing
the lamp is operated horizomtally. Since life of
& tungsten [ilament lamp is inversely proportional
to approxizately the 13th power of the voltages,
calealated life at 105 volts and 1lb volts would
be 201 apd A1 hours, respectively. Although, ’
caleplated life is soldom achieved in practice, 1t
does provide useful approximaticons. The first set
of lamps exhibited failures beginning at 31 hours.
surprisingly, operating at reduced voltage apparent
1y had nc effect on life,

The lamps were operated over & range of voltages
from 95 to 115 volts. Based on & maximum Operat-
ing voltage 115 volts the calculated life should
be A1 hours when in reality it was muich less. 'The
manufacturer recommenda that the base temperagure
of the lamp (&t the surface) never exceed 2837C,
Thermocouple measurements verified that this
temperature was indeed never exceeded. We then
returned & number of failed lamps to the manu-
facturer for inspection, Their analysis indicated
too low an operating bulb temperature. Over- -
cooling of the bulb imterfered with the tungsten
halogen cycle leading to premature failure.

The most expedient sclution for our sgimulator was
to reduce fan spesd, end thus bulb coeling. Too
great a reduction though, could threaten lamp life
by increasing base temperature, The motor snd fan
pulley wheel arrangement was modified and fan speed
wag reduced. Tmprovement wae nobed in the second
set of lamps, which showed aver &0 hours of life
before the first failure., Gome thought has been
given toward maximizing this particular improvement

, which would invelve mossurements relating hulb and
‘base temperatures with exhauster motor speed {(or &

damper setting) for different operating lamp volt-
ages. Access to the simulator for this purpose has
npt been made available as of this writing. .

Lamp Varistion, Measurement and Placement

Initiz) measurements of total irradisnce distri-
buticn in the test plene showed uniformity peocrer
than expected., Several regions of excessive bright-
ness were also in evidence, Determining the cause
of the nomuniformity led to the measurement of

the relative radiant outputs of each of the 143
lamps through its corresponding lens at & constant
voltage setting. This wag accomplished by means

of a specially built radiometer. The relative
readings rangsd from &7 to 93, about + 16% varia-
tion from the average. In addition, five readings
were abnermally high, ranging from 103 to 12k,
Under close examinaticn, these five lamps were
Pound to have one or more turns of the coiled fila-
ment electrically shorted and drawing excessive
current. These lamps were discarded and replaced.

Subsequent measurements confirmed the +164 spread
in lamp differences for sach set of 143 lamps used.
shorted Filaments have not recurred, These dif-
ferences were not uncovered during tegts on the

12 lamp prototype (Ref. 1) when 45% uniformity of
irradiance in the test phasze wasg achieved.  TIm-
proving uniformity by limiting lemps employed to

a narrow band at the cenker of the deviahion



spread is unnecessa)‘:ily‘expensive. Because =even
lamps cantribute to the irradiance at any point in
the test plane, redistribution of the lamps in the
array can improve the uniformity through average-
ing. Our solution i# as follows: Starting with
the lowegt measured lamp valye we then alternate
the highest, the next Jowest, e¢tc., lamps in the

first row, followed bLy-a row of near aversge lamps.

The third row repeats the first row, and the
fourth vepeats the second row scheme. The plan
is repeated through the Iast row.

A lamp radiometer was consbructed permitting lamp
output to be measured without 2 Fresnel lens and
without using the solar simulator. If was a
modification of {he one psed for on-site measure-
ments, The lamp; measured at 95 veolis, is marked
with its reading for fubture placement. Premature
failure of any lamp in the simulator nced only
have ancther lamp of near like reading replace it
to retain wiformity.

