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Office of Advanced Research and Technology 

NASA Headquarters 
Washington, D. C. 

SOLAR SIMULATION RESEARCH AND TECHNOLOGY 
ASenda f Review and Planning Conference - April 7-8, 1964) to be 
held in I ~T Conference Room 6032, Federal Office Building lOB. 

Tuesday. April 7. 1964 

9:00 Introduction and Welcome 

9:15 JPL Spacecraft Testing in Space Simulators -
E. M. Christensen and M. E. Kahn - JPL 

10: 15 BREAK 
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Ralph Bartera and Roger Barnett - JPL 

12 :00 LUNCH 
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Bureau of Standards returning to vicinity of Statler Hotel, 
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CONFERENCE NOTES 

The second of what is hoped will be a series of annual NASA 
conferences on Solar Simulation Research and Development was held 
in Washington, D. C., on April 7-8, 1964. The first such meeting 
took place February 27-28, 196 3 , the proceedings of which have 
been issued as a similar NASA internal document. 

The subjects most activel y discussed informally 
meeting included progress reports on solar simulators 
been completed or are planned r under construction. 
diometric standards and the po s sible need for further 
were also discussed. 

at the 1964 
which have 
Need for ra­
solar data 

The present document conta ins the presentations made by indi­
viduals representing the various NASA centers and describe overall 
progress made during the year s ince the last meeting. The presen­
tations made by Michael Kahn and Elmer Christensen of JPL are re­
produced as individual reports . The paper by John Rogers of GSFC 
was not submitted for inclusion herein. 

The presentations made by staff members of the National Bureau 
of Standards are not included herein. The speakers who addressed 
the meeting at the Bureau were Dr. Henry J. Kostkowski, Mr. Ralph 
Stair, Mr. William Schneider, and Mr. C. R. Yokely. The visit to 
the Bureau on the afternoon of April 7 included inspection of a 
high accuracy spectroradiometer and a high pressure arc source plus 
a tour of the Radiometry Labora tory. The developments discussed at 
NBS were the outcome of two NASA-NBS contracts which became acti­
vated on January 1, 1964, in the Metrology Division and the Heat 
Division. 

Time was not available fo r a review of the Plasmadyne contract 
as mentioned in the agenda. Quarterly reports on this contract 
(NASw-858) are being furnished to those interested. It is expected 
that the final report on the contract will receive wide distribution. 

A suggestion made by Mr. Henry Maurer of GSFC was approved by 
the conferees, namely that a monthly newsletter on solar simula­
tion developments be initiated by NASA Headquarters. Such a news­
letter has been initiated and i s expected to continue as a monthly 
publication indefinitely. 
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SPECTRAL MEASUREMENTS BY THE Fl~TER METHOD ON 

CARBON ARC SOLAR SIMULATORS [V66 ;, 7 
-- -

by Gary C. Goldman 

Lewis Research Center 

INTRODUCTION 

There exists a problem in the measuring of the spectral irradiance 
of solar simulators . This difficulty has manifested intself in both 
monochromator and filter measurements. This report is the discussion 
of the measurements by Eppley Laboratory on the Lewis carbon arc solar 
Simulators, the further analysis of the method of filter radiometry made 
by Lewis personnel, and the compar ison with the monochromator measure­
ments . 

Previously when the filter techni~ue was used it was assumed that 
the a priori knowledge of the source's spectral characteristics must be 
known. In this report it will be shown that for a carb0n arc source a 
knowledge of the source is not re~uired after the filters have been 
properly chosen . 

THE EPPLEY REPORT 

In June of 1963, Eppley Laboratory, under contract to LeWiS, sent 
representatives to Cleveland to measure the spectral distribution of 
three operational carbon arc solar simulators using the filter method and 
their prototype Mark IV filter radiometer. Measurements were made on 
air on the two smaller systems and in air, vacuum, and vacuum and cold 
walls on the 30- inch-diameter system. The air measurements were repeated 
for reproducibility. The results was essentially six sets of narrow band 
filter data supplemented by four sets of broad band data. 

The final report, dated November 5, 1963, averaged all the narrow 
band data together . Figure 1 is the resultant continuous curve taken 
from the report of all the narrow band data versus the extraterrestial 
sun curve. 

Because this curve was an average of three different systems under 
many different conditions, because there was an abundance of narrow 
band data available, and because we were to receive a similar instrument 
for filter measurements, we began to analyze the mathematics of filter 
radiometry. 

After an analysis of Eppley 's method, which follows immediately, we 
developed what we feel are more rigorous treatments to the filter data 
that will be presented later . 

P ECE[)il 'G PAGE At '/ tJOT FILMED. 
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THE EP1'LEY MEl'HOD 

Using the filt er method to obta i ned spectral measurements) one es sen­
t ially has a t otal t hermopile detector. Wb~n the detector is cover ed with 
various filters the energy wit hi n a given bandw~dth is then isolat ed . If 
t his met hod i s repeated throughout the spectrum with the available filters) 
the energy within all t he small segments makin{r up t!'1e total spectrum can 
b e found. 

If the tra.nsmis sion of each filter is known) as in figure 2) where 
T(A) i s the t r ansmiss ion of the filter) A is tl'~p .. .rave engt h} and Al 
and A2 are t he bandpass limits of the filter) the center wavelength Ao 
or the center of gravity of the transmission CUT'J"e can then be f ound by 

foOO T(A)A dA 

foOO T(A)dA 

A more suitable form for machi ne computation can be ma 
'r CA) into small incr ements M and by summing: 

or eaking up 

If all the MN' s are equal and the appropriat e • (r..) is us ed for each 
f ilter) AOF is calculated by 

where 
number 
result 
port. 

"oF L 

L 'rNF 
N=l 

th "oF is the center wavelength for the F-- filter and L i s the 
of increment s within the transmission curve for the filt er . This 
is similar to t he reference wavelength discussed in Eppley 's re-

To comput e the spectral irradi anc e of the source at the target plane 
the report indicates t hat prior knowledge of the spectral distribution of 
t he bare source is required and that the distribution be a rea s onably 
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smooth curve. It was further stated that the carbon arc satisfies these 
conditions. A ~uantity is defined that, when applied to the data, will 
indicate the energy that would fallon the detector within the bandpass 
limits Al and A2 if the filter were not in place. This quantity is 
given by 

F= 

~oo J( A)T(A) S(A )dA 

where J(A) is the assumed spectral irradiance curve (usually taken from 
monochromator data of the bare source), S(A) is the sensitivity of the 
detector (in this case a constant over the limits involved), T(A) is the 
transmission of the filter in ~uestion, and F is the filter factor, 
which is approximately e~ual to the reciprocal of the transmission of 
the e~uivalent s~uare filter . The denominator of the fraction is the 
measured voltage output of the detector . When the previous expression 
.loy' F is rewritten, it is found that 

or 

F 
F 

S 1 A2 J(A)dA 

Al 
FF = -------------VF 

(1) 

where VF is the voltage output of the detector with the Fth filter 
is in place, Al and A 2 are the band pass limits of the filter, and 
FF is the filter factor for the Fth filter. 

The average energy to the detector within the limits Al and A2, 
if the filter were not present, is given by 

II 
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J = (2) 

where J(A) is the spectral irradiance of the source at the target plane) 
Al and A2 are the band pass limits) and A2 - Al is the bandwidth. 
If equation (1) is solved for the integral and the result substituted 
into equation (2)) the new expression for J is 

If the bandwidths are normalized to 50 millimicrons, the average irradi­
ance at the target plane within the given bandwidth limits is then 

This process is repeated for all F filters) and the report lists 
twelve values of J F corresponding to twelve values of AoF through 
which a smooth continuous curve is drawn to indi cate the approximate 
spectral distribution of the source. 

To calculate this spectrum the contractor chose values of J(A) 
from the curves published by the National Carbon Company indicating the 
spectral distribution from a "High Intensity" electrode. Since the 
three systems at Lewis use "Ultrex" electrodes with a significantly dif­
ferent source di stribution, we recalculated the spectrums using the new 
values of J(A) published for the "Ultrex" electrode. The final results 
did not change. 

MODIFIED EPPLEY MErHOD 

The altering of assumed irradiance curves leading to no change in 
the results led us to the conclusion that once the filters were judi­
ciously chosen based on prior knowledge of a smooth carbon arc spectrum) 
the calculated results were relatively insensitive to the chosen spectral 
irradiance curve. Continuing along this line of reasoning it was found 
that any continuous curve, straight line) or segmented line curve will 
serve quite well as the chosen J(A) . The filter factor FF _and the 
average irradiance within the given bandwidth of the f ' lter JF were 
calculated and a linear interpolation between all twelve points resulted 
in a segmented line curve. With this new J(A) new values of JF and FF 
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were again calculated and with these twelve new points a new J(A) was 
calculated. When the iterative method and the available computer were 
used, it was observed that the results converged rapidly, and the spec­
trum calculated using this method is very close to that calculated using 
the method indicated in the Eppley report. This shows it is possible to 
calculate the spectral irradiance produced by a carbon arc or any smooth 
source using filter measurements and having no prior knowledge of the 
spectral radiance of the bare source . 

NONFILTER FACrOR METHOD 

Another method of calculating spectral irradiance using the same 
raw data was developed at Lewis . This method uses no filter factors or 
bandwidth limits. In its use we assume a spectrum and by an iterative 
process alter the assumed spectrum to match the measured data . To use 
this method the measured data must be available and related by the 
expression 

where VFM is the measured voltage output from the detector wit h a 
filter in place, S(A) is the sensitivity (a measured constant), ~F(A) 
is the measured transmission of the filter, and J(A) is the spectral 
irradiance at the target plane we are trying to measure . Again one 
assumes any set of F number points (F corresponds to the number of 
filters) and a value of irradiance is chosen for each value of AoF' 
Then if a linear interpolation is performed between the points, a 
segmented line curve of irradiance JA( A) is developed) which may also 
be a straight line as shown in figure 3. Using t.l is assumed irradiance 
curve calculate 

or 

where 
using 
and 

L 

=S ~ J 1" SA L.J AN FN FN 
N=l 

VFA is the voltage, with the Fth filter in place, calculated 
the assumed irradiance curve JA(A), L is the number of increments, 
~N is the width of each increment. Now calculate the ratio 
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and if RF is less than one raise VFA, if RF is greater than one 
lower VFA, and, finally, if RF is equal to one keep VFA unchanged. 
Due to the overlapping of filters a change in VFA affects V

FA
+

l , so 
again an iterative process is called for. This method converges to the 
same results regardless of the initial assumed irradiance curve. 

RESULTS AND CONCLUSION 

Figure 4 is a chart showing a comparison among the three methods of 
filter calculations. Figure 5 is a plot of irradiance versus wavelength 
of a carbon arc simulator using three different methods of calculations. 
All three of these methods agree very closely witn each other indicating 
after the filters have been chosen for a continuous source there is no 
need for prior knowledge of the source or to arbitrarily choose correct 
band pass limits. 

FUTURE WORK 

Figure 6 is a plot of the irradiance of a carbon arc solar simulator 
as a function of wavelength using one of the filter methods and an equally 
normalized monochromator measurement. Also on Figure 6 is the normalized 
Johnson extraterrestrial sun curve. The discrepancy between the two 
methods of measuring spectral irradiance on the same system is under con­
tinuing investigation at Lewis. One member of the staff is concentrating 
on a theoretical approach to predict the uncertainty in filter measure ­
ments, others are working in the problem areas associated with the mono­
chromator measurement. 
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Spectral Measurements on High Intensity Light Sources 

by 

John C. Flemming & Charles H. Duncan 

NASA Goddard Space 

Greenbelt, 
Flight Center ~ ¥ 
Maryland ~vf' 0 ~IO I 

- ~ (p4 -
ABSTRACT 

( 

Measurements of the spectral distributions of a 

xenon, mercury-xenon, and carbon arc have been accomplished. 

The carbon arc and xenon arc have spectral distributbns most 

similar to air mass zero solar irradiance. The absorptivities 

of gold, silver, and aluminum have been calculated using the 

measured spectral di ~tributions. The per cent variations 

from the solar absorpti Tl ities of these materials vary from 

-3% to +26% for the xenon arc; -26% to +11% for the carbon 

arc; and, -8% to +77% for the mercury-xenon arc. 
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Introduction 
.. 

The Solar' Simulation Group of the Thermal Systems 

Branch has developed and calibrated an instrumentation for 

measuring the spectral characteristics of any light source. 

The calibration of the instrument was ' accomplished by using 

a strip-filament tungsten lamp calibrated by the National 

Bureau of Standards. The uncertainty of the calibration 

of this lamp varies from 3 per cent in the infra-red to 

8 per cent in the ultraviolet(l). This instrumentation 

uses a Leiss double monochromator as the dispersing element 

a nd has been previously described(2). The instrumentation 

and techniques of data acquisition have been developed to 

a point which allows repeatability of results to 1 per cent 

or less on measurements of light sourceS comparable to the 

standard lamp. The instrumentation has been used to cali-

brate one N.B.S. standard lamp in terms of anotherN.B.S. 

standard lamp. The results obtained were in agreement to 

the N.B.S values within 1%. 

In measurements of the spectral distributions of 

campact arc sources and carbon arcs, complications are 

encountered which are not present in tungsten strip filament 

lamps. The complications are: the non-uniformity of the 

source, the instability of the source, and the extremely 

22 
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high spectral radiances of the source. The micro brightness 

contours ofaxenon(3) and mercury-xenon(4) source vary by a 

factor of 3 to 4 between the cathode of the lamp and a point 1.0 

mm. removed from the cathode toward the anode. The stability of 

these micro brightness contours in time has been studied quali-

tatively, and variations are evident which will produce signi-

ficant errors if the position of the arc focused on the entrance 

slit of the monochromator is not held to tolerances of 1/10 mm. 

or less. To accomplish this repositioning of the instrumentation 

repeatedly is very difficult, if not impossible. The spectral 

radiances produced by these lamps are as much as 6 orders of 

magnitude greater than the spectral radiances produced by the 

standard lamp. This introduces large scal , g factors which 

can become a source of uncertainty. 

All the preceding discussion related I~ aosolute spectral 

radiance measurements. If the primary interest in a source io 

the spectral distribution only, then a relat Lve spectral energy 

determination wj ll suffice. Relative energy determinations are n()t 

as strongly dep8ndent upon variation in arc characteristics because 

the source can be focused at a convenient positdon in the optical 

train which does not have to be the entrance slit of the mono-

chromator. This minimizes the arc fluctuations described above. 

Also, the extreme differences in spectral radiances between 

the standard and the unknown source can be reduced by 

neutral filters whose transmission characteristics do 

23 
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not have to be known. 

The collection of energy(l) incident to the entrance 

slit of the monochromator can also be varied by an aperature 

which changes the effective fino of the entrance optics. In 

this manner, scans of individual spectral regions can be 

accomplished and then normalized to yield a complete spectral 

distribution curve. 

Experimental Procedure 

Two methods of illumination of the entrance slit of 

the monochromator have been used. These are diagrammed in 

F i gure 1. In Method A, radiation from the lamp is introduced 

onto a block of magnesium oxide by means of a front-surfaced 

aluminum mirror. The MgO block is then focused onto the 

entrance slit of the monochromator by means of a spherical 

mirror and turning flat. Corrections for the reflectivity 

of MgO and the other optical elements have been made in the 

data presented. In method B, radiation from the lamp is 

focused at a point about nine inches ahead of the entrance 

slit in the optical train. This is accomplished by the 

optical components shown . This allows divergent illumination 

to be incident upon the slit of the monochromator. This 

means that the radiation has a different optical path 
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through the instrument than it does when an image is 

formed at the slit. This also means that a different 

area of the detector will be illuminated than that when 

the calibration was performed. This introduces no errors 

which are wave length selective according to a recent 

paper(5) . 

The detectors used in obtaining this data were: (1) 

lP-28 photomultiplier, (2) 9592B photomultiplier, (3) 7102 

photomultiplier, and (4) lead sulfide cell. The bandwidth 

of radiation passed by the instrument varied from 5A in 

the ultraviolet to 250A in the infra-red. 

The data is recorded on a strip-chart recorder at 

present and about 500 points between , 250 nm and 2500 nm are 

reduced. This is a very slow and tedious procedure and a 

procurement request has been initiated to provide a digital 

output from the Leiss which can be processed by a computer. 

A program has been written to process the data and compute 

spectral radiances; and, absorptivities of selected materials 

based on the spectral distribution measured. 
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Spectral Distribution Measurements 

Spectral measurements have been obtained for an 

Osram XBO 1600 watt xenon lamp, an Hanovia 929Bl 2500 

watt mercury-xenon lamp, and a Genar co ME4 CWM carbon 

arc. 

Figure 2 shows the spectral distribution obtained 

from the Osram lamp operated at 2500 watts using Method A 

of illumination shown in Figure 1 and described above. 

Figure 3 shows the spectral distribution of the same 

lamp operated at the same wattage but using Method B of 

illumination as described above. 

Figures 4 and 5 show the spectral distribution obtained 

from the Hanovia lamp operated at 2500 watts. The method 

of illumination used was A and B respectively. 

Figure 6 shows the spectral distribution of the Genarco 

carbon arc operated at 185 amperes. The method of illumination 

used was B. Carbons used were Lorraine Orlux. 

Figure 7 is a plot of Johnson's data(6) plotted in a 

Similar manner as the data above. 

Figures 8, 9, and 10 are plots of the above data 

presented in a different manner. The per cent of the total 

energy per 10 nm bandwidth between 250 nm and 2500 nm is 

plotted against wavelength. Each of the above measurements 

using illumination method B is shown. A plot of Johnson's 

data is shown on each curve for comparison purposes. The 
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areas under the curve s are the same for each figure for both 

the solar irradiance and the respective lamp. An inspection 

of these three figur 0 s shows that the source most similar to 

the air-mass zero so.ar irradiance is the carbon arc with 

xenon next and mercury- 'enon last. The carbon arc is deficieat 

in the ultraviolet a~d p ar t of the infrared; the xenon is 

deficient in the visible and infrared except fo r the strong 

excess between 800 and 1000 nrn; the mercury-xenon is deficient 

in the visl.ble except for the strong emission lines of mercury 

around 420 nm and 580 urn. If a filter were manufa~tured which 

would eliminate th8 excess en e rgy of xenon betwen 800 nm and 

1000 nm, then xenon would approach or surpass the carbon arc 

in suitability of spectral characteristics. 

The data presented in Figures 8, 9 , and 10 have been 

used to calcula te ~he absorptivities of gold, aluminum, and 

silver. The spectra l. band widths used for these c~lculations 

were: 20 nm from 25 nrn through 600 nrn; 50 ~rn from 600 nm 

through lO() \: m:-l; and 100 nrn from 1000 nrn through 2600 n. l. 

The value s for t l e reflectivities of the rna t~l ials were 

obtained from the American Institute of P hysi cs H~ndbook 

for 1957, Table 6K-4. The values for air-mass zero so la} 

irradiance are from Johnson (6) and were used to calculate 

the solar absorptivities. 
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The results o f t hese calculations are: 

Source Gold Silver Aluminum 

Solar 19.2% 4.9% 7.9% 

Xencn 18.7% 6.2% 8.4% 

Hg-Xe 19.7% 8.7% 7.3% 

Carbon Arc 21.3% 3.6% 7.7% 

'he deviations of absorptivity of each material from the . 

s olar absorptivity is summarized below: 

Source Deviation from Solar Absorptivity 
Gold Silver Aluminum 

Xenon -2.6% +26,3% +6.2% 

Hg-Xe +2.7% +77.1% -7.7% 

Carbon Arc +11% -26.5% -2.6% 

A study of this table reveals that for these three 

materials, the carbon arc and xenon will yield about the same 

absolute errors. It a~ shows that Hg-Xe is quite suitable 

if materials such a s gold and aluminum are used . However, 

if silver is used, a much larger error will result with the 

mercury-xenon lamp. This points to the r esull that for thermal 

balance studies, the materials used can b e strongly a~fected by 

the spectral characteristics of the simulation. So long as 

materials with un iform spectral absorptivities are used, the 

spectral characteristics of the source are of minor importance 

b u t w e n mat ria l has a str~change in absorptivity with 

wave length the spectral distribution of the simulator becomes 
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quite important. These values of absorptivities are 

based on the data shown in Figures 8, 9, and 10 and are 

probably accurate to ±lO% for sources of t hese t ypes in 

general. It should be restated that the Jbsorp 1 ivit 1~ s 

di s cussed above relate only to the source ~ Dd do no : take 

into account the effects of any optical sys t e m which will 

be present in a simulator. The effect o f a.d di n i'" an or. t i c a 1 

system is, i!1 general, to attenuate the sh0rt.e ~ wavelengths 

more than th~ 10ng~r. 

I I _ , 
29 
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Appendix 

Operational Experience with Genarco Model ME4 CWM 

Automatic Reloading Carbon Arc 

A Genarco carbon arc with an automatic reloading device 

has been operated for approximately sixty hours. The reloading 

mechanism is essentially a plunger which drives a female carbon 

onto a tapered male carbon. The joint holds together by 

friction, both male and female having been machired to 

fit very snugly. A disadvantage to this method is that 

each carbon has to be custom fitted in the sequence since no two 

are exactly the same. Another disadvantage is the fact that 

the alignment necessary between the carbons to be joined is 

ve ry critical. In operation, about one of every three joinings 

is not accomplished because of misali gnment of the two carbons. 

In some cases, the joining can be accomp lished manually witho ut 

shutdown of the arc and in some others fracture of the female 

carbon results which requires shutdown of the arc for correct Ion. 

There is no mechanism for joi ning the negative carbons, the 

solution for long operation periods being the use of long 

negative carbons of the order of four feet in length. The 

stability of the arc has been measured using an Eppley normal 

incidence pyrheliometer. Variations averaged about five per 

cent. When. a joining of the carbon!!! was a l:'! COrnp11shed, tl :sh01"1 

term excess of about 15-25 per cent was noted wh ich fell back 

to the normal level within one or two minutes. This is ca l1~-ed 
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by slippage of the positive carbon in the feed mechanism 

du~ to the plunger action of the reloading mechanism. 

When a joint burns through, the variation is within the 

f ive per cent quoted above. 
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THE SOLAR CONSTANT AND SPECTRAL DISTRIBUTION 

OF SOLAR RADIANT FLUX 

Matthew P. Thekaekara 

Goddard Space Flight Center, Greenbelt, Maryland 

ABSTRACT 

A survey has been made of the data currently available 
on the solar constant and the spectral distribution of the 
solar radiant flux. The relevant theoretical considerations 
on radiation, solar physics, scales of radiometry and thermal 
balance of spacecraft have been briefly discussed. A detailed 
review has been attempted of the data taken by the smithsonian 
Institution, the National Bureau of Standards and the Naval 
Research Laboratory, of the methods of data analysis and the 
many revisions of the results. The survey shows that the 
results from different sources have wide discrepancies, that 
no new experimental data have been taken in recent years, 
and that the conventional technique of extrapolation to 
zero air mass leaves large uncertainties. The feasibility 
of further measurements and of a new method of approach has 
been discussed in the light of the results of this survey. 
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I. INTRODUCTION 

The solar constant and the spectral distribution of the 
solar radiant flux are of considerable importance in many 
areas of physics and engineering. In geophysics and meteorology, 
in studies of the upper atmosphere and of the thermal balance 
of the earth, in the investigation of solar phenomena and in 
many areas of illuminating engineering , the radiant energy 
received from the sun is a significant parameter. In recent 
y ears the topic has received a great deal of attention because 
of its bearing on the thermal balance of spacecraft. 

In spite of the widespread interest in the subject and 
its importance in many areas of scienti fic research, no new 
experimental data have been collected i n recent years. It 
is ~enerally assumed ~hat the best v~~ue.oE1the s~lar constant 
ava1lable at present 1S 2.00 cal. cm m1n . Th1S value was 
deduced by Francis S. Joh~son at the Naval Research Laboratory, 
Washington, D. C. in 1954. It is based on revisions of data 
which had been collected for over 30 years by the smithson~an 
Institution, later data collected by Dunkelman and Sco1nik 
in 1951, and a reeva luation of the correction factors for 
the infrared and ultraviolet regions of the spectrum. 