MEASUREMENT FROCEDURES

Meagurements were made on the 143 lamp solar
aimulator except where noted, snd in & mannsr
similar to the measurements performed on the 12
lamp prototype (Ref. 1). The solar collcctor was
removed fran the test location, and the simulator
operated in a normel mynner. AlL measurements
were begun and completed between the 10th and
15th hours of lamp life,

Total irradiance was measured om axis and in the
test plane. (The test plane is the plane of the
solar ecollechor ghgorber gurface at the collector-
aimiletor separation distance of 4.6 meters

{15 ft).) Mezsurements were made et lamp volbages
of %0, 95, 100, 105, 110, and 11k velts, Mechani-
cal gtops at the autobrensformer control banks
prevent operation at higher voltapes.

The collector support table was used as the
rectangular grld for gampling in the 1. =3 by L. 2
weter total irradience distribution plane. The
plane was sampled in 15 om (5 inm) increments,
using & water-cocled, black, deteetor having a
2.5 em (1 in) dismeter sensitive surface. In
addition, the cenbral square of this plane, mea-
suring 30 cm él:a in} on & side, was sampled ip
smaller 5 em (2 in) increments.

A gecond sampling of the central square was also
made in a plane 15 ew (6 in) cloger $o the
zimulator. & comparison of these similar areas,
from each of the two planes, will give a measure
of the change of uniformity with distance.

gpectral energy distribution measurements were
chtained with an Eppley Mark V filter radicmeter
and a set of 12 filters. Measurements were made
for lamp volbages of 90, 101, and 1lh volte.

Because the outline of the apparent source 1ls not
sharply defined, the simulator beam subtensc
angle, sometimes called collimation angle, was

mesgured Hy the energy method (Ref. 3). For this

purpese, the filter radiometer was used as a tohal
detector with the filter wheel replaced by an
aperture wheel, The wheel haz apertures with
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Ynovn view apgles from 150 down fo 50 in 10 steps.

LAMP AND LENS AGING CHARACTERISTICS

Temporal gtability (embodying the fidelity of total
and spectral irvrediance with time) of the simula-
tor can be divided into short (seconds), medium
(minutes), and long (hours) term categories,

Sort term gstability which includes voltage transi-
ents is of minor importance in solar collector
testing. Medium ferm stsbility is d=pendent upon
line voltage drift sand temperature changes. This
aiso proved of no consequence, glnce no chiaervable
change of irradiance was noted on a strip chart
recorder over an interval of 15 minutes. ZLong
term sbtebility is depcndent to & great extent
ypon lamp and lens life and their degradation
rate, Jince, the indoor test facility has a busy
schedule, and the simnlator is not readily avail-
able for long term tests, measurements were made
on lamp and lens aging without using the facility,

To detarmine lsmp degredation rate as a function
of lamp 11fe, 2 new lamp was mounted in an
aluminum box having an exhauster motor and an air
deflection vane, The configuration 1g similar to
g one lamp srrangement of the simuwlator without
thg lens. The box was mounbed to orient the lamp
557 downward from the horizombal. The filter
radiometer was positioned in the lamp beam, on-
axis and neormal to it. Throwgh a well-regulated
power supply, the lamp was held consgbant at 115
volts until lamp failure occurred. Hothing was
Jisturbed during tha tegt., Initial spectral

and total irradiance measurements were mades during
the first hour of lamp operation followed by a
meagurement at 17 hours, snd again at successive
8 hour intervals.

The lamp failed after 53 hours. The total irradi-
ance was constant to +1/29 over the life of the
lamp. Hence, long term drift of the simulator -
due to lamp degradation is negligiblg., The
spectral digtribution, measured at 1, 17, 25, 33,
41, and 49 hours, showed no change in spectrum
during this time interval,

Determination of the extent of lens aglng was }
accomplished by comparing the treansmission curves
of a randomly chogen new unexposed lens, and a
lens removed from the central porbion of the
gimilator, The letter lens had an accumulated
radiation exposure time of over 15C hours and was
measured inmediately following the most recent
collector teet, Spectral transmissicnes were
measured with a spectroradiocmeter and integrating
sphere. There was no degradation in transmission
at any wavelength due to 150 hours of simulator
operation. Hence, the long term drift in the
simulator due to either the lamp or the lens should
be small.