It is interesting to observe that the solar constant 
has frequently been revised, and

3
each new revision has 

increased its value. Parry Moon in 1940 published a detailed 
analysis of the data of the smiths~~ian !~stitution and 
arrived at the value 1.896 cal. cm min . A revision in 
195~ by Aldrich and Hoover4 raised the value to 1.934 cal. 
cm- min- 1 • c. W. A11en 5 , in 1955 gave a value, 1.97± .01 
cal. cm- 2 min- l and Francis s. ~~hnson's value, as stated 
earlier, was 2 .00± .004 cal. cm min- 1 . An independent set 
of measurements was made by Ralph Stair and Russell G. 
Johnston6at an altitude of 9200 feet; they published in 1956 
a still higher value, 2.05 cal. cm- 2 min- l . 

The discrepancies between different investigators are 
even greater for the published data on the spectral distribution 
of the radiant flux. Some of the more reliable data have been 
collated and published by P. R. Gast7 in the "Handbook of 
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Geophysics", where he makes the following observation: "As 
an example of a more important uncertainty, in the ultra­
violet region (300 to 3 59 mf-), the discrepancy between 
various observations is about 10 per cent, and there have 
been reported8 variant observations as large as 40 per cent 
which can be neither ignored nor explained." 

In this paper an attempt will be made to present the 
relevant theoretical considerations and to collect together 
and evaluate the available information on the solar constant 
and the solar spectral radiant flux. The feasibility of 
further measurements will be studied in the light of existing 
data. 

II. THEORETICAL CONSIDERATIONS 

1. Terminology and Laws of Radiation 

There is no uniformity in the literature concerning the 
terms and symbols used for the physical quantities involved 
in the statement of radiation laws. In recent years many 
authors have shown a preference for "The American Standards 
Nomenclature for Radiometry", ASA Z 58.1.1 - 1953 9 , which 
was proposed by the American Standards Association sectional 
Committee, Z - 58. This Committee had been sponsored by the 
Optical Society of America and the proposed nomenclature was 
approved on February 27, 1953. This nomenclature will be 
followed here. 

Radiant energy density or radiant density, u, at a given 
point in space , is the energy per unit volume in the vicinity 
of that point. 

The radiant flux, p, through a given surface is the 
radiant energy which crosses unit area in unit time. 

The radiant emittance (or flux density), w, of a radiating 
surface a t a given point is the radiant energy emitted per 
unit area in the vicinity of that point per unit time. 

The radiance, N, of a radiating surface at a given point 
i n a give n direct ion is the radiant energy emitted per unit 
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area, per unit solid angle in that point, per unit time. 

Related quanti ties are radiant re f lectance,"p ' trans­
mittance, r , and absorptance, « , which are the ratios of 
energy reflected, transmitted and absorbed, respectively, 
to the energy incident. 

Emissivity, of a given surface t , is the ratio of the 
radiant emittance of the surface to tha t of a blackbody 
surface at the same temperature. 

The solar constant is the radiant flux due to the sun 
which crosses unit area exposed normally to the sun's rays 
at the average distance of the earth f r om the sun. 

The above quantities refer to the energy radiated at 
all frequencies or in the entire wavelength range. The 
corresponding spectral quantities are denoted by adding the 
subscript A , for wavelength, or v , f o r frequency, to the 
r especti ve symbol. 

The spectral radiant flux P~ , for example, is related 

t o the radiant flux P by the equation P = l~ d). 
o ,.. 

certain simple relations hold between the quantities 
P , W, u, and N, if the radiating surface is perfectly 
diffuse, that is, if it has a constant radiance in all 
d i rections. These relations are: 

W = 1T noN, where 0
0 
is one steradian; 

. 411' Do N 
where c u is the velocity of light; and 

c 

W = cu 
4 

For collimated radiation, P = cu. The Planck ' s law gives 
the spectral radiant density in terms of the temperature, as 

(1) 
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gives the radiant emittance of a 
4 2 11'r~4 

a- T , where a- = 15 c.J. ",3 

The stefan - Boltzman law 

blackbody surface as W = • (2) 

This may be derived from Planck's law by integrating the right 
hand side of equation (1). 

From Planck's law may also be derived, by differentiating 
the right hand side and equating it to zero, the wien dis­
placement law which states that the wavelength at which the 
spectral distribution of the radiant emittance of a blackbody 
is maximum varies inversely as the temperature. A T is a 

max. 
constant, equal to 0.289776 cm degree K. 

The above equations of a blackbody radiation are 
applicable to the solar radiant flux though only to a first 
order of approximation. If the effective temperature of the 
sun's radiating surface and the area of the radiating surface 
are accurately known, both the solar constant and the spectral 
solar radiant flux can be determined from purely theoretical 
considerations. But thes e quantities do not permit a precise 
definition, nor can they be determined experimentally with 
sufficient accuracy. 

The different parts of the sun which are responsible for 
the energy received from the sun are distinguished as the 
photosphere, the reversing layer, the chromosphere and the 
corona. The photosphere is the sun's surface directly 
visible in a telescope or a darkened glass. The opacity of 
the gases in this layer increases rapidly with depth, and 
hence prevents us from seeing farther into the sun. Even 
with the best of telescopes the edge of the photosphere at 
the cir,cuqlference of the solar disc appears very sharp; hence 
we conclude that the transition from maximum brightness to 
total opacity occurs within a relatively short distance of 
about 50 km. This explains the close similarity of the solar 
spectrum to that of blackbody radiation. 

The reversing layer and the chromosphere together form 
the atmosphere of the sun. They consist of luminous but 
very transparent gases. The reversing layer extends to a 
few hundred miles and the chromosphere to a height of several 
hundred miles. The chromosphere, consisting mainly of 
hydrogen and helium, is a partial absorber of solar radiation, 
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but its effect is small compared to the more dense reversing 
layer. The reversing layer contains vapours of almost all 
the familiar elements of the earth's crust. The strong 
absorption of energy by the reversing layer is mainly respon­
sible for the departure of the spectral radiant flux of the 
sun from that of a blackbody. 

The corona may be considered the extreme fringes of the 
solar atmosphere. The luminous part of the corona, as seen 
during a total eclipse, extends to a height of several solar 
radii. But recent experiments with space probes have shown 
that the corona has no distinct outer boundary, and that even 
the earth's orbit is enclosed within a tenuous coronal region. 
Hence the attenuation of energy in the sun-earth distance is 
greater than in the more rarefied regi ons of interstellar or 
intergalactic space. 

There are several other factors which affect the total 
and spectral radiant flux of the sun. Among these are the 
sunspots which have a periodicity of eleven years, the faculae 
and the prominences which are relatively unpredictable, and 
the more permanent inhomogeneities of the photosphere. 
Thus we conclude that many complex radiative processes of 
emission and absorption combine to make the energy received 
at the average distance of the earth to be significantly 
different from that of blackbody radiation. 

2. Solar Simulation and Thermal Balance of Spacecraft 

In the area of solar simulation and thermal balance of 
spacecraft, the above theoretical considerations of blackbody 
radiation laws and solar radiant flux are of great importance. 
A question of special significance is the degree of error 
and inaccuracy in the predicted equilibrium temperatures of 
satellites, caused by errors in the assumed values of the 
solar constant and the solar spectral radiant flux. A 
complete discussion of this problem in any actual case 
i nvolves many, highly complex and variable parameters. Among 
t hese parameters are the planet radiation of the earth, the 
r eflected solar radiation from the earth, cloud cover and 
meteorological conditions, relative duration of the satellite 
i nside and outside the earth's shadow, the ellipticity of the 
s atellite orbit round the earth, the ellipticity of the earth's 
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o rbit round the s un , the external geometry of the satellite, 
the internal transfe r of heat between satellite components, 
and the p rope r ti e s of the exposed surface of the satellite 
as r e gards absor ption of radiation and its reemission. 

In our discussion of t he problem we shall ignore the 
r adiation from the earth. I t is also permissible to treat 
many of t he o t her parame t ers as a constant, independent of 
the solar radiant f l ux. For the sake of mathematical simplicity 
we shall consider firs t t he c ase of a flat disc and that of 
a sphere, and extend the con clusions to a few other more 
g enera l cases. 

Let A be the surface area of the disc, and let the 
t hickness of the d isc be negligibly small compared to A. 
Let the disc be coated wi th an ideal black paint. Hence the 
surface is a perfe ct abs orber and emitter, so that the radiant 
emittance i s given b y the stefan - Boltzman law , equation (2) 
and all the solar energy i ncident on the surface is absorbed 
by it. If the expos ed area is normal to the solar radiant 
flux, the energy abs orbed is PA, where P is the solar radiant 
flux. The e nergy r adiated by the body is 

where T is the t empe r ature of disc and T' is the ambient 
temperature. Since T ~nd T' are re~gectivelY40f the order 
of 300 0 K and 4 0 K, T' i s about 10 times T , and is 
negligible in compar ison to T4. Let T be the equilibrium 
temperature. Since t he h eat absorbed is equal to the heat 
radiated, 

i.e. , 

PA 

P. 

Differentiating both side s , 

4 T3 dT = 1 
2a' 

dP. 

Dividing equation (4) b y e q uation (3), 

dT/T = 1/4 (dP/P) . 
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Hence for a perfectly flat disc, the percentage error in the 
predicted value of equilibrium temperature, on the Kelvin 
scale, is one-fourth the percentage error in the assumed 
value of the solar constant. 

It may readily be shown that equation (5) is independent 
of the geometrical shape of the body, and holds true for all 
cases of a perfectly black surface, with no internal heat 
sources or heat sinks. 

If the body is spherical of radius R, the effective 
absorbing area is the area of cross-section 11" R2, and is 
one-fourth the total ewitting area. Hence equation (3) 
should be changed to T = (1/4 tr ) p ~ the equation (5) is 
unchanged. For a cube having one of its six surfaces normal 
to the solar rad~ation, the equation of thermal balance 
corresponding to equation (3) is T4 = (1/6 ~ )P. For a 
spinning body of arbitrary shape, the only term that needs 
modification is the area of the absorbing surface, which is 
the time average of the area of cross-section normal to 
incident radiation. 

The above results may be illustrated by a few numerical 
examples. The stefan - Boltzmann constant, ~ , is 5.6693 x 
10-5 erg cm- 2 s-l (OK)-4, the solar constant, p, is assumed 
to be 0.1395 x 107 erg cm- 2 s-l substitution of these 
values in equation (3) gives the equilibrium temperature of 
a disc to be 331.1°K or 60.l o c. An increase of ten per cent 
in the assumed value of the solar constant would increase 
the predicted equilibrium temperature to 68.1°C, and a 
decrease of ten per cent would lower the predicted value to 
51.4°C. 

For a spherical body, the ratio of the absorbing area 
to the emitting area is half that of a flat disc, and the 
equilibrium temperatures are lower. The predicted values are 
7°C, 13.4°C and -0.2°C respectively for assumed solar constant 
0.1395, 0.1535 and 0.1256 watts cm- 2 

Actually the surfaces of satellites are not perfect 
absorbers or emitters, and hence it is necessary to introduce 
the expressions for absorptance and emissivity into the 
equations of thermal equilibrium. Both absorptance and 
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. emissivity are to be distinguished as total and monochromatic. 
The relations between the different quantities can be best 
expressed by the following equations: 

If P ~ d" is the energy incident in the wavelength 

range ).. to ). + C:{). , the energy absorbed in the same range 

is P~ «AdA (The prime indicates that the radiant flux 
has a spectral distribution different from that of a black-

l eO pi d "\ body). The total energy absorbed is 0 ). 0<). 1\ I and the 

total incident energy is 5 -1\, 01 A The ratio of the two 
integrals is the total abs~rptance ~. The definition of the 
absorptance of a surface is thus necessarily with reference 
to a specific spectral distribution of the incident radiant 
flux. In particular, solar absorptance values differ 
according as one considers the absorptance at sea level or 
for zero air mass and according as one or another of the 
accepted solar spectral radiation functions is used for 
performing the integration. Solar absorptance is determined 
either by exposing specimens to sunlight and measuring the 
energy absorbed or by calculating the value from known functions 
of 0( >- and -p~ . 

The radiant emittance from a non-blackbody 
given in terms of that from a blackbody surface 

surface is 
at the same 

temperature by the equation 
00 00 

'W' "f"IN;.L}. = f E.>. W>. ./ A 
(I II 

(6) 

f and £~are respectively the total emissiv.ity and the spectral 
emissivity. 

The equation for temperature equilibrium for a body which 
is not a perfect absorber or emitter is 

it A -p' £, At cr T ~ ex tJ( (7) 

At. and AO( are respectively the areas of the emitting surface 
and the absorbing surface. 
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The equilibrium temperature depends not only on the ratio 
A« /A, as discussed earlier, but also on the ratio oc/f. 
For numerical examples, we might consider two extreme cases 
of «/ Eo equals 16 or 1/16. rrhese numbers are respectively 
24 and 2-4 • rrhe corresponding equilibrium temperatures of 
a flat disc are respectively 666.2°K and l66.6°K. In actual 
cases ~/& does not vary over such wide ranges. For white 
paint, representative values are ~ = 0 . 22~ 6 =0.88; for 
evaporated gold, ~ =0.07; 6 = 0.02. It is important to 
note that the temperatures with reference to which are 
measured the two ratios oc and Eo , are very different. The 
emissivity refers to the actual temperature of the satellite. 
rrhe definition of ~ assumes the spectral energy distribution 
of a body at a relatively high temperature, 6000 o K. 

In so far as the calculation of cc is dependent on the 
assumptions regarding the solar constant and the solar 
spectral radiant flux, the degree of error in these values 
causes a corresponding error in the predicted values of the 
equilibrium temperature. However, this is a second order 
effect since ex. is the ratio of the two integ rals, 

This becomes significant only in cases where ex xis very 
highly wavelength dependent, as may well happen with specially 
prepared surfaces of very thin multilayer coatings. Reference 
may be made in this connection to the extensive studies made 
by the Armour Research Foundation (WADC Technical Report, 
May 1957) on solar absorptances at sea level and for zero 
air mass of a large number of standard aircraft materials. 
rrhese data have been cited in a review of literature entitled 
"Thermal Radiation properties Survey," by G. G. Gubareff, 
J. E. Janssen and R. H. Torborg, published in 1960 by Honeywell 
Research center, Minneapolis, Minnesota lO . Over 70 different 
types of surfaces have been examined, mostly metal surfaces 
with different grades of polishing, and a few surfaces of 
graphite and plastic laminate. The difference between ~ at 
sea level and ~above the atmosphere is of the order of one 
or two per cent for surfaces having ex greater than 0.4. 
Large percentage differences of 5 to 35 per cent occur in 
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cases Where ~ is small, as for example copper, a luminum and 
magnesium alloys. For copper and magnesium alloys, the 
absorptance at sea level i s lower than that above the atmosphere 
and for aluminum it is higher. The uncertainities in our 
current knowledge of the solar spectral radiant flux are the 
greatest in the wavelength range below 3600 A, and unfortunately 
this is also the range where the spectral absorptance of most 
satellite coatings are highly wavelength dependent. As stated 
earlier the percentage err or in the predicted temperature in 
degrees Kelvin is one fourth the corresponding percentage 
error in the assumed values of ~ or P. The errors are 
cumulativ e. 

Gi ven the large v ariety of the external shape and the 
surface coating of spacecraft, it is not possible to draw 
any more specific conclusions about the degree of error in 
predicted equilibrium temperatures. Those engaged in pre­
launch testing in solar s imulators and in theoreti cal computa­
tions of predicted temperatures should have at hand the 
va1u es , as accurat e as possible, of the solar const ant and the 
solar spectral radiant flux. And more importantly they should 
have an estimate of the possible errors in the accepted 
values of these quantities. 

3. Standard Scales of Radiation Measurement 

One o f the major problems in all measurement of energy 
i s the sta nda rd scale with reference to which the energy 
measurement s are reported. Internationally accepted standards 
exist f o r fundamental units like length and mass and for 
many of the deriv ed units like ampere and volt. AS for 
total radiant f l u x and spectral radiant flux, different 
count ries use different standards, and intercomparisons 
b e t ween them show that they differ among each other by one 
or two p er cent. 

For the sake of clarity the question of a standard may 
be put thus: when can one say that a certain length is one 
meter, t hat a c ertain current is one ampere or that a certain 
radiant flux i s one watt per cm2 ? The answer about the meter 
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and the ampere are given unambiguously, with a high degree 
of accuracy, and is accepted by international commissions. 
The meter is defined in terms of a spectral line of krypton, 
and the ampere in terms of the amount of silver deposited by 
a standard cell. There is no such internationally accepted 
standard for energy. 

A secondary standard of spectral radiant energy most 
widely used in the u.s. is the tungsten ribbon lamp operated 
a t a specified currentll . The calibration table supplied 
along with the lamp gives the spectral radiance of the 
i n candescent ribbon at a large number of wavelengths. The 
ph ysical quantity which is measured in the process of calibra­
tion is the color temperature of the ribbon at one or more 
wavelen gths. The color temperature is determined with 
r e fe rence to a blackbody of known temperature. From known 
v a lues of the emi ssivity of tungsten, transmission coefficient 
o f the envelope of the lamp and blackbody radiation functions, 
it is possible to calculate the spectral radiance from the 
c o lor t emper ature. Relatively large errors may be introduced 
into t he calculations because of the poor accuracy with which 
the emissivity of tungsten and the color temperature are 
determined. The calibration tables of the tungsten standard 
r i bbon lamps do n ot claim an accuracy better than 5 per cent. 
This may perhaps be a conservative estimate. No attempt 
has been made to establish an international standard for 
s pectra l radiance. 

The situation is slightly better f o r total radiant flux12 

The s t andard in t his case is not a sourc e of radiant flux 
b u t an instrument for measuring radiant flux. In other words, 
a stan dard scale of radiant flux is established giving the 
inc i den t en ergy (i n watts per cm2 ) in t e rms of a more 
readily me asurab l e physical quantity, t emperature (in degrees 
C) or current (in a mpe r es) generated in a given instrument. 
Mos t o f t his work o f standardization has been done in connection 
wi th t h e measurement of solar energy, a n d the instrument is 
the pyrheliometer. 

In met e orologic al institutes measurements of total radiant 
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flux are usually standardized with reference to one or the 
other of two standard scales. For the sake of brevity we 
shall refer to them as the Smithsonian scale and the 
Angstrom scale. Both scales have been periodically revised 
and considerable work has been done in comparing them with 
each other and with other independent radiation scales. A 
brief description of the instruments and the standardization 
procedures will help clarify some of the confusion concerning 
radiation measurement and will show the degree of error in 
such measurement. 

The Smithsonian scale is defined with the aid of the 
Abbot silver disc pyrhe1iometer. A silver disc is exposed 
to solar radiation and the rise in temperature of the disc 
is measured. To conve~t the temperature rise in °c to 
energy in watts per cm , a calorimeter is exposed to the 
same radiation and the heat absorbed by the calorimeter is 
determined. The ~ngstrom scale is defined with the aid of 
the ~ngstrom compensated strip pyrhe1iometer. One of two 
similar metallic strips is exposed to solar radiation and 
the other is heated by an electric current; the value of 
the current is adjusted until both the strips are at the 
same temperature. From known values of the resistance of 
the strip and the absorptance of its surface it is possib!2 
to establish a standard scale of radiant flux in watts cm 
in terms of the current in amperes. 

In 1932, the Smithsonian Institution introduced an 
improved form of calorimeter, and reexamined the accuracy 
of the scale which had been in use since 1913. The result 
of this study was that the smithsonian announced that the 
measurements made on the 1913 scale had been 2.5% too high. 
This finding was confirmed by later measurements made in 
1934, 1947 and 1952. However, the Smithsonian continued to 
standardize instruments in terms of the 1913 scale so as 
to preserve c ontinuity. 

The ~ngstrom scale was originally established in 1905. 
It is based or t wo main types of instruments. For one type 
of instruments the original calibrations were made at Uppsala, 
Sweden, and now they are being made at Stockholm, Sweden; 
the source of energy is the sun and the ~~nversion from 
curr ent in amperes to energy in watts cm is made from the 
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known parameters of the instrument. For the other type of 
instruments the calibration is made at the smithsonian 
Institution, with the sun as source and t he standard calorimeter 
as the reference, in the same manner as for the Abbot silver 
disc pyrheliometer. We shall refer to the absolute scale 
established by the Uppsa1a-stockho1m group as the Angstr~m 
scale. The original scale established i n 1905 was later 
found to be in error due to several causes, in particular, 
"the edge effect", namely, that the edges of the exposed 
strip receive no radiation. Extensive s t udies made at 
stockholm in 1956 and preceding years showed that the measure­
ments made on the ~ngstr6m 1905 scale were 2% too low13 . 

Thus a reading on the Smithsonian 1913 scale is to be lowered 
by 2.5%, and that on the ~ngstrBm 1905 scale is to be raised 
by 2% to give the correct value of radiant flux. If the 
experiments on which these results are based are accurate, 
we would expect that a substandard instrument calibrated on 
both the smithsonian 1913 scale and the Angstr~m 1905 scale 
should give different readings according to which scale is 
used: the reading on the smithsonian scale should be 4.5% 
higher than the reading on the ~ngstr6m scale. Several such 
comparisons of the two scales have been made using sub-
standard instruments with the sun as source. The differences 
are not constant, but show a large scatter; and the mean of 
the differences is 3.5% and not 4.5% as we would expect. One 
explanation for this may be that differen t instruments when 
directed at the sun do not always view t h e same fraction of 
the circum-solar atmosphere. Laboratory sources should be 
free from this source of error. A few measurements have 
been reported using a laboratory source instead of the sun 
as the source of radiant flux. The average of the differences 
between the two scales is even lower, namely, 2.8 per cent. 
Thi s has been explained as probably due t o another source of 
error, introduced by the relatively weak laboratory source: 
the area of the Abbot silver disc of the Smithsonian instru­
ment is too large and does not receive a uniform distribution 
of energy when exposed to a laboratory source. 

Comparisons have been made also between the $,ngstd5m 1905 
scale and two other independent, so-called standard scales, 
one British and the other East German, both of which are 
claimed to be absolute, that is, to give radiant flux in 
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-2 
wa tts cm A laboratory compari son between the British 
standard scale maintained at the National physical Labora­
t ory a nd a substandard represent i ng the Angstrom 1905 scal e 
showed that the latter is lower by 0.5 per cent. A series 
of intercomparisons, using the sun as source, were made 
in 1934, at Davos, Switzerland, between the absolute 
py r h eliometer (a calorimeter) maintained at Potsdam , 
Ge rmany and a substandard representing the Angstr~m 190 5 
scale. These studies showed that the Angstrom 1905 scale 
was too low by 1 per cent. Neith er of these di f ferences 
c ome s up to the 2 per cent which according to the stockholm 
Inst itute is the correction to be appl ied to the Angstrom 
19 0 5 scale. 

The International Radiation Conference held in 1956 
at Dav os, Switzerland, recomme nded the adoption of a n ew 
s cale of radiation to replace the Smithsonian 1913 sca l e 
and the ~ngstr8m 1905 scale. Th i s scale was adopted b y 
the World Meteorological organization, to be effect i ve 
from January 1, 1957, and is k n own as the International 
pyrh eliometric Scale 1956, whi ch we shall write as I. P. 
sca le 1956. By definition of this scale, to express 
pyrh eliometric measurements on the I. P. scale 1956 , the 
me a s urements on the ~ngstrom 1905 scale should be incr eas e d 
b y 1.5 per cent and the measurements on the Smithsonian 
1913 scale should be decreased b y 2.0 per cent. 

The relation between the I . P. scale 1956 and the 
other scales is shown in the fo l l owing diagram. 

57 



-16-

I. P. Scale 1956 

2.8% 

smith1oni~ - Angst:~:%COiParison - Lab Source 

) 

smithsonian - Angstrom comparison - Solar Source 
IJ 
I"" 
I 
I 

1.0% 

British-~ngstrom Comparison 

1Fo1c:-~,._- - - - - -
I 

.5% 

potsdam-~ngstrom Compari~on 

~'<-----..::>~ •• - - -
I 
I 
I 
r-

1 , 
Smithsonian 

.5% 

revision 1932 
a~ 

. 5% 

Stockholm revision 
....... ,-

2.0% 

r 

• I 
I 
I 

.. ..I 

.. J I 
I 
1 
1 
I 
I 

I 
Smithsonian Scale 1913 

~. 

1.5% 
Q I ._ 
Angstrom Scale 1905 
~J 

58 

---~ 



-17-

Each black dot represents a scale of radiation, and its 
relative distance to the right or to the left of the vertical 
line shows by what percentage the readings on that scale 
are higher or lower than the r eadings on the International 
pyrheliometric (I. P.) scale 1956. By definition of the 
I. P. scale 1956, the ~ngstrom 1905 scale is low by 1.5%, 
and the Smithsonian 1913 scale is high by 2.0%. The 
smithsonian revision of 1932 makes the Smithsonian 1932 
scale 0.5% lower than the I. P. scale 1956. The Stockholm 
revision makes the corrected Angstr8m scale 0.5% higher 
than the I. P. scale 1956. Both the British and German 
scales are lower than the I. P. ' scale 1956. 

These relatively large di fferences between the different 
scales should be borne in mind when comparing the values of 
the solar constant given by different authors. 

A question of special interest !~: o~lwhat scale is 
based the Johnson value, 2.00 cal cm min of the solar 
constant? What Johnson attempted was a revision of the 
Smithsonian data. According to the smithsonian~~he. s91ar 
constant, on the scale of 1913, is 1.981 cal cm m1n. 4 
But readings on this scale are too high. Aldrich and Hoover 
stated in a paper in 1952 by how much the value should be 
lowered; the amount is 2.37 per cent, which is slightly less 
than the 2.5 per cent of the 1932 revision. It is this 
correcti on that Johnson accepted as a starting point: 
1.981 (1 - 0.0237) = 1.934. Thus the Johnson value is 
based on a scale 0.37 per cent lower than the International 
pyrheliometric Scale 1956 . 

III. REVIEW OF MAJOR CONTRIBUTIONS 

1. Smit hsonian Institution 

The most extensive investigations on the solar constant 
and the spectral distribution of solar radiant flux are those 
made by the Smithsonian Institution of Washington, D. C. The 
work was started at the beginning of the century, and was 
continued for over fifty years. 
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The main steps of the smithsonian pro£edure are s~~wn 
in figure 1, which is adapted from Johnson and Tousey • 
There are two independent measuring instruments, one a 
pyrheliometer which measures the total energy without any 
spectral resolution, and the other, a spectrobolometer which 
measures on a r elative scale the solar spectral radiant 
f lux. The pyrheliometer reading is used for converting the 
relative values of t h e spectrobolometer to an absolute scale. 
But the two instruments do not have an identical wavelength 
range. The spectrobolometer is limited to the wavelength 
range 0.346 to 2.4 microns, whereas thepyrheliometer registers 
the energy of the entire spectrum as transmitted by the 
atmosphere. Hence one has to add to t h e integrated area 
under the c urve given by the spectrobolometer a correction 
f actor. The correction factor is equal to the area under 
the two ends of t he curve of spectral r adiant flux. with 
this correc tion factor the spectrobolometer curve is extended 
to the whole range of the pyrheliometer , and the area under 
the c urve is e q u ated to the pyrheliomet ric reading. 

Thus the relative scale of the spectrobolometer is 
converted to an absolute_2cale and values of spectral 
radiant flux in watts cm are available for .the· range 
0.346 to 2.4}4- • 

These values, however, refer to the solar energy received 
at the surface of the earth. The table of values thus 
obtained for different wavelengths are next extrapolated to 
zero air mass by comparing the data for different zenith 
angles. For large zenith angles the assumption that the 
optical air mass , m, is equal to the secant of the zenith 
angle dOi~ not hold good, and the modi f ications given by 
Bemporad f or the curvature of the atmosphere and refraction 
are to be applied. 

The extrapola tion to zero air mass gives the curve for 
spectral radiant flux in the range 0.346 to 2.4~ outside the 
earth's a tmosphere . The area under the curve is determined 
by i ntegration. To the integrated value is added the zero 
air mass c orrect i ons , namely, the areas under the curve of 
s olar spe ctr al rad iant flux in the ultr aviolet range below 
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O.346~ and in the infrared beyond 2.4 ~. The final result 
of this procedure is the solar constant. 

The smithsonian procedure has remained practically the 
same over the years, but the value of the solar constant 
has often been revised, partly due to improvements in methods 
of measurements and data reduction, and partly due to revision 
of the pyrheliometric scale. 

2. Parry Moon's Analysis 

A contribution of major importance in our current 
knowledge of the solar radiant flux was made by Parry Moon 
in 1940. Moon's main purpose was to propose standard solar 
radiation curves for engineering use. He attempted to 
collate and compare available data on questions such as 
variation of solar illumination with seasons of the year, 
hours of the day, latitude of location, height above sea 
level, etc. In doing so, he made a systematic study of the 
absorption effect of the atmosphere and the spectral distri­
bution of radiant flux outside the atmosphere. 

parry Moon made a detailed analysis of the absorption 
effects of the atmosphere. The results are presented in 
a series of tables and graphs which it is not necessary to 
reproduce here. The main results are summarized in figure 
2, reproduced from P. R. Gast, which gives four curves 
related to solar spectral radiant flux. The lowest curve 
which has a large number of sharp dips is the spectral 
radiant flux as observed by a ground - based instrument when 
viewing solar radiation at zenith angle zero, that is, when 
the path of sunlight is normal to the earth's surface. 

The smoother curve shown above the experimentally 
observed curve is what the spectral distribution would be 
in the absence of the major molecular absorption effects of 
°2 , 03' H20 and CO2 , 

The third curve is the solar spectral radiant flux for 

61 



I~ 
I 

-20-

a i r mass zero. This curve, however, is based not on · Moon's 
computation, but on the later and more accurate revision of 
Smithsonian data given by Johnson. A fourth curve, the 
blackbody radiation curve for 6000 o R, is shown for purposes 
o f comparison. 

Another major contribution by Moon was a comparison of 
the Smithsonian results with those of other independent 
observers. This is shown in figure 3. Smithsonian's best 
results are believed to be the weighted average of the 
measurements of 1920 - 22, which is shown in the figure by 
c i rcles, and the circles are joined together by a short 
dash c urve. Three other sets of Smithsonian data shown in 
the f i gure are from ear1ierperiods: 1903 - 1910, 1903 -
1910 omitting quartz results, and 1916 - 1918. These results 
a r e compared with those from three othI6 independent sources, 
Wi lsin,'s measurements made at potsdam

18
, Pettit's measure­

ments 1 and those of Fabry and Buisson . The data of 
figu re 5 a re i n arbitrary units , on a log-log scale, and 
hence the shape o f the curves appears different from those 
o f figure 2. The log scale for spectral radiant flux permits 
one to shift any set of points up or down to secure maximum 
agreement with a l l the other sets. The blackbody distribu­
t i on shown in figure 3 by long dash curv e is for 6000 o R; 
this temper ature was chosen because the maximum of the 
6000 0 R blackbody distribution occurs at about the same 
wavelength a s f o r the smithsonian 1920 - 22 results. The 
s t andar d curve which Moon proposed as t h e best fit after 
due we ighting for all published results is shown by the 
heavy c ontinu ou s curve. 

Moon's proposed curve follows the data of Fabry and 
Buisson in the wave l ength range below 0.32}4 and the data 
of Pettit for the r ange 0.32~ to 0.40~. He considered 
thes e more reliable f or the respective r anges. The 
Smithsonian v a lues were apparently too h igh because of 
scatte red light in the spectrograph. I n the range 0.40 to 
0 . 60~ the smithsonian results are in g eneral agreement with 
other r esults. Moon's curv e depa rts aga in from the smith­
soni a n r esults i n the longer wavelength range. In the 
rang e 0 . 60 t o 0.75 ~ the smithsonian va l ues are lower than 
a l l the other v a l ues which are i n close agr eement. 
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For the range 0.50 to 1.0 ~ the depression of the solar 
curve below the 6000 0 K blackbody curve is so well established 
experimentally that Moon felt there is no justification in 
following the Planckian curve in this range. In the infrared, 
beyond 1.25 ~ up to 2.5)4 , the 6000 0 K Planckian curve seemed 
sufficiently close to all available experimental data other 
than the smithsonian 1920 - 22 data. In the range beyond 
2.5~ experimental data are scarce. water vapor and carbon 
dioxide have strong absorption bands in this range, so 
that the extrapolation of ground - based measurements to 
zero air mass is subject to large errors. Hence Moon 
suggested the 6000 0 K Planckian curve for the range beyond 
1.25 f- . 

The total area under the solar spectral di~~ribution 
curve E~opos~~ by parry Moon is 0.1322 watts cm or 1.896 
cal cm min . The value is based on the 1913 smithsonian 
scale and hence must be increased by 2 per cent to agree 
with the International pyrheliometric scale 1956. In order 
to compare Moon's results with the more widely accepted 
Johnson's results, all values on Moon's scale should be 
multiplied by 1.026,which is the ratio of Johnson's and 
Moon's values of the integrated solar radiant flux in the 
wavelength range of Moon's table, that is, for A greater 
than 0.29 t. 

3. National Bureau of Standards, Stair and Johnston 

Ralph Stair and Russell G. Johnston made in 1955, and in 
earlier year~ a series of extensive measurements of the 
spectral radiant flux of the sun. They attempted to eliminate 
some of the major sources of error of the Smithsonian data. 
The authors observe that in the smithsonian work the solar 
beam was reflected into a spectrobolometer by a metal coated 
mirror who~e reflectivity was subject to change with age. 
The light is incident on the mirror at different angles, 
which introduces another factor of uncertainity in the 
reflection coefficient of the mirror. The solar image is 
focussed on the slit of the spectrograph, and hence the 
spectrograph views only a very small portion of the solar 
disc at 2 given time. Large and rather uncertain correction 
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factors are involved in attempting to calculate the energy 
of whole solar disc from such measurements. 

Another source of error in the Smithsonian data is that 
a pyrhe1iometer is used to integrate the energy of the Whole 
spectrum and to obtain the result in absolute units. This 
involves several assumptions based on inadequate observational 
data concerning the absorption of energy by the atmosphere 
and the spectral 1imi~of the pyrhe1iometer. 

stair and Johnston adopted an experimental arrangement 
which eliminated automatically several of these sources of 
error. The apparatus was set up at a location where the 
effects of the atmospheric absorption were considerably 
less than at sea level in a densely populated city. The 
location chosen was Sunspot, New Mexico, at an altitude of 
9200 feet. The spectrum was scanned by a Leiss double 
quartz prism spectrograph. It was mounted on the polar 
axis and driven across the sky. Hence the corrections for 
oblique incidence of light on he1iostat mirrors could be 
eliminated. A specially designed amplifier circuit ensured 
a high degree of linearity of response. Tungsten ribbon 
standard lamps calibrated at the National Bureau of Standards 
were used to reduce the readings to absolute intensity 
values. 

Measurements were made on four days, June 3, 4, 6, and 
7, 1955, in the spectral range 0.3 to 0.54 microns. On 
four other days, June 16, 17, 18 and 19, measurements were 
made in the range 0.32 to 2.6 microns. The effect of 
atmospheric attenuation was determined by the conventional 
method of assuming that the path length through the atmosphere 
is proportional to the secant of the zenith angle. A complete 
discussion of the methods of data reduction are1~iyen in 
various publications of Stair and his coworkers ,20, 21, 6 

The s o lar constant is calculated from the area under the 
spectral radiant flux curve for zero ai r mass. The experi­
mental curv e is for the actual sun-earth distance at the 
time of the mea s urement. In order to get the values of 
spectral radiant flux for the average sun-earth distance, the 
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observed values were multiplied by 1.0244. No data f~r the 
spectral radiant flux are experimentally available for the 
ultraviolet range below 0.3~or for the infrared range above 
2.6~. For the ultraviolet, the curve is arbitrarilyassumed 
to drop down to zero at about 0.2 or 0.22~. A correction factor 
of 0.06 calories per sq. cm. per minute is assumed to be the 
probable solar energy of wavelength beyond 2.5~, based on a 
blackbody curve at the solar temperature. with the addition 
of these correction factors, the value of the solar constant is 
2.05 calories per sq. cm. per minute. 

According to the authors this value is probably correct 
to less than 5 per cent, and "is in general agreement with recent 
estimates, being a little higher than those usually reported b~ 
the_rmithsonian Institution." Johnson's value is 2.00 cal cm­
min which is only 2.5 per cent less than Stair's value, and 
hence well within the percentage accur~2Y claimed by Stair. 
The infrared correction of 0.06 cal cm min- 1 assumed by stair 
is 2.93 per cent of the total, and is slightly below Johnson's 
estimate for this range, which is 0.065 cal cm- 2 min-lor 3.27 
per cent of the total. 

In their discussion of the data, stair and Johnstanstress 
the complicated nature of the steps involved in gathering and 
evaluatingthe measurements. There are numerous sources of 
uncertainty and error. Hence the accuracy cannot claim to 
be better than plus or minus a few per cent. They also observe 
that the results they obtained at sunspot were slightly 
different from 2Bose they had reported e~llier from their measure­
ments at Climax and at Sacramento peak • This is probably 
to be attributed to improvements in the experimental technique 
or may also be due to solar changes within the interval. Another 
important source of uncertainty which the authors have stressed 
is the radiometric standard. The values currently adopted for 
the s pectral emissivity of tungsten are subject to revision, 
and such revision , if later found necessary, will alter the 
values 'of the solar constant and the solar spectral radiant flux. 

4. Naval Research Laboratory, Dunkelman and Scolnik 

Another set of measurements which should be reviewed in 
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some detail were made by Dunkelman and Sco1nik. These measure­
ments were made in 1951, but were not reported in det.ail until 
eight years later in 19592 . The conventional method used by 
Stair, Moon and earlier workers was adopted to extrapolate 
from ground-based measurements to zero air mass. The observa­
tion station was situated on the top of a flat rock, at an 
elevation of 8025 feet, on Mount Lemmon , near Tucson, Arizona. 
But it was a real disappointment to the observers that the 
sky about Mt. Lemmon was overcast with clouds during most of 
the period, September 20 to october 17, 1951, which they spent 
on the mountain top. Useable data were obtained only on one 
day, October 4. On that day a total of 25 spectral scans were 
made at different times from early morni ng till late in the 
evening. 

The spectrum was produced and the energy scanned by means of 
a Leiss quartz double monochromater, detected by alp 21 
photomultiplier tube, amplified and presented on a strip chart 
recorder. The wavelength covered was from 0.303 to 0.700j', 
the only range where the 1 p 21 detector is sufficiently 
sensitive. In this small range, wavelength-wise, only 8 per 
cent of the entire range of 0 to 5 J4 of the solar spectrum is 
contained about 40 per cent of the tota l solar energy. The 
purpose of the observers was not to chart the entire spectrum 
or to evaluate the solar constant, but to provide a calibration 
standard whereby the relative measurements of the rocket data 
collected by the Naval Research Laboratory in the little 
known ultraviolet range could be reduced to absolute values 
of radiant energy. 

The equipment was calibrated frequently by using the 
spectrum of the tungsten lamp. The tungsten lamp which operated 
at a temperature of 2800 0 K had previous l y been calibrated at 
the National Bureau of Standards with reference to a black-
body, in accordance with the Bureau's well established procedure. 
There is no reason to doubt the N. B. S . calibration technique, 
and it was decidedly the best available at that time. However, 
it should be noted that the N. B. S. does not claim an accuracy 
better than 5 per cent for its calibration table. The method 
which was used in 1951 involved a series of difficult calcula­
tions from the color temperature to the true temperature, and 
thence through blackbody radiation functions and spectral 
emissiv ity curves of tungsten to the spectral radiance of the 
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tungsten ribbon as viewed through a quartz window. This method 
bas since been replaced, and the present calibration tables 
give the spectral radiance at selected wavelengths for a specified 
current. 

The block diagram of the apparatus used by Dunkelman and 
Scolnik is reproduced in figure 4 from their original paper2. 
Light from the sun or from the standard source, L, is intro­
duced into the Leiss double monochromator from the magnesium 
carbonate block C. The lamp current and the voltage are monitored 
continuouslYby means of the voltmeter V and ammeter A, and 
adjusted when necessary by a variac VA. The mirror M is 
interposed in the path of the beam from the siderostat when a 
calibration run is to be made. The signals from the photo­
multiplier PM are amplified by a D. C. amplifier and recorded 
on a stripchart recorder. A bucking box B serves to subtract 
the dark current. 

A major contribution of Dunkelman and Scolnik was the 
detailed comparative study they made of the data obtained by 
different observers. The results of this study are presented 
in figures 5 and 6, also reproduced here from their original 
paper. 

In figure 5 are given the better known measurements of the 
entire solar disc made prior to 1949. The smithsonian data22 ,23 
are usually shown in relative units only, though they are basically 
absolute. pettit24 normalized his spectral solar radiance data 
to agree with those of the Smithsonian at 0.45 J4. In figure 5 
both the smithsonian and pettit's curves have been readjusted 
downwards to make them conform to the new absolute energy 
values for the solar spectrum given in the Ninth Revised Edition 
of the Smithsonian physical Tables 25 . The short curve for 
the range 0.3 to 0.33~ is based on Stair's absolute measure­
ments of 1947 26 • The data of Hess 27 , Reiner28 , and Gotz and 
schonmann29 were published only on a relative scale. Dunkelman 
and Sco1nik normalized these curves against Pettit's at 
0.4725~ in order to make a meaningful comparison. The large 
differences in the wavelength range below 0.4}4 are probably 
due to stray light in the spectrograph, uncertainties in the 
calibration of the tungsten standard, and errors in the extra­
polation to zero air mass in a wavelength range of high absorp­
tion. 

In figu re 6 is shown a comparison of Dunkelman and 
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Scolnik's measurements with more recent data, those of pettit. 
and of Stair and Johnston. The curves are based on integrated 
energy values and do not show the fine details of figure S. 
stair and Johnston's curve agrees closely with that of Dunkel-
man and Scolnik in the wavelength range below 0.5,." whereas - 1 
Pettit's values are lower by about 25 per cent. In the range 
above 0.5", the results of Stair and Johnston are high, 
whereas those of Dunkelman and Scolnik and of pettit are in 
fairly close a1reement. Solar spectral radiant flux at 0.6 
is 1.81 ~w cm- A-I according to Dunkelman and Scolnik and 
1.963 rW cm- 2 A-I according to Stair and Johnston. Francis 
Johnson had concluded that the original scale of Dunkelman 
and Scolnik had to be raised by 9 per cent in order to conform 
to the Smithsonian data and the NRL rocket data. The value 
1.81 is on this raised scale. The value on the original scale 
is 1.66/,-w cm- 2 A-I which is different from Stair's value by 
18.2 per cent. This large difference occurs in a wavelength 
range which might be considered the most favorable for accurate 
solar measurement, a range where the solar energy is high, 
atmospheric absorption is low, detectors are highly sensitive 
and the tungsten standard is sufficiently stron~. Concerning 
this difference, however, Dunkelman and Scolnik make the 
following observation: "The results of Stair between 5000 
and 7000 A are high, and are not in agreement with any 
previous work including his own earlier measurements. 
Furthermore they lead to a value of extra-terrestrial 30 
illuminance that is higher than recent measurement of Karandikar 
and most previous solar illuminance measurements." 

5. Revision of Smithsonian data by Francis S. Johnson 

Francis S. Johnson and his co-workersat the Naval 
Research Laboratory undertook a major revision of the solar 
constant and of the solar spectral radiant flux. This work 
was stimulated by the new measurements i~lt~1 range 0.22 to 
0.34 fA- made by rocket-borne spectrographs ' and by the 
Mou~t Lemmon data of Dunkelman and Scolnik. Johnson's 
discussion of this revision was reported in 1954 in the 
Journal o f Meteorology. In 1957 an abr!dged report was 
published by R. Tousey in Nuovo cimento Johnson's 
revision started from the measurements which had been made 
for over half a century by the smithsonian Institution. A 
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number of corrections are involved in deriving the solar 
constant from the smithsonian data, and Johnson attempted to 
reevaluate these corrections with the aid of the more recent 
NRL data. 

The starting point f~2 Joh~ron's revision was the smith­
sonian value 1.934 cal em min , which is on the so-called 
"true" scale. Subtracting from this the Smithsonian zero 
air mass correction of 0.061 in the UV below 0.346~ ~~d 0.218 
in the IR above 2.4 JA-, Johnson obtained 1.835 cal cm min 
as the radiant flux for zero air mass in the range 0.346 to 
2.4~. To this value Johnson added three correction factors, 
0.006 an increase due to the revised UV spectrobolometer 
correction based on Mt. Lemmon data, 0.085 the revised UV 
zero air mass correction based on NRL rocket data and Mt. 
Lemmon data, and 0.076 the revised IR zero air mass correction 
based on the assumption that in the IR from 2.4 to at least 
l4~, the solar spectral radiant flux for zero air mass is 
that of a 6000 0 K blackbody. This assumption had been made 
earlier bY33'3~oon, and was appa3Sntly justified by the work 
by A. Ade1 ' and R. peyturaux • These three corrections 
when added t~2l.83~lyield the1!inal value of the solar constant 
2.002 cal cm min . Tousey observes: "We prefer to 
call it 2.00 since we feel that the probable error may be 
of the order of ± 2 per cent." Thus we hav~2 the ~~lue most 
frequently cited in literature, 2.00 cal cm min , and 
referred to as the NRL value or the Johnson value. 

Johnson's revision of the Smithsonian data also yielded 
a new table for the solar spectral radiant flux. The starting 
point is a curve of the spectral radiant flux on a relative 
scale, the same as for the solar constant. This curve is 
based on three sources which Johnson considered the most 
reliable, the NRL rocket data for wavelengths shorter than 
0.3l8}1-, the Mount Lemmon data for the range 0.318 to 0.60)' 
and parry Moon's results for the wavelength range beyond 
0.60~. The normalization procedure for converting the 
relative scale to an absolute scale is based on the reevalua­
tion of the spectrobologram corrections and the zero air mass 
corrections. Johnson has discussed in detail the steps 
involved in the procedure . 
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Johnson's data on solar spectral radiant flux is given 
in tab l e I. It is reproduced from a more recent ~ublication 
edited by Johnson, Satellite Environmen t Handbook 6. ' The 
same data are alsopresented in figure 7, which shows some of 
the finer details which are usually omitted in reproductions 
of the Johnson curve. Figure 7 is a reduced photograph of 
a drawing made on large scale g raph pap er of all the data 
points of table 7. 

IV. CONCLUSION 

In view of the discuss i ons in the previous sections, it 
would seem highly desirable that a new attempt be made to 
obtain more accurate and complete experimental data on the 
solar constant and the spectral distrib ution of the solar 
radiant flux . Johnson's work was mainly one of revision, 
and the experimental data for the revision had been obtained 
many years earlier by the smithsonian Institution . The 
observations of Dunkelman and Scolnik were made on one single 
day, and were limited to the visible portion of the spectrum. 
The data of Stair and Johnston were averaged over eight days, 
but the authors themselves emphasize t h e large uncertainties 
i nherent in the method. 

The task of accumulating new experimental data with a 
degree of accuracy considerably superior to that of currently 
available data, will necessarily be a h uge one. The justifi­
cation for attempting such a task lies mainly in the importance 
of the solar constant in many areas of physics and engineer­
i ng. The thermal balance of the earth depends on the energy 
f rom the sun. The attenuation characteristics of the atmosphere 
r emai n uncertain because the energy received above the at­
mosphere is uncertain. The solar radiant flux is an important 
parameter in most problems of astrophysics and solar physics. 
It is indeed a disturbing situation fuat so important a physical 
constant has an uncertainty of a few parts in a hundred, when 
s tandard tables of the physical constant, such as the velocity 
of light, electron charge, planck's con stant, etc., quote the 
values with an accuracy of one part in a million or a billion. 

The uncertainty in the solar constant and the solar 
spectral radiant flux has serious consequences for solar 
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.simulation and the thermal balance of spacecraft. This aspect 
of the question has a special interest for those engaged in 
building and testing satellites, since one of the more accurate 
methods of improving upon current data is to make measurements 
from above the atmosphere by satellite-borne instruments. The 
information which the satellites need for ensuring their 
operational stability can best be obtained by the satellites 
themselves. we have discussed earlier to what extent errors 
in the solar constant and the solar spectral radiant flux 
would effect the equilibrium temperature of spacecraft. A 
vast amount of effort is now being made in building and maintain­
ing solar simulators for pre-launch testing of satellites and 
space probes. The operational assumption in such testing is 
that if the satellite fails to maintain the required thermal 
balance under the simulated conditions it will also fail to do 
so under actual conditions. High energy radiant sources, as 
for example, the carbon arc or the mercury-xenon arc, illuminate 
the test floor with energy which matches, as far as practicable, 
the energy of the sun both in spectral distribution and in 
total energy. It is obviously impossible to simulate accurately 
something unknown or uncertain. However, it should be pointed 
out that at the present time the degree of error in our 
knowledge of the solar energy is not the only obstacle or 
the major obstacle for adequate solar simulation. The margin 
of tolerance permitted or realistically attainable with high 
energy solar simulator sources is larger than the assumed 
margin of error in the published values of the solar constant 
and the spectral distribution of solar radiant flux. However, 
as efforts are being made to improve the energy output and the 
spectral characteristics of solar simulators, a parallel effort 
should be made to ascertain more accurately what one is trying 
to simulate. The large uncertainties in the ultraviolet region, 
referred to by P. R. Gast, may also have unpredictable effects 
on the rapid deterioration of certain surface materials. 