RESULTE

Figure b is a plot of average total irradiance
versus lamp volbtage for the simmlator.. The
irradiance rengeg from 1 to 105 mw/cm as the
voltage varies from 90 to 11k volts.  The air mass
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2 level of 75.7 mw/cm2 is at aporoxingtely 100
valis. ' )

The digtribubion of tobal irradiance in the test
plane iz shown in Figure 5. Since the area of

the detector is such & smell percentage of the

area of the test planc (0.03%), we averaged four
detector readings o dbtain the average irradiance
in larger arsa increments, The test plane is there
for divided into 6L equal sjuares each 15 cm (6 in)
on & aide, The agerage irradiance in each sguare
ig given in mw,i'cm . .The overalil average irradiancg
during the distribution measurement wes T5.2 mw/om .
In figure 5, the areas which are more than +10%
from the averags irradiance are marked. Wobte that
only 5% of the total area is cutuide this number.

The volume uniformity is dotained fram the two
central square irradiance digtribution data, The
data show that near the test plane the average
irradiance increases 1% for each L cm closer 4o the
similator, while the disbribution of irradiance
ramaing relatively unchanged.

The spechbral distrivution of the simalater at 101
volts s given in figure £. Alsc plotted in
figure ¢ is the air mass 2 spectral distribubtion.
Both curvos age normalized to a tobal irradiance
of 75.7 vwfow. for comparison purposes. The
gimlator gives a fairly good match to the air
ness 2 spectrim. The main reascon for the good
agreepent 1s the reduction of the tungsten lemp's
infrared oubput by the dichroic coabing on the
lamp reflector,

We also measured the spectral distribution at two
other lamp voltages, 90 and 114 volts, in order to
determine how much the spectral distribution
changed with volsages, Table I shows the percent
of irradiance in vericus wavelength intervals for
the similator at 90, 101 and 11k volts. Also
shown in Teble T is the distribution for the

air mass 2 spectrum. Nobte that the irradiance
shifts some from the ihfrared to the visible as the
lamp veltege is increased. This 1s expected since
the brightness temperature of the lamp increasecs
with voltazge. The comparison with the alr mass

2 gpectrum is fairly good except for the lack of
ultraviclet in the simulator.

Ancther method of comparing spectrums of the sima-
lator and the 8Wh iz 4o caleulate how various
surfaces respond when irradisted by the simulator
or by the Sun. Three such typical surfaces are:

1. A silicon soler cell (Ref. &),

2, A silicon oxide costed, front surface
sluninum mirrer (Ref. 5).

3. A solar absorber such as a Tabor surface
{Ref. &). '

The references denote the gource for the spectral
surface data used in the calculations.

Table TT shows the calculsted percent efficicncy
of & silicen solar cell {10.5% under sir npass
zero conditions), bthe reflectance of the aluminum
mirror, and the sbserptance of the Tabor surface
when irradiated by the three messured simulator

spectral distributions, and the air mass 2 distri-
bution. Nobte that all the calculated surface
respohass are within a few percent of the alr mass
2 values. Hence, for tests using these surfaces
(or any other surface with a response not strongly
dependent on wavelength) the simulator gives

a good match of air mass 2, Tor the solar cell,

a change in lamp voltege from 90 to 114 volts re-
sults in about a 5% increase in cell efficiency.
This is due only to the change in spectrun and
should be asccounted for in testing such celis.
Nobte that there is & very small change in the caleu-
lated abgorptance of the Tabor surface as the lamp
voltage changes. Hence, little or no correction
would be applied in tests using such surfaces,

The similator beam subtense sngle as meassured by
the change in total irradiance with variocus aperture
sizes is shown in figure 7. The irradiance drops
to 959 of the maximum value at approximately 127,
thus defining the subbtense angle, This implies
that %% of the incident irradiance i within a

127 cone cengered on the normal to the test plane,
or within 5~ of the normel.