14 
R. Tou ~ey concluded his discussion of the NRL revision 

of the solar constant with this remark: "I feel that new work 
on the solar constant is in order, but it will not be easy to 
improve on the accuracy attained by the Smithsonian. Attempts 
to make measurements directly from rockets have been made, but 
not yet wi th completely satisfactory results. The values 
obtained were of the order of 2.0 however. Measurements 
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from the ground could now be made with increased accuracy due 
to the present day availability of many new radiation' measuring 
techniques. To do this will require a long series of pain­
staking measurements , preferably, from two independent stations 
located at widely separated points on the earth." 

Tousey's observations were made in 1957 at the threshold 
of the satellite age. The intervening y ears have witnessed a 
rapid progress in satellite technology. Satellites of the 
near future give promise of larger and bolder experiments. 

The severe limitations which existed in earlier years on 
the size and mass of the experimental package and on the available 
supply of power are now being removed. The obvious advantage 
of a satellite experiment to measure the solar spectral radiant 
flux is that the spectrograph is outside the earth's atmosphere 
and that the difficult and highly doubtful corrections for 
atmospheric absorption are unnecessary. Measurements can be 
made over a prolonged period of time, and many repeated values 
can be taken so as to average out all random experimental 
errors. 

However, every precaution should be taken to forestall 
systematic errors which might wholly vitiate the results. The 
measurements of the Smithsonian, N.B.S. and N.R.L. were made 
by experienced observers who always had ready access to the 
apparatus and could make readjustments whenever necessary. A 
completely automated experimental package presents problems of 
a different order of magnitude. But the solutions to these 
problems are within reach for present day satellite technology. 

A quartz double prism monochromator might well be the main 
unit in the experimental package. More than one energy sensing 
device will be needed to cover completely all ranges of wave­
length. Some form of 'on-board' calibration, as for example, 
with a secondary standard of spectral radiance, will be necessary. 
Adequate shielding should be provided for stray radiation from 
the earth or from the body of the satellite itself; or these 
will have to be corrected for. The satellite should have the 
attitude control for pointing constantly to the sun, and the 
optical system should be such as to view the whole solar disc. 
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A total energy sensor mi~9t well be needed as an auxiliary 
piece of apparatus. R. Hanel and hisoo-workers have suggested 
a compact unit of this type, and the original design is now 
being improved upon. Readings of the total energy sensor would 
provide an additional means of calibration, in the same manner 
as the smithsonian pyrheliometer was used to convert the relative 
scale of the spectrobolometer to an absolute scale. 

Due attention will have to be paid also to small percentages 
of energy in the ultraviolet and the infrared wavelength ranges 
where the quartz prism is an effective absorber. The N.R.L. 
rocket-borne spectrographs and the albedo measuring devices 
of the Tiros satellites provide many helpful suggestions for 
mapping accurately these relatively inaccessible regions of 
the spectrum. 

The prism spectrograph with the auxiliary units for cali­
bration provides one method of approach and perhaps the best. 
A slightly different method is to employ a series of narrow­
band-pass filters. Many different types of filters are commer­
cially available. The relative ruggedness and simplicity of 
an experimental package with a series of filters and a thermopile 
might more than compensate for the lack of detailed spectral 
resolution. But considerable research still needs to be done 
on the stability of the transmission characteristics of the 
filters and on the method for obtaining a curve for the spectral 
radiant flux from the energy transmitted by the filters. 

Richard ToUsey14 justly pointed out the desirability of 
more ground-based measurements, since new radiation measuring 
techni ques are now available. He also said that measurements 
should preferably be made from widely separated points on the 
earth . More ground-based measurements are undoubtedly of great 
value. On e ob jection to ground-based measurements is that they 
would tell us more about the characteristics of the atmosphere 
than about t he solar radiant flux. Abundant data about the 
upper atmosphere and about the earth albedo are now available 
from satellite experiments. These data might well serve for 
a more reliable extrapolation to zero air mass than was previously 
possible . The problem of extrapolation can be considerably 
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reduced if the measurements are made not from a mountain top 
but from a high flying aircraft such as the X-1S, A-ll or 
U-2,or from a balloon. These provide an alternate approach 
to the satellite experiment. 

A major problem in all absolute measurement of energy is 
the standard of spectral radiance and total radiant flux. 
Data of any degree of accuracy which are cited in literature, 
whether of smithsonian, N.R.L. or N.B.S . , refer ultimately to 
the spectral radiance standards of the N.B.S., or to the 
Smithsonian pyrheliometer. There is no complete agreement 
between different countries and differen t national laboratories 
concerning the standard of energy. If a determined and massive 
effort is made to reevaluate the solar constant and the solar 
spectral radiant flux, an essential part of that effort will 
be to define an internationally acceptable standard of energy. 
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FIGURE 3 
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Table I. Johnson's dato on solar spectral radiant flux (denoted 
by PA) for a ir mass zero 
A in microns; PA in watts cm-2 ~ -I. Third column is 
the cumulative percentage of energy. 

>. p\ cum. >. p\ cum. >. p\ cum. ). p\ cum. 

(~) (w/cm'~) (%) (~) (w/cml~) (%) (i') (w/cm'l') (%) (-) (w/cm"l') (%) 

0.22 0.0030 0.02 9·395 0.120' 3.54 '0.57 0.187 33.2 1.9 0.01274 93.02 

0-:-225 0.0042 0.03 0.40 0.154 9.03 .9.575 0.187 33 .9 2.0 0.01079 93.87 
0.23 0.0052 0.05 0.405 0.1&3 9.65 0.58 0.187 34.5 2.1 0.00917 94.58 
0.235 0.0054 0.07 0.41 0.19~ 10.3 0.585 0.185 35.2 i.2 0.00785 95.20 
0.24 0.0058 0.09 0.415 0.19Z 11.0 0.59 0.184 35.9 2.3 0.00676 95.71 

0.245 0.0064 0.11 0.42 O.ln 11.7 0.595 ' 0.183 36.5 2.4 0.00585 96.18 

0.25 0.0064 0.13 l).425 0.189 12.4 0.60 0.181 37.2 ?5 0.00509 96.57 

0.255 0.010 0.16 0.43 0.173 13.0 ..Q.61 0.177 38.4 2.6 0.00445 96.90 

0.26 0.013 0.20 0.435 0.182 13.7 0.62 0.174 39.7 2.7 0.00390 97.21 

0.265 0.020 0.27 0.44 0.203 14.4 0.63 0.170 40.9 i.8 0.00343 97.47 

0.27 0.025 0.34 0.445 0.21S 15.1 0.64 0.166 42.1 2.9 0.00303 97.72 

0.275 0.022 0.43 0.45 0.22:> 15.9 0.65 0.162 43.3 3.0 0.00268 97.90 

0.28 0.024 0.51 0.455 0.219 16.7 0.66 0.159 44.5 3.1 0.00230 98.08 

0.285 0.034 0.62 -0.46 0.216 17.5 0.67 0.155 45.6 3.2 0.00214 98.24 

0.29 0.052 0.77 0.465 0.215 18.2 0.68 0.151 46.7 3.3 0.00191 98.39 

0.295 0.063 0.98 0.47 0.2P 19.0 0.69 0.148 47.8 3.4 0.00171 98 .52 

0.30 0.061 1.23 0.475 0.220 19.8 0.70 0.144 48.8 3.5 0.00153 98.63 
(, .305 0.067 1.43 0.48 0.21 6 20.6 0.71 0.141 49.8 3.6 0.00139 98.74 

0.31 0.076 1.69 0.485 0.203 21.3 0.72 0.137 50.8 3.7 0.00125 98.83 

0.315 0.082 1.97 0.49 0.199 22.0 0.73 0.134 51.8 3.8 0.00114 98.91 , 

0.32 0.085 2.26 0.495 0.204 22.8 0.74 0.130 52.7 3.9 0.00103 98.99 

0.325 0.102 2.60 0 .. 50 0.198 .23 .5 0.75 0.127 53.7 4.0 0.00095 99.05 

0.33 0.115 3.02 0.505 0.197 24.2 O.SO 0.1127 57.9 4.1 0.00087 99.13 

0.335 0.111 3.40 ·0.51 0.196 24.9 0.85 0.1003. 61.7 4.2 O.OOOSO 99.18 

0'.34 0.111 3.801 0.515 0.18Q 25.6 0.90 0 .0895 65.1 4.3 0.00073 99.23 

0.345 0.117 4.21 0.52 0.187 26.3 0.95 0.080~ 68.1 4.4 0.00067 99.29 

0.35 0.118 4.63 0.525 0.1~ ~ 26.9 1.0 0.0725 70.9 4.5 0.00061 99.33 

0.355 0.116 5.04 0.53 0.195 27.6 1.1 0.0606 75.7 4.6 0.00056 99.38 

0.36 0.116 5.47 0.535 0.197 28 .3 1.2 0.0501 79.6 4.7 0.00051 99.41 

0.365 0.129 5.89 0.54 0.198 29 .0 1.3 0.0406 82.9 4.8 0.00048 99.45 

0.37 0.133 6.36 9. 545 O.ln 29.8 1.4 0.0328 85.5 4.9 0.00044 99.48 

0.375 0.132 6.84 0.55 0.lS5 30.5 1.5 0.0267 87 .6 5.0 0.00042 99 .51 

0.38 0.123 7.29 0.555 0.H2 31.2 1.6 0.0220 89.4 6.0 0.00021 99.74 

0.385 0.115 7.72 0.56 O. IS'O 31.8 1.7 0.0182 90.83 7.0 0.00012 99.86 

0.39 0.112 8.13 0.565 0.189 32.5 1.8 0.0152 92.03 
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INTRODUCTION 

SOLAR SIMULATION TESTING OF AN EARTH SATELLITE 
AT GODDARD SPACE FLIGHT CENTER* 

by 

R. E. Bernier, R. H. Hoffman 
A. R. Timmins, and E. I. Powers 

Goddard SPace Flight Center 

.... 

The use of solar simulation to evaluate the thermal performance of a spacecraft is still rela­
tively new and controversial. Reference 1 reports successful use of carbon arcs in testing the 

Telstar spacecraft. Additional information on the use of the carbon arc as a solar source should 
be useful in evaluating its effectiveness as a thermal design technique. At Goddard Space Flight 

Center carbon arcs have been used for achieving the solar simulation testing of spacecraft sized 
for the Delta and Scout boosters. This report presents data and experience from such testing, 
using the results from the flight backup Ariel II (UK-2/S-52) international satellitet as an example. 

OBJECTIVES OF THE TEST 

The primary purpose of exposing a spacecraft to a simulated solar atmosphere is to verify 
the thermal design of the spacecraft in full operation. 

An additional objective is to check the operation of experiments in the vacuum chamber with 
simulated solar energy. Some experiments are directly stimulated by the sun, as in the case of 

ozone measurement experiments on the UK-2/S-52. Others, such as the micrometeoroid detector, 
use sunlight as a secondary medium by measuring the amount of sunlight passing through the punc­

tures in a foil. Spacecraft subsystems also use sunlight as an event marker, Switching operational 
modes as a sunrise or sunset condition is encountered. 

A benefit derived from a solar test of a spacecraft is the exposure of spacecraft coatings and 

exposed surfaces to the thermal radiation environment encountered in orbit. In this way, possible 
physical incompatibilities may be discovered. 

·Presented by Mr. Bernier at the Institute of Envitonmental Sciences 1964 Technical Meeting and Equipment Exposition, Philadelphia, 
April 13-15. Published in 1964 Proceedings. pp. 209-216. 

1 Ariel II was launched success fully March 27, 1964 (designation : 1964-15A). The initial orbital temperature data compared favorably 
with prelaunch predictions. 
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For these reasons, as well as the basic de sir oj Ct ri ronmental testing groups to demonstrate 

spacecraft performance under the simulated environmcnt, a solar test of the UK-2/S-52 interna.-

tional satellite was conducted. 

THERMAL DESIGN AND PREDICTIONS 

As previously stated, the primary purpose of conducting a solar test is to verify the thermal 

design of the spacecraft. Therefore, a brief discussion of the radiation inputs and the thermal 

model is presented so that a better appreciation of the lest results may be possible. 

For the UK-2/S-52, internal power dissipation is relat ivcly small, compared with the total 

radiation input, and does not have a significant effect on the satellite mean temperature. In general, 

the magnitude of this effect depends on the emittance € and the surface area (e.g., with a surface 
of low absolute €, internal power may raise the temperature significantly because the skin has a 

limited capacity for reradiation). 

Direct solar heating, earth-reflected solar heating (albedo), and earth-emitted radiation (earth­
shine) r epresent the significant inputs to the satellite'. It is : ljlp:l 1'('l1t that an adequate thermal df'­

sign is predicated on a reasonably accurate know\('d!!,l' of tiH's(' thermal radiation inputs. Thc ma­

jor source of energy-direct solar radiation-is, fortunately, the most accurate obtained, Since the 
sun's rays impinging on the satellite are virtually parallel , the problem is simply one of deter­

mining the instantaneous orientation of each external face with respect to the solar vector. 

Determination of the Thermal Model 

Of prime importance in the thermal analysis 

of a spacecraft is the determination of the thermal 
model. The model , an approximate mathematical 

representation of the satellite, is composed of a 

number of isothermal nodes or areas. The selec­
tion of these nodes is governed partly by conven­

ience in working around interfaces, by accuracy 
requirements, and by a desire to minimize engi­
neering and computer time. 

First inspection of the UK-2/S-52 (Figure 1) 

showed that the broadband ozone detector mounted 

on top of the spacecraft was essentially independ­

ent of the spacecraft itself. Therefore, separate 

thermal models were developed for the main 
spacec r aft and the detector and were thermally 

coupled by radiation and conduction interchange. 

The spacecraft was divided into 20 nodes, and the 
broadband ozone detector into 19 nodes. 
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The thermal model of the ozone detector is shown in Figure 2. The most critical elements of 
this experiment are the monitor cell and the thorium-coated glass-enclosed tube at the top, each 
of which must be maintained below 60 oe. 

The thermal model of the spacecraft is shown in Figure 3. Since the satellite is spinning 
about its longitudinal axis, skin temperatures tend to be uniform about the axis. This, together 
with the symmetrical design of the spacecraft, greatly simplifies the thermal considerations. As 
Figure 1 illustrates, there are a few components exposed to space: the ferrite rod antennas 
mounted in two fiber glass containers, the foil of the four micrometeoroid experiments, and the 

four apertures of the ozone scanners. There are also several openings in the bottom dome around 
the boom and paddle arm mounts which expose certain internal elements to space. 

Since elements exposed to space generally undergo Significant fluctuations in temperature, 
three of the ten external nodes were assigned to the ferrite rods, micrometeoroid foil, and the 
ozone scanner apertures. Of the ten internal nodes, five are structural elements and five relate 

to the experiments. The experiments on the upper shelf were considered as one node, since each 

ALUMINUM CYLI 

MONITOR 
SUPPORT CYLIN 

MONITOR CELL 
SUPPORT CYLINDER 

Figure 2-Broadband ozone detector node locations. 
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is similarly influenced by the temperatures of 
of the upper dome and mid skin while the power 
dissipated is negligible. The equipment on the 
lower shelf also was considered as one node. 

EXPERIMENTS CD 
ON TOP SHELF 

OZONE 
ELECTRONICS 

STACK 

@ 

® 
TAPE RECORDER 

MOUNTING 
IL.... __ --"""'-__ ~ TUBE 

Figure 3-Thermal model for flight backup Ariel II, 
main body node locations. 
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The batteries, however, were investigated in further detail because of local hotspots while being 
charged. The three remaining internal nodes represent the ozone electronics stack, the galactic 
noise-reeling mechanism, and the tape recorder. 

Conduction and Radiation Interchange 

Every node is thermally coupled to one or more nodes by conduction and/or radiation inter-. 
change. External nodes also radiate to space. To determine the radiative coupling, the shape-
factor area product and the effective emittance between nodes were determined. The shape-factor 
calculations were simplified by reducing the internal nodes to Simple geometric forms (flat plat~s, 
cylinders, spheres, etc.) and by employing sources such as Reference 2. Almost the entire inter­
ior of the spacecraft was painted black to minimize thermal gradients. The effective emittance 
values were, therefore, approximately equal to 1. 

The conduction interchange presented a problem in some cases since there was no way of 
accurately determining the conductance across joints. In these cases the extremes were consid­
ered, assuming both perfect contact and virtual isolation of the two nodes to determine how large 
a gradient might exist. Ten percent of perfect contact area was usually used for a nominal value. 

Solar Input 
As mentioned earlier, the major source of heat input to an orbiting satellite is direct solar 

radiation. The solar radiation absorbed by an external surface is SApa , where S is the solar 

constant, A is the projected area to sunlight, and a. is the solar absorptance of the surface. 
p 

Determining the projected areas of each surface element or node for different positions around 
the spin axis and for various aspect angles was accomplished by taking pictures of a one-fifth­
scale model of the spacecraft. The satellite was designed to operate within solar aspect angles 
(angle between the solar vector and spin axis) of 45 to 135 degrees. However, for a complete ana­
lytical study the prOjected areas were determined for all aspect angles at 15- degree increments. 

Albedo and Earthshine 

A computer program (Reference 3) was employed to determine the values of albedo and earth­
shine incident upon the rotating surfaces throughout the orbit. Average orbital values were used 
for the two orbits considered. Albedo and earthshine account for approximately 15 to 30 percent 
of the total external heat input, albedo being greater in too minimum sunlight orbit. 

Modifications in the Thermal Analysis 

In altering the thermal analYSis for use in the solar environment test chamber, the ener gy in­
puts of albedo and earthshine were equated to zero since no attempt was made in the test to simu­
late them. The effect of paddle shading at high aspect angles also was removed from the computer 
analysis since the test was conducted without the solar paddles fixed to the spacecraft. 
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Calibration tests were performed on samples of the spacecraft coatings to determine their 

·absorptance properties when illuminated by the solar simulator in the test chamber. These prop­

erties were then inserted into the thermal model in place of the values used for orbital predictions. 

It is noted here that the difference between the orbital absorptance properties and the carbon- arc 

chamber values for the UK-2/ S-52 coatings was negligible. However, the practice of using test­

condition absorptance properties to predict test temperature s can be extremely important when a 

source with a poor spectral match is used on a coating whose absorptance response is not flat in the 

source wavelength region. 

The thermal model was used to predict spacecraft temperatures from carbon- arc radiation 

intensity values which were introduced as input fluxes to the external nodes of the spacecraft. 

Agreement between predicted and actual test temperatures would then corroborate the thermal 

design of the spacecraft. Differences in predicted versus test temperatures would indicate areas 

r equiring more study, either in the design or in the test technique. 

DESCRIPTION OF THE SOLAR SIMULATION TEST 

The test was performed in a 7- foot - diameter, 8-foot - Iong, cylindrical thermal- vacuum cham­

ber. Located at one end of the chamber is a I -foot - diameter quartz port through which the carbon­

arc beam was introduced (Figure 4). 

The spacecraft was mounted on a rotator- gimbal mount which provided two- axis motion: spin 
about the centerline of the spacec r aft at 3 rpm, and inclination relative to the incident simulated 

solar radiation. Because of the physical limitations of the facility size, the inertia booms, galac ­

tic noise experiment dipole booms, and solar paddles were not included in the test configuration. 
Also, shortened telemetry antennas were substituted for the full-length antennas during this test 

(Figure 5). Two modes of information were available from t he spacecraft: nor mal telemetry 

MANUFACTURER 
Goddord Space FI ight Center (Prime) 

TEMPERATURE (HEAT SINK) 
- 173· C ( 100· K ) 

SOLAR SIMULATION 
1400 watts / m2 over 0 91 cm (3 ft) 

diam. circ le by carbon arc 

ULTIMATE VACUUM 
5 x 10-8. mm Hg 

TIMES TO PRE SS URE S 
1 x 10 - 6 mm Hg - 3 hours 
5 x 10-8 mm Hg - 15 hours 

Figure 4- The environment s imuloto ri 
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Figure 5-FlightbackupAriel II mountedon rotator-gimbal inthe thermal-vacuum chamber. 

transmission and command receiver, and a test hardline-slipring combination for power and sup­

plementary data. The former system provided information in the same format as its orbitalopera­

tion, while the latter provided the capability of recharging the on-board batteries and transmitting 
data from temperature sensors mounted for test purposes. These sensor outputs were scanned 

during the test to minimize the number of sliprings. 

The pressure environment was in the range of 1xlO-7 mm Hg, while the chamber walls were at 

approximately liquid-nitrogen temperature, -190 o e. The simulated solar radiation was set at an 
equivalent 1 solar constant, as described in the next section of this report. The spacecraft was fully 

operational from an experiment and subsystem basis while rotating on its spin axis. 
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The spacecraft was separated from the rotator-gimbal mount by a nylon insulator. Heat was 

supplied to the mount to such a degree that a small temperature gradient existed at all times. 

This minimized the energy flow between the spacecraft and mount. Since the temperatures were 

monitored throughout the test, approximate values of heat gain or loss were calculated. These 

values were introduced into the thermal model, to be reflected in the spacecraft energy balance 
and test temperature predictions. 

Three spacecraft-incident solar radiation aspects were tested. They consisted of the 90-
degree aspect or broadside solar exposure, the 45-degree aspect or maximum top-to-bottom 

temperature gradient expected in flight, and the l35-degree aspect or maximum bottom-to-top 
temperature gradient expected. 

The variation of sun exposure in orbit is from 63 to 100 percent. The 63-percent exposure 
consisted of a series of cycles of 55-minute sunlight-32-minute shade periods. The 90-degree 

aspect position was tested at both of the above exposures to determine the effect on mean space­
craft temperature. The remaining aspects of 45 and 135 degrees were tested at the 100 percent 

sunlight condition only, because the primary objective was to study the internal temperature gra­
dients resulting from these aspects. 

PROBLEMS ASSOCIATED WITH SOLAR SIMULATION 

Some of the difficulties encountered in attempting to Simulate solar radiation are related be­
low. The efforts to compensate for these problems are discussed in detail. 

The choice of radiation source in large part is dictated by the desire to match as closely as 

possible the spectrum of the sun at orbital altitude. In addition, the ease of handling the source 
during the test must be considered. 

Spectrum 

Any significant departure in the spectral distribution of the simulator source from the sun's 

spectrum, as defined in the Johnson Curve, may cause a change in the absorbed energy of the ex­
posed surface. 

The carbon arc was chosen as the solar source because of its close spectral match with the 

Johnson Curve. Open-arc sources, however, present several operational problems, as discussed 

in the following paragraphs. 

Uniformity and Degradation of the Carbon-Arc Solar Simulator 

The carbon-a rc system consisted of two modified reflector arc lamps. The system contained 
no optics except the quartz port in the vacuum chamber. Two arc lamps were used for two rea­

sons: (1) the carbon-rod feed mechanism created a shadow on the reflector and a discontinuity in 
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the intensity of the beam from a single lamp; (2) the necessity for replacing the consumable rod 
in each lamp every hour warranted the use of multiple lamps to minimize the interruption of radi­
ation e\lergy input to the spacecraft. 

T~e use of a reflector system is beneficial from a power and efficiency standpoint but creates 
uniformity and degradation problems. The exposure of the reflector to the open arc permits the 

deposit of vaporized carbon on the reflector surface, resulting in loss of reflectance efficiency 

and an ever-changing intensity distribution in the projected beam. To compensate for this condi­
tion during the test, intensity mappings of the projected beam were made at selected intervals in 
the test cycle. A rolled-ribbon thermocouple radiometer mounted on an X-Y plotting board was 

used for this mapping procedure. This provided an in-test calibration of the radiation beam and 
also a reference point for total intensity adjustment to compensate for reflector degradation. 

Determination of Carbon-Arc Intensity 

The first step in determining the arc intensity or solar flux on the spacecraft is to determine 
the effective a/E of the total spacecraft when illuminated by the natural sun. This is combined with 
the carbon-arc intenSity Ie and the natural sun intensity II as follows: 

The effective a/E is determined by the following equations: 

(a/ E ). f f 

a eff 

€. f f 

(1) 

(2) 

(3) 

(4) 

where 

8 

A = ratio of coating area to total exposed area (as given in Table 2), 

a = absorptance, 

E = emittance. 

Table 1 

Spacecraft Coating Thermal Properties 

Coating Solar Chamber 
a f a/l. a f a/t:. 

Black 0.96 0.86 1.12 0.96 0.86 1.12 
White 0.27 0.86 0.31 0.26 0.86 0.80 
Evap. aluminum 0.12 0.04 3.0 0.11 0.04 2.77 

96 

By referring to Tables 1 and 2, which 
give the coating thermal properties and their 

areas, respectively, the following effective 
a./E ratios are derived: 

(a/t:. ) 0 ff. 1010r = 1. 04 I (5) 

(a/d. ff • chomber = 1.03 (6) 



Table 2 

Spacecraft Coating Area Evaluation 

Spacecraft Area 
Percent 

White 
White 

Black 
Black Evap. Evap. Al 

Al Foil 
Al Foil 

of (% of (% of Al (% of (% of 
Surface (sq ft) 

Total Area (%) total area) (%) total area) (%) total area) (%) total area) 

Top dome 2. 82 23.7 0 0 100 23.7 0 0 0 0 

B. B. support 
dome l.16 9.8 25 2.5 75 7.5 0 0 0 0 

Upper mid-
skin 2.50 2l.0 0 0 100 2l.0 0 0 0 0 

Lower mid-
skin 2.58 2l.7 20 4.3 80 17.4 0 0 0 0 

Bottom dome 2.53 21.3 10 2.1 0 0 90 19.2 0 0 

Mounting ring 0.30 2.5 0 0 0 _0_ 0 _0_ 100 2.5 --
Total area: 1l.89 8.9 69.6 19.2 2.5 

Combining Equations 1, 5, and 6, gives, assuming Is = 1 solar constant, 

I e = 1 . 01 sol a r constant (7) 

Intensity Calibration and Monitoring of the Carbon-Arc Solar Simulator 

The lack of an absolute solar standard detector made it necessary to use a secondary method 

of intensity calibration. The method ch08en was the integrating black-ball technique in which a 
thin-shell aluminum ball, the approximate size of the spacecraft, is placed in the test chamber in 

the exact location the spacecraft will occupy during the test. The integrating ball has a small thin­
shell ball suspended in its center. The inner ball temperature is measured by a thermocouple. 

Both balls. are coated with a black paint of known absorptance and emittance. A calculation is 

made to determine the stabilization temperature of the ball for a flux of 1.01 solar constant. The 
chamber is then evacuated, and the shrouds are flooded with liquid nitrogen to simulate the same 

environment that the spacecraft will encounter. The arc output is adjusted so that the ball system 

stabilizes to the predetermined temperature. Once this focus adjustment is made, the arc beam 

is mapped for uniformity and intensity with the radiation detector on the X-Y plotting board lo­
cated external to the chamber. The readings of the detector are then bench-marked to the intensity 

incident on the black ball and are used throughout the test of the spacecraft as a relative monitor­

ing pOint. 

The use of the black-ball technique for calibrating the arcs serves a dual purpose: (1) arc 
calibration as described above, and (2) inclusion of inherent chamber energy (reflected or radia­
tive) in the calibration of total energy abporbed by the black ball. The black coating of the ball is 
spectrally flat in its absorption characteristics, and therefore arrives at the desired stabilization 

temperature by summing the energies from the carbon arcs and the inherent chamber sources. 
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This technique is applicable if the spacecraft to be tested also is essentially spectrally flat 

in its absorption characteristics, as in the case of the UK-2/ S-52. 

Beam Collimation 

The radiation beam projected by the solar simulator is divergent with a 7).1 -degree half­

angle. This permits the system to project a 36-inch-diameter beam at the centerline plane of the 

spacecraft. This divergence rate is not considered severe enough to cause unnatural shadowing; 

however, a measured energy change per unit area of approximately 1 percent per inch of depth 

variation is produced in the test volume. Therefore, incident intensity compensation was made to 

the thermal model of the spacecraft to take into account this change of intensity with depth. 

Determination of local Solar Intensity Input to the Spacecraft 

The thermal model segments the spacecraft into thermal nodes. Figure 6 shows the nodes 
used for this test, along with the definition of aspect angles used in the test series. 

The intensity-uniformity of the prOjected beam was mapped with an X-Y plotting board, as 
previously described. Figure 7 shows a typical 

\-----NODE 16 

\----- 32 

1-----38 

'-<-----37 
45 ° ASPECT" 

/ 
2 

3 

90° AS PECT" 

5 

33--~ ______ ~ ~ 135

07 

AS PECT" 

"Angl e represents spacec raft-su n aspect, 
and arrow represents su nl ight . 

10 

Figure 6-Computer thermal nod es and spacecraft 
aspect ang I es . 
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calibration curve, yield relative intensity readings. The uniformity plots were used to determine 
the local intensity at the individual thermal nodes given in Figure 6. Three planes of intensity 
perpendicular to the incident beam were plotted: at the spacecraft centerline, 6 inches nearer the 
,beam source, and 12 inches nearer the beam source. This was done to determine the change of 
intensity with distance from the source, since the beam is diverging at the rate of 7~ -degree 
half-angle. This calibration indicated a change of 6 percent intensity for each position, or a range 
of 12 percent over the full 12 inches of the beam depth covered. The above information was then 
used in refining the local intensity values to be used in the thermal analysiS. 

It should be noted again that, in a reflector-focus arc system, the reflector degrades in per­
formance as it becomes coated with carbon deposit from the open arc. This degradation decreases 
the total intensity for a given focal length and randomly changes the uniformity pattern as some 
areas of the reflector receive carbon deposit. Because of this condition, in-test monitoring is 
necessary to change the arc focal length, compensating for the reflector degradation. Since no 
adE>quate real-time in-chamber monitoring device was available, the detector and an X-Y plotting 
board were used whenever the test schedule called for a simulated shade period in an orbit cycle. 
These external in-test uniformity plots were then used to indicate the status of the solar flux just 
prior to the shade period. In addition, they were used to determine what refocusing was necessary 
to restore the total intensity to the desired 1.01 solar constant. Therefore, a test prediction is 

made from intensity plots obtained during the test. Table 3 presents the intensity values used for 
test predictions, 

Table 3 

Test Chamber Total-Intensity Inputs to the Predict Program* 

Spacecraft 90° Aspect, 90° Aspect, 45° Aspect, 135° Aspect, 

Node 100% Sun 63-37% Sun 100% Sun 100% Sun 
(See Figure 6) IT IT IT IT 

2 550 597 529 0 

3 470 505 492 529 

5 468 500 454 484 

7 581 496 0 495 

9 522 478 0 518 

9* -27 -18 -17 +1.0 

16 330 365 728 490 

32 330 365 715 504 

37 583 729 592 0 
38 390 400 689 525 

'Notes: I. Units, Btu/ hr-sq ft 

2. Total intensity IT represents ava ila bl e energy ~o the nodes 

3 . ode 9' input is conductive energy across the spacecraft rotator interface 
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SOLAR SIMULA nON TEST RESULTS 

Figures 8 throu~h 10 present typical ther­

mal profiles that have been included to show the 

comparison between predicted and s t temper­

atures. From the total data availaull'. Ille I . -

lOwing observations are made; 

1. The effect of aspect angle on the mean 

temperature of the spacecraft, as represented 

by the battery, was 23 °C. 

2. The effect of sunlight-shade exposure 

time on the mean temperature of the spacecraft 

was 33 °C . Figure 11, presenting a sample of 

data fr om this test, is valuable as an indicator 
of the interactions of spacecraft structure and 

components. 

3. The temperature excursion 0 f the 
broadband ozone detector due to sun aspect angle 

was about 85 °C (69 °C to - 17 °C) from test data, 

~Q 
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~ 
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G 

Figure 9-Temperature predictions versus actual test in 
°C , with 100"10 sun cycle and 135° aspect angle. 
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Figure a -Temperature predictions versus actual test in 
°C , with 100% sun cycle and 90° aspect angle . 

Figure 10*-Temperature predictions versus actual test in 
°C , with 1()()"k sun cycle and 45° aspect angle. 
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Figure II-Typical cyclic data. 

whereas the predicted excursion was approximately 110°C (59°C to - 52 ° C). The test results in­

dicate that the external portion of the detector does not reach the extreme temperatures that are pre­
dicted but more closely follows the temperature of its enclosed base, the support cone, and the top 
dome. 

In addition, it should be noted that two of the experiments required solar energy for activation; 
thus complete performance was obtained under simulated space conditions. 

Also, the occurrence of a coating failure directed attention to a review of the adhesion char­
acteristics under stress and the preparation of surfaces to be painted. 

The spacecraft was fully operational throughout the test, and no problems were experienced with 

components or ground station. One minor exception was an occasional noise interference between 
the carbon arc s and the spacecraft programmer which controls operating modes of the spacecraft. 

CONCLUSIONS 

Based on the test results obtained, the following conclusions were reached: 

1. The solar simulation test verified the assumptions made for the thermal model, excluding 
the broadband experiment. 

2. The spacecraft should operate satisfactorily under space conditions. 

3. The satisfactory performance of the two experiments that were stimulated by simulated 
solar energy indicates that successful operation should be obtained in space. 

4. The carbon arc is a useful solar simulation source although a simulator utilizing optics, 
rather than reflector focus, would provide better uniformity. 

'In Figare 10, test ended prematurely because of data failure , res ulting in some low internal temperatures . 
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5. The nonunllormity of the arc beam intensity can be adequately compensated by the rotating 

spacecraft and the nodal energy input to- the computer progr am. 

(Manuscript received] UDe 12 , 1964 .) 
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DEVELOPMENT AND PERFORMANCE OF THE JPL GLASS-LINED 

I. INTRODUCTION 

METAL REFLECTORS FOR THE SOLAR SIMULATOR 

IN THE 25-FOOT SPACE SIMULATOR 

N. Riise 
3/25/64 

The optical system initially delivered to JPL tor 80lar simula­
tion in the 25-foot space chamber (see Fi~re 1) included stainless 
steel mirror8 1n three positions as follows: 

Mirrors No. Reg- See F~g. No. 

1. Turning mirror (pseudo-parabola) 33 in dial 19 2 

2. F~y's eye (pseudo-hyperbola) 8.4 in. hex. l~ 3 

3. Virtual source 3/4 in. hex. 1200 4 

These mirrors were unsatisfactory when compared with glass, mainly 
from a maintenance point ot view. The fact that these mirrors required 
refiguring when they were recoated was both costly and t~ consuming. 

The preference would also be with glass when comparing maximum 
reflectivity or rate of reflective surface degradation. This assumes, of 
course, that glass mirrors could be used. 

II. REASONS FOR INITIAL SELECTION OF STAINLESS STEEL REFLECTORS 

The energy flux designed to impinge the virtual source and fly's 
eye mirrors is about 11,000 w/ft2. If the reflectivity is ~5% (many were 
lower than this), the exposed surface will absorb 2.750 wlft or about 
9000 BTU/hr. 

If a heat sink is provided through one inch of reflector material, 
and this is the only means by which heat is dissipated, the temperature 
difference between the exposed and cooled surfaces will be: 

6 deg. F. 

7 " 

Brass 12 " 

Stainless Steel 76 " 

Silica Glass 800 " 

________ ~I04.~ __ ~ ____ __ J 



III. 

It was a calculation s~lar to this which led Bausch & Lomb to 
the decision to make these mirrors o,f metal. Almost &IV metal would be 
satisfactory from a surface temperature point of view, but glass is 
such an inferior thermal conductor that it would probably fail from 
t hermal shock . If this did not happen, the reflective coating would 
degrade rapidly from the high operating temperatures. 

PROBLEMS WITH THE STAINLESS STEEL REFLECTORS 

Stainless steel mirrors were subsequently fabricated by Bausch 
& Lomb and installed in the system. 

Reflectivity of the vir'c,ual source mirrors degraded below a 
useful value before the lights in the chamber were initially turned on. 
When the evaporated aluminum coating was stripped from the mirrors, the 
surface appeared corroded. They were, therefore, polished before being 
recoated with evaporated aluminum. Later, when it was determined that 
the figure was not correct, it was generally believed that the polishing 
operation had destroyed the initial contour to which the mirrors had been 
pol ished. 

IV . NEW MIRROR MATERIALS CONSIDERED 

Before JPL actually took possession of the space chamber, a new 
set of virtual source mirrors was ordered (see Figures 5 & 6). These 
mirrors were of different size, different contours, and different materials 
than t he original B & L installation. 

The materials to be used in the new mirror fabrication were 
specified as follows: 

1. Stainless steel 

2. Brass 

3. Br ass - nickel plate and refigure before aluminizing. 

4. Silicon 

5. Glass-lined aluminum - see Figure 6 

V. RESULTS OF MIRROR MATERIALS EXffiRIMENTS 

The g.lass-t>onded-to-aluminum mirror was superior in every respec t 
t o the other materials t ried except the silicon. Temperature rise in the 
glass i'r om bond line to he reflective surface is estimated to be 50 deg. F. 

The sili con mirrors, from the standpoint of initial reflectivity, 
durability of coati ng and ease of maintenance (cleaning and recoating) was 
as good as, or slightly better than the glass. However, this slim edge in 
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performance was more than offset by high cost. '!'be "17 high thermal -
conductivity (nearly that of aluminum) of silicon..,. brin& it back into 
consideration it tlux densities should increase to the point where 
surface temperatures of the glass would again beco.a a probl ... 

All or the other metal substrates appear to react with the 
aluminum reflect1ve coating in such a way that the polish ot the sub­
strate 1s degraded. It is prob ble that moisture-, OSODe, or so. other 
contaminant in the atmosphere enters into or catal7zes this reaction. 

It might be mentioned that these glass-ltn.d airrors surTived 
a bond strength test of reduction to liquid nitrogen teaperatures and 
return to ambient. -

VI. GLASS-LINED METAL FLY'S EYE (Pseudo-Hyperbolic) MIRRORS (Figure 3 & 7) 

After successfully glass bonding the virtual source mirrors, 
it was decided to take similar action on the fly's eye mirrors. A spare 
set was ordered which was identical with those which were in place except 
that the exposed surface was glass and the base metal was copper. When 
these were installed in the system, a thin layer ot glass was bonded to 
the original stainless steel mirrors. This provides a complete set of 
spares. 

The performance of both these sets of mirrors is satisfactory. 
No difference can be seen in their operation even though it is obvious 
that the copper-base mirrors operate at a l ower surtace temperature than 
the stainless-base mirrors. 

VII. GLASS';"LINED METAL HEADLAMP REFLECTORS 

The original headlamp collectors furnished by Bausch & Lomb were 
16-in . l at us rectum reflectors with a 4-in . first (see Figure 3) focus. 
In our need for more power into the solar system, a 5-KW lamp was 
install ed i n place of the 2.5-KW lamp origi nally furnished. The refl ectors 
could not withstand the additional thermal shock. 

Since the glass-lined metal reflect or seemed to be resistant to 
thermal shock, it was decided to move the l amp clUster to the position 
of the t urni ng mirror (see Figure 8) if a atisfactory reflector could be 
tabricated for this position. This would decrease the size of the 
collector to 7 1/2 i n. dia. and i ncrease i t s performance requirements 
propor tionally, but it was beli eved from our experience with the virutal 
source and fly's eye ref lectors that such a mirror was practical (see 
Figures 9 and 10) . 

This modifi cation woul d i ncrease energy into the solar system in 
t he following ways: 

1. It would el iminat e the energy absorbing reflection of t he 
t urning mirror. 
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2. It would collect the more readily available part of the energy 
polar of an Xenon lamp. 

3. It would permit the use of more powertul lamps in the system. 

VIII. PERFORMANCE OF THE 7 1/2 IN . GLASS-LINED HEADLAMP REFIECTOR. 

If its acceptance angle is not changed, the energy which impinges 
a fly's eye mirror from a cluster of seven headlamps is proportional to 
the energy in the solar beam. This fact makes the headlamp and reflector 
combination readily adapt able to bench testing. 

Calorimeter measurements were made on an area representing a 
fly1s eye mirror to determine the energy increase into the system that 
can be expected using the new reflectors. 

Comparison of data taken with various lamp and reflector combinations 
is as follows: 
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Energy 
Power into 

Type Power into Calorimeter 
Mfg . ~ Rating Lanw Watts 

Hanovia HgXe 2tKW 2tKW 1180 

Hanovia HgXe 2tKW 2tKW 1960 

Osram Xe 2.5 KW 3 KJv 3040 

Osram Xe 6.5 KW 6.5 KW 6800 

Osram Xe 6.5 KI-1 8.0 KW 7160 

Ushio Xe 5.0 ICYl 5.0 K'r'l 4360 

Ushio Xe 5.0 KW 6.2 KW 5340 
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Comments 

Original Bausch & Lomb 
configuration, 16-in. 
dia. reflector cluster 
of 7 lamps (Figure 1) 

New configuration with 
7t in. dia. glass-lined 
reflectors. Cluster cf 
7 lamps (Figure 8) 

New configuration 't,i th 
7t in. dia. glass-lined 
reflectors. Cluster of 
7 lamps (Figure 8) 

New configuration with 
7} in. dia. glass-lined 
reflectors. Cluster of 
7 lamps (Figure 8) 

New configuration ... Ii th 
7~ in. dia. glass-lined 
reflectors. Cluster of 
7 lamps (Figure 8) 

New configuration ~~th 
7~ in. dia. glass-lined 
reflectors. Cluster of 
7 lamps (Figure 8) 

New configuration with 
7t in. dia. glass-lined 
reflectors (Figure 8) 
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IX. CONCLUSION 

Glass-metal reflectorn can intercept high energy solar radiation 
without damage to the reflect ~ ve coating, the glass, the bond, or to 
the substrate metal itself. 

The combination should not be used 1n mirrors requl.r:l.ng a highly 
accurate figure since the gla:,s and metal have different coefficients of 
expansion and the combination will chang~ figure with temperature. An 
attempt is made to minimize this deformation by: 

1. Making the mass o' the metal large compared to that of the 
glass. 

2. Keeping the tempe. 'ature as constant as possible by making the 
substrate metal h.ghly conductive and water cooling this metal 
to minimize tempe. 'ature rise. 

It is probable that s.licon substituted for the glass could 
survive much higher radiation flux since the temperature gradient through 
the silicon would on~y be abolt 1% of that through the glass. 

The type of epoxy bonding material is probably not very important 
providing the bond thickness .s kept below .005 in. HY501 3X was initially 
specified for the virtual sou'ce mirrors after trying many different types. 

Hysol 3X was too visc)us to accomplish the thin bond line required 
for the larger fly's eye and leadlamp mirrors so General Y.ills Genepoxy 
175 with Furane #9633 hardene' was tried and it has proved satisfactory. 

It is important that ~he bond between the glass and the metal be 
cured at a temperature above ''Ihich it will be operated. This will always 
keep the glass in compression .•• a for.ce which it appears to survive very 
well. 

The glass should be k~pt thin to ml.n~ze warpage and ffil.nimlze 
the shear stre~s which develo)s at the bond line. The epoxy itself is 
stronger than the g~ass in sh!ar so that if the g~ass thickness is increased, 
shear failure will occur in t1e glass near the bond line. 

* ~~ * * 
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Figure 10. 

7~ inch Headlamp Re~lector with 
Lamp in Position 

/29 JPL 25-Foot Space Simulator 
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THERMAL TESTmG OF THE'RAl GER BLOCK III SpACECRAFT '" .. • ., 

IN THE JPL 25 F1.'. SPACE SIMUIATOR 

Michael E. Kahn 

Jet Propulsion Laboratory 

In January, 1964, a test program was begun on the thermal 

design of the\ Ra.ng~r Block III spacecraft. The tests were performed 

i n the newly operational JPL 25' Space Simulator over a period of 6 

months . The objectives of these tests were two-fold: 

A. To evaluate the 25' Space Simulator as a facility for 

proving the thermal design of spacecrafts, and 

B. To verify .the thermal design of the Ranger Block III 

spacecraft. 

These two objectives are complimentary in the test series performed 

and are difficult to separate into distinct categori es. An important 

part of the first objective was to learn what type of test preparation, 

instrumentation, and analysis was r equired for the meaningful evaluation 

of test data from the 25' Space Simula tor tests. Although some 

experience had been gained in tes ting of components and incomplete 

spacecrafts in smaller solar simulation chambers during the early part 

of the Ranger program, we knew lit tle about testing of a complete 

spacecraft in the 25' Space Si mulator when this test program began. 

Test analysis requires that the energy absorbed by various 

spacecraft components be known . This r equires a knowledge of the 

area of solar absorption or sunl i t area, the solar energy flux density 
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on the area, and the eff :ti~e'absorptance of th~t area. MOst of the 

problems encountered were associated with the determination of the last 

two quantltjes since the sunlit area may be obtained directly by 

inspection of spacecraft surfaces. This paper will present a discussion 

of our ~xpeliences during the Ranger Block III thermal test series on 

the Thermal Test Model (TCM). The TCM was thermally equivalent to 

the fl.ight type Ranger spacecraft except for the lack of an antenna 

c1 i $11 nnli . Jill" panels. Flight type s trut:tural hardware was used with 

U fll! t~ 1'1 ( bhes equivalent to those of the flight spacecraft. Aluminum 

l)Ck~ slmul~Led the spacecraft electronics thermaJ masses with resistance 

h l( l"S bimlllating the electronic power dissipation. The discussion 

'11 hE' pre,;ented in a semi-chronological order and will be divided 

lnLu the following areas: 

L Determination of solar simulation flux density on 

spacecraft surfaces. 

Problems related to decollimation of the solar siroulatjon 

source. 

1. Determination of effcct1ve ab"orptance in the solar s 1m-

ulat ion spectrum. 

_flt'C'Hli!!tltl n of Solar Simulation Flux D nsity 

Thle to the uncertainties in the fl\~ densiti s on the 

;";Pd.L'(>I ·ron. sLU'faces ,:resulting from reflecLions and llon-uniformi t.y of 

l.ll. !'it]n.r ~, i,nuJ.lltion source, a detail d mapping of flux densities on 

tlw [' pac- ,('raf't. was performed before each solar simulation test. The 

D111·PlJing V[J.S done under ambient conditions and consisted of x'cu,d1ngn 

Yli t.1l cl calibrated solar cell at several hundred points on 'the po.cecraft 
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surfaces for each flux density which was to be used during the vacuum 

cold-wall portion of the test. Solar cells were uaed for mapping 

because of their small size, fast response time, and principally for 

lack of a better device. 

The first test was performed in January of 1963. The test 

object consisted of a thermal model of the RCA subsystem mounted on 

a plate which simulated the JPL bus as shown in Figure 1. Before 

the RCA subsystem was suspended in the chamber, flux density readings 

were made on the test fixture shown schematically in Figure 2. The 

discs of the test fixture had diameters equivalent to the fin diameters 

on the RCA subsystem and were spaced vertically at the proper positions. 

A solar cell calibrated against an air thermopile was used to measure 

the flux densities along the edges of each disc. After the RCA subsystem 

was suspended in the chamber, measurements of flux densities on the 

fin surfaces were made. When compared with the densities determined 

from t he test fixture,it was found that a large amount of energy was 

being reflected from the skin of the subsystem to the top of each fin. 

The calibrated solar cell was used to monitor the flux density at the 

top of the RCA subsystem thermal model during the mapping and also 

during the vacuum cold-wall test with solar simulation. 