-BIMULATION COF DIFFUSE COMPGNENT

A1l of the results described =so far are for the
direct companent of solar lrradisnce. As mentioned
earlier, some collectors might perform differently
when a portion of the incident irradiance is dif-
fuse. The diffuge irradiance 1z that portion which
ig incident on the test surface at angles other
than directly from the Sun. There is some gata
(Ref. 7) on the angular distribubion of the diffuas
golar irradiance, but it is not complete. It is
chviously very dependent on the cloud cover and
atmospheric conditions, This variety of angular
digstributions can be simuleted by adding a diffuser
{such as ground glass), a few centimeters (10-20)
in fromt of the test plane., Then all the irrsdi-
ance incident on the test plane is through the
diffussr, Some preliminary tests were made uwzing &
ground glass, and also a plastic photograghic
diffusing screen, as the diffusers, The twelve
lamp prototype of reference 1 was used as a simmla-
tor,

These testa show that there is & strong direct
compeonent through both of the two diffusers. Aboub
two-thirds of th% incident irradiance is within a
full angle of 3G~ ebout the normal, YHence, we have
a mixture of direct and diffuse irradiance.

Further tests with other diffusers will allow us
o extend the range of angular distribution of
gimulated irradisnce. B8Since the total zelar ir-
radisnce drops as the ratio of diffuse to direet
increases, the attenuation of the incldent simu-
lator irradisnce by the diffuser sereen is not a
problem.

CONCLUDING REMARKS

In comparing the measured resuits of the large
143 lamp simulator with carlier measurements made
on the small 12 lamp protobype, the following:
differences are noted:



L. The large simulstor has more radiant
energy cutput. For example, it requires &
lower lamp voltage {100 vs 105} for an ) TARLE I
equivalent gverage total irradiance PERCENT OF IRRADTANCE T
(75,7 mw/em”) in the test plane.
L VARICUS WAVELENGTH INTERVALS
2. The distribubion of total irrddiance isg
not as good for the large simulator wave - .
(carpare wniformity of +10% vs +5%). length Simlstor lamp voliege Air
= - Inter- © Mass
3. The solar subtense anglg is greater for val, pm 90v 01v 1ihv 2

the large simulator {12 vs 107},
0.3 - 0. 0.0% 0,1  0.2% 2,7%

We attribute these differences mostly to inmternal ot - 0.7 Li1.1 yh .6 8.0 Ly b
scattering of radiatien from the reflective sur- :

faces of the simulator, The large model has two . 0.7 - LG 28.2 27.7 27,2 8.6
important design changes. TFirst, the plate con- 1.0 - 2.2 0.7 27.6 ok 6 4.3
taining the lamps was constructed of aluminum
whereas the prototype plate was made of dull steel,
The alumipum surfaccs lend themselves to reflective
acticn between the lenses and lamp plate, Second-
1y, the vent hole and deflection vane {aluminum)
configuration for cocling the lamps wag not in the .
probotype design, The deflector vane likewise, . . . TABLE II

tends to reflect lamp radiation which 1s then pro- - CALCULATED RESPONSES OF THREER

jected toward the test plane.
Jeere e e TYPICAL SURFACES TO DIFFERENT

This hypothesis was confirmed by measurvements made SPECTRAL, TRRADIANCES

canparing a blackened deflcetor vane with an

unblackened one, The chvious solution is to re- Lamp gilicon Sclar AL-810 Tahor Sur-
moave the cause of the wnwanted reflecticns. As voltage Cell (Percent Mirror face (Ab-
time permits, steps will be taken to remedy this Wolts) Bfficiency) {Reflectance) sorptance)
condition,

90 124 .88 87
101 12,7 .88 .88
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Figure 2. - Solar simulator cut-away view.

Figure 3. - Air cooling deflection vanes.
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Figure 4. - Average total irradiance as function of lamp voltage,
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Figure 6. - Variation of spectral irradlance with wavelength,
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Figure 7, - Variation of tofal Irradiance with aperture.
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