The second test was performed in April of 1963. The test 

object was the complete TCM, consisting of the RCA subsystem mounted 

on the JPL bus as shown in Figure 3. For this test an Eppley thermopile 

was used to monitor the flux density dm'ing the mapping end the vacuum 

col d -wall test with solar simulation. This thermopile was mounted on 

a boom above the top of the spa~ecraft. Eight solar cells were mounted 
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in various locations on the spacecraft for the purpose ot checking 

the mapping data during the vacuum test and also to detect any variations 

or warping of the solar simulation energy field during the test. During 

the mapping, calibrated solar cells were used to determine the flux 

density at each cell location on the spacecraft. It was found that a 

vacuum calibration was needed in order to check the absolute tlux 

density at each cell location during the vacuum cold-wall test. However, 

it was possible to check the relative flux densities among the various 

cells usiDg the air calibration. No warping of the solar s1mulatiCll 

enerlY tield was detected. At the completion of the test we still 

wanted a method of checking the mapping data obtained under ambient 

conditions with the flux densities encountered during the vacuum tests. 

The third test on the TeM was performed in June of 1963. 

Before the spacecraft was installed in the chamber, ten solar cells 

were calibrated under vacuum cold-wall conditions against an Eppley 

thel'llCplle. The test configuration is shown in Figure 4. The cells 

were lOOunted on a plate which could be rotated BO that each cell could 

be positioned over the detector of the thermopile. Alternate readings 

of cell output and thermpile output were recorded for each cell while 

~ temperature of the cells was controlled by a heater mounted on the 

rotating plate. A difterence of approximately l~ 1n the calibration 

number was found between the air calibration and the vacuum calibration. 

The cells were then mounted on the spacecraft as was done in the second 

test and a thermopile was mounted on top of the spacecraft tor nux 

denlity monitoring. During the test it was possible to check and 

verify mapping data obtained under ambient conditions with the flux 

den.ities at the cell locations under vacuum conditions. 
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In mapping, the cell was held horizontally above sunlit 

areas and held parallel to surfaces which were shaded or vertical. 

For a horizontal cell (vertical light beam), the mapping data is thought 

to be accurate to within 7 watts per square foot at one solar constant 

due to a 3~ thermopile tolerance and an instrumentation accuracy of 

+lmillivolt. This error could be considerably worse for the shaded or 

vertical areas due to the questionable reflectance characteristics of 

the solar cells at high angles of incidence. 

Before the third TCM test, it was found that the calibration 

of the only available thermopile was seriously in doubt. This resulted 

in a 4-day delay while the thermopile was flown to Eppley Laboratories 

for recalibration. This experience emphasized the need for a planned 

calibration program for thermopiles, with back-up thermopiles available 

before each test, or on-site calibration capability. 

Decollimation of the Solar Simulator Source 

Before the test of the RCA subsystem thermal model, an attempt 

was made to evaulate the degree of decollimation of the solar simulator 

source. A large aperture camera was used to photograph the sun image 

at the top of the chamber. Measurements of shadow lines on the test 

fixture mentioned previously were also made. These two investigations 

indicated an effective decollimation half-angle of 4.~. When the RCA 

subsystem was suspended 1n the chamber and the solar simulation lights 

turned on, it was found that approximately 4~ of the polished aluminum 

skin was partially illuminated by the "sun" as can be seen in Figure 1. 

This furnished another check on decollimation half-angle which agreed 

with the value determined previously. 
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The results of this test were somewhat disappointing. The 

RCA subsystem ran approximately 4o°c hotter than predicted from the 

mapping data. It was found that approximately l5.5~ of the input 

energy could not be accounted for even if the absorptance of the skin 

was taken into account. 

Before the first test of the complete TCM, the effective 

diameter of the RCA fins was increased by the addit i on of polished 

aluminum rings to the outside edges of the fins . These rings eliminated 

t h e impingement of solar simulation energy on t he polished aluminum 

skin as shown in Figure 5. At the conclusion of this test, RCA was 

able to account for the input energy to its subsystem to within ~, 

a considerable improvement over the results of the first test. 

Profiting from RCA's experience on their first test, JPL 

installed shading strips at the top of its electronic chassis to shade 

the wbite painted fronts of these chassis. The fronts of these chassis 

may be seen in the illuminated condition in Figure 5 and in the shaded 

condition in Figure 6. 

At this time there seems to be some uncertainty as to 

whether the extension rings should have been added to the RCA subsystem. 

Ranger 6 flight data indicated that the RCA subsystem ran some 2QoC 

hotter than predicted. To date, no satisfactory correlation has been 

possible between the data of the first RCA subsystem test without the 

rings, subsequent TCM tests with the rings, and flight data. Ranger 6 

flight data also showed that the JPL electronic chassis ran only a few 

degrees hotter in flight than had been predicted. This correlation 

problem is indicative of the difficulties invol ved in performing 
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meaningful solar simulation tests of this configuration and meaningfully 

"interpreting data from these tests. 

Determination of Effective Absorptance in Solar Simulation Spectrum 

At the time these tests were performed, no monochrometer 

measurements of the 25 1 Solar Simulator spectrum had been made. This 

prevented calculation of the effective absorptance of the various 

spacecraft surfaces in the solar simulation spectrum. Therefore, 

these absorptances were measured experimentally with the device shown 

in Figure 7. Under vacuum cold-wall conditions, the six samples and 

black intensity standard were allowed to come to equilibrium temperature 

under solar simulation. The solar Simulator was then turned off and 

internal heaters used to duplicate the temperatures obtained in the 

first part of the test. Calculations were then used to determine the 

effective absorptance of each sample. The values obtained from these 

measurements are given in Table 1. 

Conclusions 

The objective of verifying the Ranger Block III thermal 

design was largely satisfied in this series of tests. In addition, 

valuable experience was gained in pretest preparation, instrumentation, 

and test data analysis. Improvements remain to be made in areas such 

as mapping devices, better analysis techniques, and better measurements 

of solar simulation spectrum and absorptances in this spectrum. Hope­

fully, these improvements will be made within a reasonable period of 

time. 
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Figure 1. Thermal model of RCA subsystem suspended in JPL 25 I 

Space Simulator for first test, January, 1963. Photograph 
taken with solar simulation lights on. 

Skin on SUbsystem~ 

1 
Typical ray reflected 
by skin to fin on 
subsystem---------------

\ / 
\ 

\ / 
\ ;y 
/ 
I 

.. 

-I~ 

I r 
'\ 

Test fixture 

Decollimation 
half-angle 

Shadow point in space 

Shadow point in solar 
simulator 

Figure 2. Test fixture used to evaluate solar simulation decol­
limation half-angle and amount of energy incident on RCA subsystem 
fins due to reflection from skin. 
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Figure 3. Ranger Block III TCM in JPL 25' Space Simulator. 

Figure 4 . Apparatus used to ca librate solar cell~ against Eppley 
thermopile under vacuum conditions with solar simulation. 
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Figure 5. TCM after addition of" fin extension rings on RGA 
subsystem but before addition of shading strips on top of 
JPL electronic chassis. Photograph taken with solar simula­
tion lights turned on. 
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Figure 6. TCM after addition of fin extension rings on RCA 
subsystem and shading strips on t op of JPL electronic chassis. 
Note thermopile mounted on top of spacecraft for intensity 
monitoring. Photograph taken with solar simulation lights on. 

Figure 7. Device for measurement of absorpt ance in solar 
simulation spectrum. 1" di ameter samples. 
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TABLE 1 

Comparison of Measured Absorptance in 25' Space Simulator Hg-Xe Spectrum 

and Calculated Solar Absorptance for Several Surface Treatments 

Surface Hg-Xe Solar Error 

Polished Aluminum 0.21 0.19 +11% 

Polished Gold Plate 0.26 0.22 1- 20% 

PV 100 White Paint 0·31 0.22 +41% 

JW 40 White Paint 0.39 0.23 +7afo 

Cat-a-lac Black Paint 0·96 0.96 CJ'/o 
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... .. 
SOLAR SIMULATION 

IN THE MSC 

SPACE ENVIRONMENT SIMULATION LABORATORY 

Abstract 

The MSC Solar Simulator history and requirements for the Space Environment 
Simulation Laboratory (SESL) are briefly reviewed. A description is pre­
sent ed of the SESL, and a discussion is included of the solar simulator 
development and present status. 

A Radiant Intensity Measuring System for the SESL is briefly described. 

i i 
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Introduction 

Solar simulation activities at the MSC were initiated when a decision was 
made to construct the Space Environment Simulation laboratory (SESL) for 
testing the Apollo spacecraft. The SESL includes two large space environ­
ment chambers designated Chambers "A" and "B"; Chamber "A" includes a top 
and side "sun" and Chamber "B" a top "sun" only. In addition to the 
solar Simulators, a Radiant Intensity Measuring System (RIMS) is being 
provided for monitoring and calibrating the "suns" in both chambers. 
Plans for the "RIMS" have progressed from the conceptional design stage 
to fabrication of a pilot model system to be proof tested in a small en­
vironmental chamber that simulates the environment of chambers "A" and 
"B". 

A contract for deSign, fabrication, and installation of complete solar 
simulator systems for Chambers "A" and liB" was awarded to the RCA Service 
Company in December 1962. The original design was based on an upgraded 
version of the Mark I prototype Solar Simulator Module then being planned 
for the AEDC at Tullahoma, Tennessee. The MSC system is modular in con­
cept and resembles the original Mark I superficially. However, the MSC 
version will illuminate approximately four times the area of the Mark I. 
The development of the MSC module to its present status has required an 
extensive and continuing process of redesign and improvement of the 
original concept, particularly with respect to the carbon arc source and 
mirror fabrication. The radiant source, for example, has evolved to the 
point where it now represents a combination of a plasma arc and a conven­
tional carbon arc. 

iii 
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SESL DESCRIPTION 

The SESL chamber bui lding shown in Figure 1 is a high-bay structure which 
hom3es the two large man-rated Space Environment Simulation Chambers, 
related services, and work areas. The larger of the two chambers provides 
simulated space and lunar surface environment s and is primarily intended 
for combined tests involving men and operating Apollo spacecraft. The 
smaller space chamber will be utilized for life systems and astronaut 
training studies in addition to tests of single modules of the Apollo 
spacecraft. 

Chamber "A" is a 65-foot diameter stainless steel vessel having an over­
all height of 120 feet. The chamber will handle a spacecraft of up to 
approximately 75 feet in height and 25 feet in diameter. There are four 
individually operated 25-ton hoists located above the top head of the 
vessel. The 1 i fting hooks may be lowered through the removable sections 
in the t. p head. 

Chumbel "A" wil.l support a spacecraft weight of 150,000 pounds in a ver­
tical osition on a rotating platform (lunar plane) 45 feet in diameter. 
The llmar plane rotation (+1800

) can be controlled, manually or automati­
cally, to a maximum rotational speed of 1-2/3 rpm. The lunar plane sur­
face temperature can be controlled from BoOK to 400oK. 

A side-hinged door for vehicle loading is located in the cylindrical 
:,ec tion of the vessel with the bottom of the opening approximately four 
feet above the lunar plane level . The door provides a 40-foot diameter 
clear opening. The door is hydraulically opened, closed, and clamped 
from a remote control panel . 

'rhe c hC1.mbe l' inter j or will be equipped with guarded walkways around the 
perimeter at the mid-manlock level and the upper manlock levels. 

The chamber vacuum system consists of a combinat i on of mechanical and 
diffusion pumps and a 20~~ cryopump using gaseous helium. The chamber 
ill pump down to 1. x 10 torr in nineteen hours with a gas leak load 

o 2(.6 torr-liters/sec. 

'r'he inteno!' of Lhe ehamber is lined with black, nitrogen-cooled heat 
sink panels ylhich will operate at approximately 80oK. To the maximum 
praeLicaJ extent, a11 surfaces in the chamber viewed by the vehicle con­
sist of heat sink panels. Cryopump surfaces, cooled by gaseous helium, 
r sh ielded from the test vehicle by heat sink panels. 

Solar simllators of modular design are mounted external to the chamber 
walJs on its side and top. The simulators irradiate the vehicle through 
penet-r a ti ons in the ,raIl with an intensity which can be controlled in 
the rauge frllnl 60 to 137 watts/sq. ft. The solar simulators feature a 
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wavelength range from approximately 0.25 to 3.0 microns: The target area 
of the side sun is 13 feet wide by 33 feet high, expandable to 20 feet 
wide by 65 feet high. The target area of the top sun is 13 feet in dia­
meter, expandable to 20 feet in diameter. 

Chamber "B" is a 35-foot diameter stainless steel vessel having an overall 
height of 43 feet. The chamber will handle a maximum sized vehicle of 13 
feet in diameter and 27 feet in length. Vehicle access is provided by a 
removable top head . A rolling bridge crane with a capacity of 50 tons 
will be utilized to remove the chamber head or insert spacecraft into the 
test chamber. 

Chamber "B" will support a spacecraft weight of 75,000 pounds on a fixed 
simulated lunar plane 20 feet in diameter. The lunar plane surface tem­
perature can be controlled from 800 K to 400oK. 

There will be one double manlock at the lunar plane level with the same 
provisions established for Chamber "A" manlocks. 

The chamber vacuum system will consist of a combination 0t mechanical and 
diffusion pumps. The chamber will pump down to 1 x 10- torr in 3~ hours 
with a gas load of 25 .6 torr-liters/sec. 

The heat sink description for Chamber "A" is applicable to Chamber "B". 
The Chamber "B" solar simulators are the same type as for Chamber "A". 
The target area for the top sun is 5 .6 feet in diameter, expandable to 
20 feet in diameter. 

SOLAR SIMULATOR REQUIREMENTS 

The following requirements were established after an investigation into 
the state-of-the-art: 

FLUX DENSITY 

UNIFORMITY 

60 to 137 watts/sq. ft. 

~5 percent with 1.0 ft.2 detector 

!10 percent with 0.1 ft.2 detector 

SPECTRUM Carbon arc 

DECOLLIMATION less than +2 degrees 

2 
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The f inal decollimation angle is expected to be considerably less than 
+2 degrees. Present indications are that it will be near +1 degree. 

SOLAR SIMULATOR MJDULES 

General De scri ption 

TIle present Solar Simul ator System consists of 80 modules, 73 in Chamber 
"All and 7 in Chamber "BII. The overall module length is 175 inches and 
the weight is estimat ed to be about 1,200 pounds. The modules will be 
supported by a structure which is completely separate from the chamber 
!'Ta.il. Connections at t he chamber wall for vacuum purposes are by flexible 
",tainless steel bellows . 

Optical System 

'I'lw optical system shown i n Figure 2 cons ists of two parts; a collector 
an l a collimator assembly . The primary collector mirror and lens accept 
radiant energy over a 110-degree angle. Part of the radiant beam is re­
flected to the secondary collect or mirror and is brought to a focus at 
the focal point of the collimator which i s a modified cassegrain assembly. 
This assembl y dir ects t he radiant beam into the vacuum chamber. All of 
the mirrors are metal with aluminum coatings. Another part of the 
radiant beam i s transmi tted by refractors into the chamber. All refractor 
opt ics are quartz except the fie ld lens and vacuum seal windows which are 
sapphire . The field l ens and vacuum window are located e ssentially at 
the collimator focal point . 

The refractor elements are ut i l ized to prevent shadow f ormation by the 
cassegrain secondary mirror. Quartz flash pla tes are provided at a short 
distance in f r ont of the radi ant source to prevent degradation of optical 
components result ing f r om arc st a rtup or sputtering during operations. 

Module Operations 

The lnechanical arrangement is shown in Figure 3 . The carbon arc burner 
assembly, along with t he automatic feed system, inte nsity control aperture, 
and all other electronic and mechani cal components, exclusive of the col­
limator assembly , are l ocated outside the vacuum chambers. 

TIle positive e l ectrodes in the arc burner cons ist of 16mm diameter carbon 
rod s . The negative electrode i s a nonconsumable tungsten rod which is 
bathed in an iner t ga s t o prevent oxidati on. 
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The carbon electrode magazine in each solar simulator module is cylindrical 
and has tubular compartments that hold a 24-hour supply of carbons. Carbons 
are fed into an automatic joining device, through water-cooled copper jaws, 
and pOSitioned at the focal point of the primary collector. Servo systems 
provide electrode position and module intensity control. The intensity 
control system consists of a variable aperture operated by a small servo 
motor and a photovoltaic detector. The aperture and servo motor are 
located approximately at the field lens and the intensity detector is 
located on one of the collimator support vanes in the vacuum chamber. 
All module components mounted outside the vacuum chamber are removable 
as a unit from the rear of the module for maintenance and calibration. 
In addition, all parts are interchangeable. The utilities are coupled 
at the rear of each module with quick disconnect junctions. Utility con­
nections include the inert gas, water, and air inlets and outlets, and 
power. The power required is approximately 32 kw (400 amps at 80 volts). 
The air supply is circulated past the arc, mixes with the inert gas 
(either argon or nitrogen),and both gases are drawn out the rear of the 
module. The arc burner portion of each module is maintained at a tem-o perature of 100 F or less by a water-cooled panel enclosure. 

SOLAR SIMULATOR IDDULE DEVELOFMENT 

Status 

A prototype solar simulator arc burner assembly, along with an automatic 
feed mechanism, has been fabricated and is undergoing development and 
operational tests to determine reliability factors and to eliminate design 
deficiencies. In addition to this burner, a total of three prototypes 
are being fabricated and will be utilized in simultaneous tests involving 
the various phases of a reliability program. The reliability program is 
divided into three categories: 

1. Arc burner testing, which is currently underway. This 
will be concluded after a 1000-hour life test which was 
initiated recently. The 1000-hour test consists of four 
250-hour tests. The module will be vertical for half the 
tests and horizontal for the other half. 

2. Testing of a burner with optics under ambient conditions. 

3. Environmental testing of a complete prototype module in ' 
environmental Chamber "E" at MBC, NASA. Chamber "E", 
which has a test volume of approximately 3! feet diameter 
by 6 feet in length, will be utilized to simulate the en­
vironments of Chambers "A" and "B". 
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A three-module cluster test will be per formed subsequent to the lODO-hour 
life test and the environmental t e st . The optical elements for the three 
prototypes have been comple t ed and are currently being installed on t he 
burner assemblies. Development of the solar simulator prototype module 
to its present status has evolved some new concepts in optical de sign, 
ra<iant source operation, and optical alignment. 

Ra( iant Source 

Th~ initial MSC design used a positive and negative carbon. During the 
course of module development, a new radiant source has been devised which 
has resulted in elimination of the negative carbon electrode. This 
ca bon-tungsten source offers a number of significant advantages including : 

1. Enhancement of reliability and reduction in maintenance 
through elimination of the complex negative carbon 
handler, feed mechanism, negative jaw, and positioning 
devices. 

? Red,lction in posi ti ve electrode consumption by about 
12 percent. 

3. Elimination of light blockage by the negative carbon rod 
handler and jaw. 

1.. Reduction of carbon residue contamination by about 5 to 7 
percent. 

No module shutdown every 24 hours, which was required for 
negative carbon replacement. 

Trc possihle pffects on spectral distribution caused by use of tungsten 
and an in rt gas was investigated immediately following source develop­
ment. Results of this study are shown in Figure 4. The spectral dis ­
tribution of radiant energy of the carbon-tungsten arc using either 
argon-air or nitrogen and air is essentially the same as that of t he 
carbon-carbon arc burning in air. The curve was obtained with an Eppley 
n nnal incidence pyroheliometer together with a series of interference 
filters. An NBS standard lamp was used during instrument calibration . 
The use of nitrogen does not produce as good a spectral match as argon; 
however, further economie'" could be realized by its use, if test require­
ments permit. 

CARBON ELECTRODE DEVELOPMENT 

Tl p IGmrr. 1'0<1 sed in th MSC solar simulator module is referred to as a 
"l!UY'U pin" carbon. Tlle core and shell are separately extruded and baked, 
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and then the core is inserted into the shell with a looseness of at least 
0. 005". This permits some differential expansion and core gases can 
escape without breaking the shell. The core is primarily a mixture of 
rare earth oxides (the rare earths are in the ratio of the normally mined 
rare earth ones), carbon, tungsten boride, potassium nitrate, and low tem­
perature binders. 

Two methods of extrusion of the core and shell material are used. One is 
the continuous screw type feed extrusion which is used for high produc­
tion. This method usually results in a more uniform product material 
than the second method which hydraulically extrudes a single charge of 
material of t to ~ cubic feet in volume. The latter is the method pres­
ently being used on the l6mm rods because of production requirements. 

It has been determined that the MSC module requires the following dimen­
sions for carbon electrodes: 

DIAMETER 

LENGTH 

0.630 inches to.002 inches 

25 inche s i.0' 0625 inche s 

STRAIGHTNESS OR MAX. DEVIATION FROM A STRAIGHT 
LINE one mil/inch of length 

Although extensive improvements have recently been made on l6mm carbons, 
problems still exist in maintaining the required dimensional tolerances. 
Excess bow or thread misalignment are causes for malfunctions of the rod 
burning and changing mechanisms. The problem is a mechanical one and 
should be overcome by improved quality control during rod manufacture. 

A spectrographic analysis has been made of the residue which collects in 
the exhaust system. This analysis indicated that the sputter material 
is basically rare earth compounds plus small amounts of yttrium and iron. 
The carbon supplier believes that the core binder material is probably 
the primary cause of arc sputtering. An effort is being made to improve 
this situation. 

The MSC, NASA is in the process of funding a program to optimize 16mm 
positive carbon physical and operational characteristics, particularly 
with respect to the operation of solar simulators for Chambers "A" and 
"B". The program includes study and improvements in: 

1. Physical dimensions 

2. carbon threading techniques 

3. Reduction of arc sputtering and residue contamination 

4. Increased operating power range 
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5. SpectraL match 

6. constancy of burning 

7. Quality control for production carbons 

MIRROR FABRICATION 

A study has been made of the various fabrication materials and techniques 
to determine which mirror types can withstand the Thermal-Vacuum environ­
ment and retain the necessary optical figure. As a result of this effort, 
mirrors for the three prototype modules have been fabricated of stainless 
steel. The secondary collector mirrors will be fabricated from wrought 
stainless steel plate. This is being done to minimize the substrate 
porosity and is possible for these mirrors because of their small curva­
ture. The primary collector and collimator mirrors are made from 400 
S ries stainless steel sand castings. All mirrors were turned on a lathe 
and Tere individually ground and polished. These mirrors are of excellent 
quality and have an accuracy of 3 to 4 minutes of arc; however, their 
fC".brication costs are relatively high. 

RCA has recently given Electro Optical Systems Incorporated a contract to 
develop the means for mounting, cutting, and performing all operations 
for the primary collimator mirror from a 60-inch master by electro-formed 
replication. Comparative measurements of master and replica will be made 
to evaluate the adequacy of this technique, which is professed to have 
advanced in sufficient degree to solve the mirror replication problem. 
Also, tests are now being performed on an F/0 . 3, 23 - inch diameter mirror 
of 2.0 minute accuracy, mounted by an EOS RTVll aluminum structure. 
RTVll refers to an arrangement whereby an electro- formed mirror is at ­
tached to an aluminum backup structure by a silicone elastomer. The 
t ests will determine the adequacy of this configuration for the collector 
system. 

Mirror supports for the cassegrain collimator are presently made of Invar. 
The weight of each support vane is relatively high (67 pounds), therefore, 
these supports will probably be replaced with aluminum to reduce the 
weight of this assembly. Uniformity of intensity and intensity measure­
ments on the prototype modules will be performed under ambient conditions 
at the contractor 's plant, Camden, New Jersey. 

Mirror Cooling Techniques 

Provisions for mirror cooling were not incorporated in the initial design; 
however, a review and subsequent reevaluation of the heating problems in­
volved has resulted in a scheme to utilize water cooling for the secondary 
collimator mirror and emittance enhancement coatings for the primary 
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collimator mirror. The secondary mirror will be spirally grooved on its 
rear face with a closure plate provided for containment and sealed by "0" 
ring seals. Coupling tubing is fed through headers in each module and is 
routed in the shadow of the support vanes to eliminate obscurations. 

Tests on emittance enhancement coatings have recently been completed. A 
total of 23 coating specimens were subjected in sequence to the following 
endurance cycle: 

1. Cold soak at 77°K. 

2. Irradiance of 2dOO W/ft
2 

for 8 hours at a controlle~6tem­
perature of 170 F and an environmental vacuum of 10 torr. 

3. Film adherence and abrasion testing by scotch tape strip­
ping, and by rubbing across each coating 200 times with a 
3/8" diameter pad of cheesecloth ~" thick bearing with a 
force of one pound. 

4. Air bake at a temperature of 46ooF. 

An examination of the coatings was made by optical measurements, micro­
photographs, and visible comparison of the change in thin film characteris­
tics. From the studies thus far, it was concluded that highly oxidized 
SiO coatings over aluminum protected by a Cr barrier coat on substrates 
cleaned by a bakeout cycle are comparable to the quartz coated aluminum, 
and should be used where thermal controls are needed (for example, in the 
vacuum environment). The quartz coated alumimun should be used where 
thermal control is not required. 

AUTOMATIC FEED MECHANISM 

The development test program for the automatic feed mechanism has suc­
ceeded in eliminating the majority of problems associated with this sub­
system. The carbon jaw consists of two water-cooled copper blocks that 
form each half of the jaw. Two hemispherical silver inserts are used 
for electrical contacts. Mechanical wear and erosion of these inserts 
has been reduced significantly by widening the gap between jaws and 
allowing electrical contact only in the area of maximum cooling. Develop­
ment is continuing in this area. 

Substantial improvement has also been made in minimizing carbon dust 
accumulation. To reduce dust accumulation in the positive jaw and 
throughout the mechanism, covers have been placed over the carbon elec­
trode at the threader and at the positive drive. At the latter position, 
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the rod is scraped to remove loose dust before it enters the jaw. Re­
sults thus far appear good. 

SOLAR SIMULA'IDR IDDULE ALIGNMENT 

The problems associated with alignment are compounded because of the 
quantity of units involved and a requirement that alignment (and realign­
ment) must be accomplished in the shortest possible time. The optical 
relationships of elements in a single module can be critically adjusted 
in the laboratory, but the alignment of one module with respect to 
another can be done only in the chamber. A special fixture has been de­
signed for alignment of modules during installation. This fixture has 
been designed to clamp onto the fill-in lens cell casting of the colli­
mator assembly. The fixture consists of three telescoping arms, each 
containing a pentaprism, an infinity-corrected telescope together with 
an auto-collimator eyepiece. The three telescoping arms serve a two-fold 
purpose; they provide a triplecheck on each module to eliminate zonal 
irregularities and they also permit alignment of two modules adjacent to 
a reference module. 

RADIANT INTENSITY MEASURING SYSTEM (RIMS) 

The RIMS will pretest calibrate the solar simulators and monitor the 
target radiant energy during tests. Traversing bars with radiometers 
mounted thereon will survey the target areas in Chambers "A" and "B". 
The system concept for Chamber "A" top and side "suns" is shown in 
Figures 5 and 6. Several cathode-ray tubes will display average inten­
sities as a ratio of one solar constant for selected test zones. 

A test operator will have the capability of selecting an automatic or 
manual model of radiometer bar traverse. In the automatic pOSition, the 
bar will traverse the entire irradiated area, sending signals to the 
cathode-ray data display tube. In the event of an out-of-limit inten­
sity signal during the automatic mode, the test operator has the opti on 
of selecting a manual mode of operation for a more critical survey. 
Radiometer characteristics are shown in Figure 7. 

A pilot model similar to the RIMS is being designed by MSC for use in 
environment Chamber "E". Operation of the pilot model will serve to 
minimize design deficiencies in the RIMS for Chambers "A" and "B". This 
pilot model is scheduled for completion i n May 1964. 
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CONCLUSIONS 

The MSC Solar Simulators contain a r elat ively large number of mechanical 
and electronic components . The reliability factors of these components 
have not yet been determine d . I t is apparent that this will be one of 
the most critical areas of modul e development; therefore, extensive 
efforts are being made to increase reliab i lity through a comprehensive 
program of testing. The reduction in positive electrode burning rate, 
through use of the inert gas and tungsten rod, has been one step in the 
overall program to increase r el iabil ity . The reduced burning rate will 
result in less maintenance required for the automatic feed mechanism. 

Improvements i n carbon electrodes would also result in greater operational 
reliability. It is believed that the use of the continuous extrusion 
method to obtain large product ion orders will achieve much greater uni­
formity between carbons. This technique, combined with the MSC program 
for improving other carbon characteristics, should result in more efficient 
and reliable solar simulator operation. 

Successful completion of the solar simulators on schedule will depend, 
to a great extent, on problems that may be encountered during optical 
system testing . These tests are scheduled to begin in April 1964. Solar 
simulator installation and checkout for Chamber "B" is schedule for com­
pletion in September 1964. Completion of solar simulation for Chamber "A" 
is scheduled for January 1, 1965 . 
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I. INTRODUCTION 

The Jet Propulsion Laboratory has been involved in solar simulation 

since 1960 in fulfillment of its obligations to the National Aeronautics 

and Space Administration. When it became apparent in 1962 that the solar 

system installed in the 25-Foot Space Simulator would not meet its initial 

performance specifications, which were inadequate at best, a program was 

initiated to devise techniques for improving upon that system. This 

activity led into a system development program which culminated in the 

production of what is now known as the JPL Solar Simulator Design Type A, 

six-foot diameter (JPL-SS-A6). A brief history of this development 

together with the outstanding actual performance of the JPL-SS-A6 are 

presented here. 

-1-
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II. HISTORICAL DEVELOPMENT OF THE JPL-SS-A SYSTEM 

In order to appreciate the origin of the JPL-SS-A System, it will 

be necessary to examine briefly JPL's first large solar simulator. JPL's 

25-Foot Space Chamber, as it was made operational in late 1962, utilized 

in its solar system a multifaceted, reflective optical element ("virtual 

source") at the focal point of a paraboloidal collimator in the configura­

tion shown in Figure 1. The large number of small facets (each contributing 

light to the entire test volume) eliminates the non-uniformity inherent 

in the incident light; the shape of each facet (paraboloidal with the 

same aperature as the collimator) compensates for the non-unifornU ty which 

would otherwise be introduced by the large collimator aperature. A highly 

uniform beam of light is therfore obtained in the test volume. The large, 

non-useful skirt area (which contains about one-half the total energy) 

is primarily due to the presence of extended images of the field lens 

near the "virtual source", Figure 2. If a lens is placed at each image 

in such a way that we superimpose in the test volume images of each facet 

rather than unfocused light beams, the skirt in the test volume would 

thereby be greatly reduced. Since such a lens would interfere with the 

incident light, let us replace the reflective facets with refracti¥e ones 

illuminated from the other side. Such an arrangement is shown in Figure 3. 
Since we have given up the reflective facets, we must restrict the collimator 

aperture, but this is a small price to pay for the greatly increased 

efficiency. 

As the possibilities of this lens unit unfolded, patent applications 

were considered. We then discovered three rather interesting facts: 

1) A patent was issued to Mr. Rantsch, et.al., in 1939 covering 

the application of this principle to motion picture projectors. 

2) Ziess-Ikon has been selling for some time a projector which uses 

this principle. 

3) A local company had developed independently of and almost 

concurrently with us a small solar simulator based on this same 

principle. 

J 



II. HISTORICAL DEVEWPMENT OF THE JPL-SS-A sYSTDf Cc-t'~) 

We were then in that unenviable position ot hav1Dg "invented" a device 

which was new at least 24 years ago. Be that as it ~, this "re-invention" 

has- become a significant advance in the short history of solar simulation. 

-3-



III. THE JPL-SS-A6 SYSTEM 

The des ign goal of the JPL- SS-A6 was as f ollows: 

1. Intensity: 275 watts per square foot 

2. Collimation (Worst angle): + 2 degrees 

3. Uniformity: ~ 5~ on any plane • 

.! 10~ anywhere 

4. Spectr\UD.: Best obtainable with Xenon and Mercury Xenon compact 

arc lamps. 

In order to fully exploit the possibilities of the lens unit, the 

simple system shown in Figure 4 was chosen . It consists of :four subsystems : 

1 ) Power Supplies: 

These are the standard 12.6 KW arc welding units shown in Figure 5. 

2) Light Sources: 

These are 5 KW compact arc lamps (both Xenon and Xenon-Mercury 

types) mounted in latus rectum ellipsoidal reflectors with f ocal 

lengths of 4-in. and 420-in. Figure 6 shows one assembly and 

Figm-e 7 shows a twelve lamp array. 

3) Lens Unit: 

Two views of the l ens unit are shown in Figures 8 and 9. I t has 

a 2O- inch diameter and consists of two planes of nineteen lense s 

each. All lenses are four-inch hexagons fabricated from fused s ilica. 

4) Collimator: 

This is a spherical surface with a 10-foot chord and a 4o-foot 

radius of curvature (20-foot focal length). Figm-e 10 shows one 

which is composed of nineteen 2-foot segments. The center segment 

shows the lens unit as seen from the center of the test volume. 

-4-
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IV. SYSTEM ANALYSIS 

When 5 KW lamps are placed in ellipsoidal reflectors and focused 

on the entrance to the lens unit, thirty five feet away, the energy 

distributions of Figure 11 are obtained there. The distribution from 

twelve Xenon lamps is shown in Figure 12. The distribution in Figure 12 

was obtained with more precisely figured reflectors than were used for 

the distribution in Figure 11. The ordinates on both these curves 

are at four-inch intervals and represent individual lens channels. 

Note that the intervals labeled A and E in Figure 12 have an intensity 

gradient across them of about eight to one. An early experiment showed 

that this lens size provided sufficient integration of the light, i.e., 

if the five channels labeled A, B, C, D and E are superimposed (along 

with the other fourteen channels), the resulting distribution is highly 

uniform. 

Refer to Figure 13 to see how the relative lens positioning is used 

to control this superposition. For clarity, we have drawn this figure 

out of scale and shown light passing through two lens channels only. 

It is evident that the location of the intersection at A and hence the 

plane of superposition is dependent on the angle ~ , which is determined 

by the relative locations of the lenses. The lamp array is centered on 

the intersection at B so that we may center images of it in each of the 

transfer lenses, Figure 14, and thus obtain efficient energy transmission, 

i.e., as the diameter of he lamp array is increased, images of it fill all 

transfer lenses at the same time. 

In order to minimize ~he skirt losses, a real image of each condensing 

lens is formed in the test volume as illustrated in Figure 15. This is 

accomplished by forming a virtual image with each transfer lens and 

relaying a real image of that onto the superposition plane by means of 

the collimator. When this is done, it happens that the lens planes are 

separated by a distance equal to the average of the two lens focal lengths 

and thus form an acromatic unit. There are, therefore, no color gradations 

in the light beam. It should be borne in mind that since the quality of 

these images is not espeCially critical, the preCision of the optical 

surfaces is not critical, e.g., t he collimator can have slope deviations of 

several minutes of arc with no seriOUS effects. 

-5-
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IV. SYSTEM ANALYSIS (CoDt'd) 

The collimator required has a lO-foot chord and a 2O-foot focal 

'"81th. Since it is easier to fabricate a spherical surface thaD a 

paraboloidal one (especially off-axis), we examined the aberatiOlls which 

might be introduced by a sphere. Figure 16 shows the canputed effect of 

the spherical aberation . The sphere, of course, when illuminated by a 

point source at its focal pOint, does not produce a parallel beam of 

light, but one whIch is slightly convergent as indicated by the dashed 

line. This convergence (which amounts to a few minutes) will theoretIcally 

increase the outboard intensity in the manner that the curves in the same 

figure show. The cross-hatched area indicates the extent of the test 

vol ume. Notice the improvement over the curve, which is not a function 

of H/F, indicated for the paraboloid. This shows quite clearly that the 

spherical surface produces higher inherent uniformity and, therefore, a 

desirable fabri cation technjque. These curves were determined on a 

digital 

1) 

2) 

computer in two ways: 

With a single point source at the focal pOint. 

Wi t h nineteen point sources arrayed symmetrically around the 

f ocal point, i.e., one at the center of each lens. Identical 

results were obtained. 

The simpl ified schematic shown in Figure 17 indicates the angular 

limitat ions imposed by the restricted collimator aperture. Since the 

rat io of i /h can only slightly exceed unity, the entrance or acceptance 

angle cannot be larger than the exit angle (collimator aperture). ~ 

light incident on the lens unit from outside this angle does not reach the 

test volume. 

l 

-6-
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V. FULL SCALE EVALUATION EXPERIMENT 

A 10-Foot Space Chamber incorporating the JPL-SS-A6 was Froposed 

by JPL as a second generation facility. A schematic diagram vf this 

facility configuration is shown in Figure 18. It is expressly designed 

around the optical system. Because of the difficulties which all the large 

~ Jlar simulation systems were experiencing at that time, JPL decided that the 

,n;:"-SS-A6 should be demonstrated in full scale before the facility was 

r:Jnstructed. Figure 19 shows the arrangement used for this multi-lamp, 

!'l~l-scale experiment. The experimental configuration differs from the 

Pl'oposed facility configuration in four ways: 

1) The orientation is horizontal rather than vertical. This does 

not affect the tes t results. 

2) No vacuum penetration window was used. This makes the experimental 

intensi ty measurements about ten per cent too high. 

3) A foldi ng mirror was used because the lamps must operate in a 

nominallJ vertical anode up direction. This makes the experi­

mental intensity measurements about twenty per cent too low. 

4) The ellipsoidal reflectors collect light from the anode (upper) 

half of the lamp rather than the cathode (lower) half. This 

makes the experimental intensity measurements about twenty-five 

per cent low. 

These differences combine to make the intensity measured in the exper imen~ 

aDout thirty-five per cent lower than what can be expected in the facili~J 

(:onfie;uratlon. 

The lamps, reflectors and lenses used were identical to those propc·sed 

for the new fac ilitYj the other optical element, the collimator, was no::. 

Wh de we plan to use a one piece ccmponent in the facility, the segmen'Jed 

one chosen in Figure 10 was used in the experiment. Because of the varia­

tions between segments, when they are alligned so that the normal to the 

center of each segment passed through a common "center of curvature", and 

a~p illuminated from a small source at the focal point, the pattern shown 

in FiGure 20 is obtained in the test volume. With illuminat ion !~r(.J'7 . • '11 

ent-He le:l:, .mi t, these variations produce a ripple in the test vol'lme 

iCd"em, ~; ; .' lr '.i e ,/ S of which Figure 21 is typical. 

-7-
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V. FULL-SCALE EV ALUATIOH EXPERIMEJiT (Caa~ I d) 

The survey pres ent ed i n Figure 22 wu obtained by adj ust1 .. tM 

collimator segment s for t he best all1gnmeat in ODe plane and direci100. 

Unfortmately this optimum adjust.eat cowJ.d net 'be obta1De<i .1INltaDtoudy 

t hr?ughout the test volume. The uniformity, however, represeDt. that 

obta inable with a continuous surface reflector . 

-8-
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VI. SYSTEM PERFORMANCE 

A. Intensity 

The inten'sity of illumination in the test volume, a& measured with 

an Epply thermopile, averaged over 120 watts per square foot when the lamp 

array contained ten Xenon and two Xenon-Mercury lamps. Increasing this by 

35% as described above, we obtain a value of 162 watts/ft. 2 • The new 10-

foot space chamber facility will be constructed with 19 lamps installed 

(256 watts/ft.
2

) and provision to add an additional 35 (54 total lamps). 

'Figure 23 is a view of the lens unit passing light from twelve lamps. 

Figure 24 is a view through the lens wit looking toward the lamp array. 

Firgure 25 shows the image of the lamp array in one lens channel. An 

examination of these figures, especially the last, shows that the optics 

can accept up to 61 lamps. There are, however, practical reasons which 

limit the number to 54 in the 10-foot space chamber. This implies a 

pos sible intensity performance in that facility of 825 wattS/ft2. This 

ener~r will probably be used to improve other parametors. 

R. Unl formi t y 

The unLformity of illumination in the test volume was a difficult 

mt'a:, urement because of the inferior collimator used in the experiment. 

P~e actual measurements showed a variation of .: 10%. After eliminating 

t.he collimator effects, as described above, we obtain a maximum variation 

of ~ 5~ throughout the entire 10-foot high test volume. 

C. Collimation 

The degree of collimation of the JPL-SS-A system is a fwction of the 

lens wlit diameter and collimator focal length. The JPL-SS-A6 experimental 

configuration w~s measured to have collimation angle (worst ray deviation 

from the test volume axis) of Just over two degrees. The availability of 

the excess energy mentioned above allows for improvement of the collima­

tion, e.g., if all but the center seven lenses of the lens unit are masked, 

a collimation angle of 1.5 degrees is obtained while retaining 60% of the 

light enersx (from 36% of the original area). This is due to the fact that 

the rt 11 sun is not un iformly bright, cf. Figure 12. 
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VI. SYSTEM PERFORMANCE (Cont'd) 

D. Spectrum 

The spectral distribution of energy in the test volume is identical to 

that of the lamps as modified by the optics. Since each lamp illuminates 

the entire test volume, a mixture of various t ypes can be used to tailor 

the spectrum. Also, there is currently on the market a filter which 

modifies light from a Xenon compact arc lamp t o a good solar spectrum. 

Which of these or other techniques should be used depends on the types of 

tests' to be conducted. For our purposes, we have tentatively chosen a 

lIixture of Xenon and Xenon-Mercury lamps. The lack of a good standard in 

the Ultra-violet makes absolute energy measurements in that region very 

uncertain. We have made spectral measurements with a Beckman DK-2 

spectrophotometer and obtained the date presented in Figure 26 and Figure 2" 

-10-
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VI I. CONCLUSIONS 

The very high efficiency of the JPL-SS-A system allows us to expend 

the excess energy to improve any performance parameter; e.g. collimation. 

'The system is quite flexible in yet another way. Since the lens unit 

effectively separates the lamp arr~ from the test volume, we can make use 

of improved lamp or refelctor types as they become available. 

We are currently studying spplications of this system to beam blzes 

in the 20-foot range. Since a direct scale-up becomes unwieldy, we are 

investigating techniques which might be used to increase the collimator 

aperture without degrading uniformity. 

·11-
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PERFORMANCE CHARACTERISTICS OF THE AMES 10- SOLAR 

CONSTANT SOLAR RADIATION SIMULATOR 

B.y Donald L. Anderson 

ABSTRACT 

A brief review is made of the operating characteristics 

and present status of the Ames 10-Solar-Constant Solar Radiation 

Simulator. Performance test results of the recently completed 

system are compared to the design specifications. A spectral 

match is made between the simulator spectrum and the earth's 

zero air mass solar spectrum. 

Instruments for measuring intensity, for unifOrmity mapping, 

determining collimation, and measuring the spectral distribution 

are described. The procedures used during the performance tests 

are discussed with particular emphasis on measurement technique. 
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PERFORMANCE CHARACTERISTICS OF THE AMES 10-SOLAB-CONSTANT 

SOLAR RADIATION SIMULATOR 

By Donald L. Anderson 

The topic of solar simulation has been discussed quite freq­

uently in the past few years. Many simulators have been constructed; 

some are quite complex while others are very simple. The parameters 

by which the worth of a simulator is determined are dependent upon 

its ulti~ate use. Intensity, collimation, spectral match, uniformity. 

all play varying roles, depending upon the application. I know of 

one experiment that required a simulator of no greater degree of 

sophistication than the heating element of an electric stove. It was 

a real bargain at $4.00. Other experiments require a much higher 

degree of sophistication and consequently have a much higher price 

tag. The simUlator I will describe today is in the latter category. 

The specified requirements and proposed configuration of this 

simulator were presented in detail at the conference held here last 

year. Since simulators come in various sizes and shapes) I will 

briefly review the system specifications, the physical hardware, and 

then the demonstrp.ted performance of the simulator. 

Table I shows the specified system capability. The intensity was 

to be continuously variable from 65 to 1300 watts per square foot. The 

collimation was to be less than ~ 5 degrees at the maximum output. The 

uniformity requirement of ~ 5 percent is for the collimated portion of 

the beam. The collimated beam size was to be a minimum of 4.6 inches 

in diameter at the target plane. The regulation requirement was less 

than ~ 2 percent variation i~ the intensity level. The individual 

lamps were to be regulated sufficiently to allow unattended operation 

over a week-end,approximately 100 hours. 
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Table n liltl the dea1red apectral. enerQ dbtrtbut1an as 

meuure4 with a lpectroradicmeter hav1n8 a m.ax1.JIrum bandwidth reeo­

lut1CX1 or 500 Angltrans. The lpecified enerQ mateh-percentapa are 

the allowable deviations from the U. S. Naval Research Laboratory 

.olar energy distribution curve for a zero-air mass sun (as published 

by Johnson in the Journal of Meteorology, December 1954, Vol. II, 

No.6). The variation in these percentages is indicative of the 

relative difficulty in obtaining energy and the accuracy of absolute 

calibration of energy in these wavelength bands. 

Figt:..re 1 shows a cutaway as~embly drawing of the lO-sun solar 

radiation simulator. A 13 unit, 2500 watt xenon l&mp assembly is 

housed inside an eight-sided water-cooled chamber. Dry nitrogen 

gas is circulated inside this chamber as a cooling medium, rather 

than air, to preclude the generation of ozone. Transfer and collim­

ation optics then direct the radiation from the array of arc lamps 

into the test chamber. The collimation lens assembly forms the 

vacuum seal between the solar simulator and the test chamber. This 

chamber is a four-foot internal diameter horizontal cylinder, five-
. . 

feet long. The pri~ary folding mirror is made of pyrex and is water 

cooled. The secondary folding mirror is a Kanigen coated aluminum 

plate, over-coated with an evaporated aluminum film. The other 

optical parts are made of high qual1 ty optical quartz. The system 

is designed so that each source irradiates the entire target area. 

Individual lamp failure therefore does not affect beam uniformity. 

This is very important for long-duration tests where a constant 

environment must be maintained. The beam intensity is controlled by 

varying the number of lamps and the power to each lamp. 

Verification of the performance of a system is no small task. 

Special instruments and techniques must be utilized to accurately 

evaluate a system. The contract for this simulator included as a 

-2-

216 

! , 

. ) 



requirement the delivery of irustrumentat10n fr,~ meuu.r1.ng 1ntenalty, 

for uniformity mapping, determining collimation, and measuring the 

spectral d1str1m\t1on. 

On January 15, 1964, performance teste of the ccmpleted. simu­

lator were conducted. at the manufacturer's plant near Los Angeles. 

The following is a summary of these tests. 

The instruments used for the intensity performance testing are 

.hown in figure 2. The intensity level in the output beam vas 

measurec Simultaneously with a calibrated Eppley Thermopile located 

in the target volume, with a thermopile located on a periscope ahead 

of the field lens, and with beam monitor solar cells. The high in­

tensity thermopile is capable of reading intensity levels up to 

14 solar constants. The calibration constant used in this test ~s 

supplied with the instrument by the Eppley Ccmpa.ny. The beam monitor 

solar cells are four high-intensity photovoltaic sensors located on 

the periphery of the collimation lens. The output of the four ce~ 

are paralleled to provide an integrated measure of intensity during 

the operation of the simulator. The specification for the simulator 

required that the intensity of the collimated beam shall be variable 

from 65 to l300 ,watts/ft2
• To provide this large beam intensity 

range, multiple patterns of lamps are utilized in conjunction with 

throttling of the radiation sources. Special achromatic filters 

were used for the low intensity tests. 

Figure 3 shows the instrument used to measure the beam uniformity. 

The sensing element is a 1 x 1 cm solar cell and 1s mounted on an X-Y 

Scanner. Neutral density filters were used to reduce the intensity 

of the beam on the sensor to less than 2 solar constants. This 1s 

necessary to assure reasonably uniform sensor temperature and thereby 

linearity of readings. Horizontal and vertical scans were made at 

the 18 inch, 30 inch and 42 inch planes in the target volume. All 

beam i ntensities were recorded by a L and N Strip Chart Recorder. 

Figure 4 is typical of the data taken. The speCifications required 
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that uniformity across the collimated beam be within! 5 percent, 

and that this uniformity be exhibited over a diameter of 4.6 inches 

at the 42 inch target plane, when operating at 10 solar constants. 

The figure shows the measured uniformity whi ch is well within this 

specification. 

The problems involved in making spectroradiometric measurements 

are far too numerous to be treated in this paper. No new or unusual 

techniques were used in the calibration of this simulator, therefore, 

all of the · usual problems were encountered. The equipment consisted 

of a double-prism monochromator employing photomultiplier detectors 

and a thermocouple bolometer. 

Several independent tests were run and the results compared. By 

this means, it was possible to evaluate the test equipment and pro­

cedures. Measurements were made at various beam intensities and 

various positions within the beam to verify spectral uniformity 

throughout the target volume. Calibration of all measuring instru­

ments was performed using a National Bureau of Standards calibrated 

quartz iodine filament lamp. The output of the standard lamp and 

solar simulat or ~~s compared at each wavelength and slit width setting 

of the monochromator. A white chalk block was used to deflect either 

beam into the entr3nce slit. These data were plotted in graphical 

form, as is shown in figure 5. This graph shows the relative intensity 

versus wavelength for both the simulator and the solar spectrum. The 

simulator intensity for this test was 10 solar constants. Numerical 

and graphical techniques were used to determine the match between 

these two curves within the specified wave l ength increments. Figure 6 
shows the energy in these integrated wavelength bands. The character­

istic emission from the xenon lamp between 0.9 and 1.1 microns has been 

very effectively filtered to match the solar spectrum. In general, 

the simulator is rich in infrared energy and deficient in ultraviolet 

energy. In Table II this spectral match is given in percentage devi-
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ations fran t he zero 801 mass Johnson curve. The pee .... fied. energy 

match percents in th design goal regions proved to be somewhat 

optimistic for the ultraviolet region. The ce.llbr lon in ~1 regioo 

can, however, be somewhat inaccurate due to the lOW' energy level of 

the ca ibration standard. New standards are being dey .lopea by the 

National Bureau of Standards which should increase the calibration 

accuracy. 

A pin-hole viewer was used to measure the collimation angle f or 

various lamp arrays. The collimation angle was determined for the 

combinat ions of lamps from 4 to 13, as they were used to achieve 

var ious intensity levels fran one-half to 10 solar constants. The 

colli mation half angle was within the ~ 5 degree specification for 

all lamp combinations and intensities. 

The s t ability of the simulator can be monitored by the photo­

voltaic cells, the periscope mounted thermopile, and the auxiliary 

thermopile located in the test volume. The photovoltaic cells mounted 

on the periphery of the collimation lens allowed continuous monitoring 

of beam intensity during a run. For the acceptance tests, a continuous 

run of thirteen h urs at an intensity level of ten solar constants 

was performed. Fr~ the output of all the instrumentation, the stabilitJ 

of the simulator was verifi ed to be within the ~ 2 percent specification. 

At the completion of the acceptance tests, the simulator was shipped 

fram Spectrolab i n Sylmar, California to the Ames Research Center. The 

Simulator, wit h all its power supplies and controls, has been i ntegr ated 

with the vacuum chamber. Spectrolab personnel are scheduled t o install 

the opti cal components within two weeks. At that time, the s i mul ator 

will be operational and ready for research in the many areas wher e 

long-duration, hi gh-intensity, solar radi ation is required. 

-5-
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TABLE I 

SPECIFIED SOLAR SIMULATOR REQUIREMENTS 

INTENSrrY 65 to 1300 watts per s~. ft. 

COLLIMA":ION less than ": .5 
0 t1 

UNIFORMITY less than,,: 5 per cent 
1 

BEAM SIZE 4.6-inches in diameter at target plane 1 

REGUIATION less than ..: 2 per cent of intensity I 

OPERATING TIME 100 hours continuous unattended 
1 

. I 
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TABLE II 

SPECTRAL ENERGY DISTRIBUTION ]\1ATCH 

WAVELENGTH RANGE PERCENTAGE OF SPECIFIED ENERGY ACYJ.L.L YSRGY 
ANGSTROMS TOTAL ENERGY MA'l.'CH PERCENT MATC~ P=:;RCi'.ST 

2200 - 2500 0.1 .:: 25 DESIGN GOAL - 60 

2500 - 3300 2 · 9 .:: 15 DESIGN GOAL - 46 

3300 - 4000 6.0 + 10 +3 

4000 - 5000 14 . 4 + 8 -7 

5000 - 6000 13·8 + 8 -7 
6000 - 7000 11.9 + 8 .), '"T -
7000 - 8000 9 .6 + 8 +3 

8000 - 9000 7·7 + 8 +9 

9000 - 11000 10.8 + 10 +18 

11000 - 15000 11.2 + 10 +3 

15000 - 20000 5.8 .:: 15 +22 

20000 - 27000 3·1 .:: 15 DESIGN GOAL +8 
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STATUS OF SOLAR SDlJLATIOlf AT LEWIS 

by John L. Pollack 

Lewis Research Center 

This paper summarizes what has been done at Lewis during the last Tear, 
and presents our goals and plans for the future. 

Our basic objectives have not changed. They are 

(1) .To develop an in-house capability to evaluate existing and proposed 
devices to produce solar simulation 

(2) To upgrade and maintain our operational systems 

(3) To furnish potential users with factual data on the state-of-the-art 

(4) To support R&D on weak-link components of solar simulators in areas 
which are of specific interest to Lewis 

In our paper last year, all our experience and work was in the use of 
solar simulators employing carbon arcs as sources . During this year much of 
our emphasis has shifted to evaluating the enclosed sources, not that we feel 
they are inherently superior, but because some of our requirements practically 
preclude considering carbon arcs . 

The current level of effort at Lewis is six professionals in the Instru­
ment and Computing Division. Two are working full time on the spectral irra­
diance measurements and the associated spectral radiation properties of mate­
rials. 

In this area of spectral irradiance, last year Lewis contracted with 
Eppley Laboratories for independent measurements on our three carbon-arc solar 
simulators. Measurements on our 30-inch diameter beam were made under all 
conditions, including operational, - cold wall, and vacuum. Eppley's report to 
us was made available to the other NASA centers. We are pleased that the 
measurements by Eppley indicate the close approximation to the Johnson curve, 
but we, are disturbed about the lack of agreement between these measurements and 
our own. In the following paper Mr. Goldman of , our staff will present various 
methods for analysis of data obtained from filter radiometer measurements 
o arbOn ar er will show our current disagreement between these 
results and tn obtained on disperseve instruments. His paper rein-
forces our opinion that the spectral irradiance r emains the most serious un­
solved measurement problem we have today. 

Our philosophy in making the measurement wit h dispersing instruments is 
that it is absolutely required to destroy the geometry of the solar-simulator 
optical system before presenting the radiation to the instrument for measuring. 
We are working with integrating spheres, diffusing flats, and etched mirrors to 
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accomplish this and yet preserve enough energy from the standard sources to 
calibrate the instrument. To date we do not consider our efforts successful. 

We are anxious to see what progress NBS is making on our contracts with 
them in this problem area. Also, we are waiting with interest the report by 
Eppley labs in which they made comparison measurements of GE's Valley Forge 
facility, us ing a Perkin Elmer "Spectracord" and their own filter radiometer. 
Incidentally, we mentioned last year our efforts to use a Macpherson arc as a 
high temperature standard of radiation (38100 K). We have shipped this lamp to 
Eppley. They will measure it on their dispersive device, and we will compare 
results. 

To facilitate measurements on recently purchased incoming systems, we have 
set up an evaluation area. In the next few months we will measure constancy, 
uniformity, collimation angle and spectral irradiance, using a recently pur­
chased filter radiometer from Eppley, on the following devices: 

(1) Two Genarco ME6 - one with their conventional projection optics, the 
second modified by us to utilize mosaic lenses and a collimator 

(2) The Strong Electric 75002, which utilizes a reflector-collector, 
mosai.c lenses, and <luartz projection lens 

(3) A Minneapolis-Honeywell-Goddard module in a variety of modes of opera­
tion, which will be discussed later 

The Measurement Facility has progressed to a point where we are in the process 
of instrumenting the area. The purpose of this area is to have available 
space, ventilation, power, and survey and measurement instrumentation to allow 
us to make the necessary measurements of simulator performance. The room is 
large; we have space for 50- to 60-foot vertical beam throws, and up to 100 feet 
horizontally. Up to 50 kilowatts of power will be available for various sources. 
A survey stand providing incremental linear and radial positioning over a 
2-foot diameter field is available, and a larger 4-foot diameter stand is being 
built. These stands will allow precise, remote positioning of total or 
spectral radiometers in the beam of solar simulators with digital readout of 
position and angle of the scanning sensor as well as the scanning and fixed­
sensor outputs. The purpose of the apparatus is to allow technicians to make 
simple, safe, accurate measurement of constancy and uniformity from a remote 
station. 

It was mentioned earlier that we have had to turn our attentions to the 
consideration of compact-arc-modular type of solar simulation. Last year at 
this meeting we mentioned that Lewis had plans for a space environment facility 
at its Plum Brook Station (fig. 1). The space propulsion facility will have a 
cylindrical vacuum chamber 100 feet in diameter and 122 feet in height from the 
flat working floor to the top of the hemispherical dome. The vacuum chamber is 
surrounded by a 7-foot-thick concrete nuclear shield and containment vessel 
which is evacuated to 1/2 pound per s<luare inch absolute. Inside the shield is 
an aluminum vacuum, cold wall s tructure. This large facility has been designed 
and a construction contract will be placed before June 1964. Estimated com-
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pletion date is spring of 1967. 

This large facilit y requires a solar s imulator which can be used to 
irradiate a wide variety of tes t models of different sizes and shapes including 
the SNAP 8 space nuclear power generation system, chemical rocket upper stages, 
and other space vehicles and satellites . In1 tial model area to be irradiated 
is approximately 500 square f eet. 

Our studies and plans to provide a solar simulator for t his facility by 
June 1967 has ' been influenced by the following factors: 

(1) The unique construction of this large facility (the 7 ft.-thick walls) 
has made,difficult the conventional approach of sources of radiation out s ide 
the chamber with optical penetrations in the chamber walls . 

(2) The planned test programs for this f acility also require that the 
solar simulator operate f or long periods (100 hr minimum) without access to the 
system components . 

(3) The large volume of the chamber provides a great degree of flexibility 
in model size and shape to be tested within it. It would be highly desi rable 
to have similar freedom in positioning the solar simulat or and in directing its 
radiation. 

Consideration of these facts led us to the conclusion t hat f or a l arge 
chamber employing this t ype of construction, a modular t ype sol ar simulator has 
to be designed that includes a radiation source that can oper ate entirely within 
the space environment . It is our opinion that t he following advantages out­
weigh the attendant disadvantages: 

(1) Complete f l exibil ity to irradiate any shaped area from any direction 

(2) Elimination of optical penetrati ons in the chamber wall s 

(3) Unitary construction of t he module, rather than a design divided into 
parts inside and outs ide the chamber 

The disadvantages of this design approach are 

(1) Added heat load introduced into the chamber 

(2) Necessity to pressurize the modules with attendant leak possibility 

(3) Cooling and electrical power penetrati ons i n t he chamber wall 

(4) Inaccessibilit y for s ource replacement duri ng oper ation (this puts a 
premium on rel i abilit y, and indicates that we consider a system that 
employs redundancy) 

(5) Eliminating of the consideration of carbon arc with its super ior 
spectral distribut ion as a source of radiation 
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Implementing this basic decision (1)utting the adiation source inside) will 
be a major task during the next two years. The next decis1co required is the 
selection of the module design best sulted tor the Plum Brook system. If this 

-decision were required today, our choiee would be the Goddard-Mlnneapolis­
Honeywell design because in our opinion it has the best over all guaranteed 
performance of any compact arc lamp ·module system available today. 

Our basic premise is that a large system sho d be built around a proven 
module performance, and t le only proof of module performance is eValuation of 
the actual operating hardware. Therefore, before actual expenditure of funds 
that are tentatively budgeted in fiscal year 1966 we wi1~ examine other promis­
ing approaches using as our minimum performance guidepost the performance of 
the Godd~d module. Using this guideline will provide an opportun1 ty for 
achievement of an optical performance superior to what is obtainable today by 
building onto the state-of-the-art . 

Our method of implementing this plan is 

(1) We have on order for delivery this month a flexible version of the 
Goddard Minneapolis-Honeywell module. This module will be furnished with inter­
changeable HgXe and Xe lamps of 2.5, 3.5 and 5.0 kilowatts . The Module will be 
capable (with various restrictions) of producing a vertical or horizontal beam. 
We will operate and measure the performance of the module to familiarize our­
selves with its operating characteristics and to allow the intelligent predic­
tion of the performance trade-offs possible for specific tests. First hand 
operation of the system will also allow better eValuation of the problems asso­
ciated with enclosing the system in a pressure-tight container so that it can 
be operated within the space chamber. 

(2) We intend to rent a second commercially available 9ystem (the Aerospace 
controls Lab compact arc lamp system employing mosaic lenses) to compare its 
performance to that of the Goddard system. 

(3) We have a study contract in progress with Minneapolis-Honeywell 
(NAS3-5024) to design a pressure tight enclosure for an improved version of the 
Goddard module. This study is based on utilizing a 5-kilowatt xenon lamp. The 
module will operate vertically or horizontally; the study includes choosing ma­
terials compatible with nuclear radiation flux loads in which the solar simulator 
must operate. Module cooling, power requirements and control requirements as 
well as piping and wire sizes and methods of connecting to module enclosures 
are· being determined. Required external cooling . and electrical systems are 
being considered. The methods of installing, aligning, and supporting clusters 
of modules of variable size and shape are being worked out. The clusters will 
either be mounted off the test chamber floor in suitable racks or hung from the 
dome ceiling of the chamber. 

e 
The initial study will be compJ,:ted in May, and detajled cos ·t estimates will 

be furnished for the following : 

4 

(1) Completing the module de ail deSign, and preparation of engineering 
plans and specifications 
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(2) Fabrication, test, and delivery o~ solar-simulator modules complete 
with power supplies and any other external system in groups of 50 
and 200 

(3) Installation in facility, alignment, and checkout of complete module 
system in groups of 50 and 200 

Some data and preliminary conclusions are availabl~ ~ow on this contract 
as a result of polar plot, microbrightness, and lamp aging tests on a variety 
of lamps in both vertical and horizontal operation. The results of early tests 
on mercury-xenon lamps in horizontal operation indicated the presence of a 
thermal tail flame which, even before it gave any evidence of envelope darken­
ing, distorted the polar distribution of flux from the lamp and seriously re­
duced it locally upward (over the anode). Since the Honeywell design demands 
uniform polar distribution, use of this lamp in horizontal operation in the 
Goddard system would require cutting back" the capture angle of the ellipse 
and reducing the overall module efficiency approximately 20 percent. The tests 
did show, however, that ass~tng the nonsymetrical polar distribution could be 
tolerated, the lamp could be operated for 200 hours with only the normal expec­
ted degradation in output even though the lamp blackened appreciably. 

Since operation of the lamp in a both horizontal and vertical orientation 
is highly desirable for our application, the study was reoriented to consider 
xenon lamps. Figure 2 is a polar plot of a horizontally operated lamp. The 
dotted line (run no. 1) is the initial polar plot, the solid is the measurement 
after 503 hours continuous horizontal operation. This 5-kilowatt xenon lamp 
had no tail flame, and exhibited no bulb darkening. After 500 hours, however, 
vitrification of the quartz envelope in the vicinity of the cathode is indi­
cated by a 15 percent local drop in intensity on the polar plot. The total and 
local degradation of radient output of the same lamp shown plotted vs time is 
shown on figure 3. 

Based on the assumption that a 5-kilowatt xenon lamp would be used, a 
module was designed to cover 4 square feet (a hexagon 26-in. across the flats) 
with a maximum of 170 watts per square feet (1.31 se) . 

Figure 4 is a drawing of the system as Minneapolis-Honeywell sees it today. 
In general except for scaling upward in size and an improvement in the condens ­
ing system to improve uniformity, it is similar to the Goddard system. 

The enclosure is approximately 2 feet in diameter and 6 feet long and will 
weigh about 300 pounds. The entire module is constructed of aluminum with the 
exception of the nickel electroformed hyperbola. The parabola, which is of a 
finned design, is attached to the main structure. The critical seal is at the 
field lens. The coolant is tentatively a water alcohol mixture entering at 
200 F through an inlet tube which is the support structure for the hyperbola, 
continues back following a parallel path into the container, through the coiled 
heat exchanger, and out. The container is filled with air or nitrogen at 
atmospheric pressure. A fan circulates the air around the outside of 
the ellipse through the heat exchanger, through the finned parabola, past the 
field lens, through three parallel paths between the condensers, and finally 
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around the lamp. The heat exchanger and 1w.ter cooli ng removes 24,000 Btu per 
hour per unit, and each unit requires 2 tons of refrigerat on . A coolant 
stabilized Hycal thermocouple detector on the hyperbola strut will monitor the 
module radiant output. The igniter is located in the area behind the lamp. 
Input power, fan power, and control wiring enter through the back • 

. It is planned to mount and support the modules in a horizontal arr8\Y' on 
the hexagonal bearing areas in the manner shown in f igure !) . The modules will 
rest on one another to a height of 10 modules. The center of gravity is at 
this central support ring. A restraining harness will prevent shifting in the 
direction normal to loading. The utility supply tower has been designed for 
the horizontal array. It will consist of two vertical columns that provide the 
necessary supply and return lines to the modules. 

Upon completion of this study contract (May 1964) it will be evaluated by 
the Lewis staff. We hope that actual operational data on the Goddard facility 
will also be available at that time. 

If the decision is made to proceed, we will contract for final design, 
construction, and evaluation of a 1-3 module canned array. When the contrac­
tor's testing is complete, we will operate the array within a suitable environ­
mental facility. 

In spite of the fact that we consider the Goddard-Minneapolis-Honeywell 
module the best available today for our purposes, we are also providing limited 
contractual support to promising new schemes for producing solar s imulation 
under the general conditions imposed by the Plum Brook space chamber. 

We have entered into a contract with Linear Incorporated of Evanston, 
:Illinoi~NAS 3-2794) to design, construct, and evaluate the optical performance 
of an extremely simple modular des ign employing a minimum of components and 
utilizing the mosaic lens principle. Hoped-for results of the optical per­
formance of the module would be (1) a gain of at least a factor of two in 
radiant energy transfer efficiency over the Goddard system, (2) a geometry 
which would allow dual or tertiary stacking of modules in both vertical or 
horizontal array, (3) a substantial decrease in the number and tolerance re­
quired on both the individual optical components and the alignment of components 
in the module. 

We expect these gains to outweight possible losses in other areas of simu­
lator performance, such as uniformity of irradiance. The linear concept is 
shown in figure 6. It consists of a grouping of on-axis modules for direct 
irradiation of the test zone. The flux source was chosen as a 2.5 kilowatt 
Westinghouse mercury-xenon lamp (SAHX-2500 F) s o that a direct comparison of 
optical system results could be made with the Goddard module. 

An ellipsoidal main reflector around the source, two lenticular or mosaic 
lenses, one of which might be a pressurized radiation window in the canned 
version, complete the module. 

The reflector designed for slumping in rectangular quadrants has 3-po1nt 
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adjustable mounts for each section. The elliptical form of the reflector is 
angularly displaced, and the image of the arc is actually an annular ring 
around the axis so that the flux will miss the end of the lamp and be more 
readily operated on by the lenticular plates. The collector intercepts prac­
tically all the source radiation. A secondary device is employed at the back 
of the reflector to complete the flux collection. Since no ray of flux is 
refracted ' by the lenses more than 120 , the chromatic aberration of this system 
is about one-eighth of the Goddard design. 

A pair of lenticular plates accomplish the collimation and direction of 
flux to the test area covered by the module. The top lenticular plate is a 
combination of a prism and lenticular-lens array of hexagonal segments focusing 
and disp~ac1ng an image of the arc so that images are formed in the center of 
the second lower array of pure-lens elements. The lower plate images the upper 
hexagonal segments onto the test zone. Each plate will be made up of many 
hexagonal elements, and the plates will be pressed from quartz or Vycor blanks. 

Linear, Incorporated expects to be able to cover a 30-inch hexagonal area 
with one solar constant using one 2.5 kilowatt lamp. If they are successful 
and the reflector size remains as deSigned, it would be possible to intersperse 
a second or even a third array of modules as shown in figure 7. This inter­
spersion would allow higher levels of irradiance or a redundant capability that 
would increas e the reliability of the system. (In case one lamp failed the 
adjacent lamp could be burned on). Also, since this system is quite insensitive 
to polar symmetry of flux f rom the source, it would be possible to utilize 
Mercury-Xenon lamps operating horizontally in this system. The promise of in­
creased efficiency i s mos t attractive. For a system totally contained within 
a space chamber, it is a double advantage since the transmitted energy does not 
have to be removed as heat. If efficiency is doubled, cooling requirements are 
reduced to 40 percent. 

One other area of interest to Lewis that is r elated to the general problem 
of obtaining a good reliable solar simulator for our Plum Brook space chamber 
will be discussed now. The 5-kilowatt lamp design of Minneapolis-Hone,ywell 
mentioned earlier requires approximately 130 modules to irradiate 500 square 
feet. In addition, there is general agreement that most of the problems associ­
ated with any solar-simulator design are directly traceable to the sources we 
must use. The present compact arc lamps are subj ect to the following limita­
tions by design considerations: 

(1) Limited power input (5 kw is maximum avai lable) 

(2) Vertical operation only - at least until more testing disapproves 
present practice 

(3) Fragile and subject to explosive failure 

(4) Require auxiliary cooling andventilation 

(5) Accelerating degradation during useful l i fe 
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- The plasma-jet radiant energy sourees show promise of becoming second 
generation sources for solar simulation. They eliminate the limited power 
input and vertical operation requirement and are rugged and strong. By the 
nature of their operation the sources have a built-in cooling and venting 
syst~m; they can be salvaged and rebuilt at the end of their useful life. Be­
cause the gas is recirculated through the lamp, they offer attractive possi­
bilities of gas mixture and pressure variation to tailor spectral output. 
Through the co-operation of our Washington office, we are following the progress 
of various NASA and AEDC contracts that are directed toward evaluating and im­
proving these sources, mainly the Plasmadyne source of Giannini Incorporated. 

Another of these sources that appears particularly attractive to us be­
cause of 'our interest in the mosaic lens approach is the Westingllouse Radiant 
energy source. l This source is described by a report by Wolf & Hugheci of that 
company and is shown in figure 8. -

The source itself is a sealed-beam "headlight" design consisting of a 
rugged shell designed to withstand 600 pounds per square inch internal pressure. 
It incorporates water-cooled replaceable electrodes, and an integral elliptical 
mirror and lens. The gas enters, sweeps the lens and mirror to keep them cool 
and clean, and exits through the annular anode. 

In our opinion this source is adaptable to our requirement of operating 
within the space environment. It is rugged and operates quietly and stably. 
The radiating area, from visual examination , appears to be much mere of a 
compact-arc distribution than that of a line source. We have made rough meas­
urements of radiant output from this source and reflector at the Wl~S tinghouse 
plqnt and concur with them that approximately 30 percent of the input power 
leaves the source as a directed beam. 

are 
Some advantages of the integral source reflector design of Westinghouse 

(1) Greater separation between arc and nearest optical surface that re­
sults in 

(a) Less deposition on the optical surface 

(b) Better cooling of the optical surface 

(c) Less obstruction to the projected beam 

(2) Allows use of a dome-shaped window (lens) that results in 

(a) The window being able to support a much higher gas press ill'e 

(b) A longer distance from arc to window, therefore, ledu~ d tempera­
ture rise in window 

lAvailable from Westinghouse Electric Co., Industrial Systems, ~lbiic Works 
Province , Pittsburg 35, Pa. (P. O, Box 10560). 
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(c) Less intensity of radiation through the window, reducing the 
effect of window degradation by ult ra-violet radiation 

(3) A system that is more compact and, hence, 

(a) Simplifies the introduction of magnetic stabilization 

(b) Better suited for modular arrays, allows a greater number of units 
to be used for either higher irradiance, or for reliability. 

In view of these possible advantages we are attempting to place a contract 
with Westinghouse to modify, improve, and life test one of their sources in 
order th~t we may examine it for our future re~uirements. Because of their 
proximi ty to Lewis, we will be able to take our own measuring e~uipment to the 
plant to measure its performance. The source now i s conservatively rated at 
10 hours at 10 kilowatts although it has been run up to 20 kilowatts. Westing­
house simply has not sufficient exper ienc e with it to predict its final per­
formance. Target performance for our contract would be at least 100 hours at 
25 kilowatts or more with the use of a recirculating gas specified by Lewis. 
We hope to complete negotiation of this contract in May 1964. 

In conclus ion, s ince we f eel the basic purpose of these in-house meetings 
i s the exchange of information, we will upon re~uest make available to any 
other center the progress and final reports of any of our contracts as well as 
any s ignificant progress in our in-house activities. 
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.. 
THERMAL TESTJNG OF UNMANNED LUNAR AND JNTERPLANETARY SPACECRAFT ... 

Elmer M. Christensen 

Jet Propulsion Laboratory 

The achievement of temperature control of JPL sun-oriented spacecraft, i.e., 
Ranger ,and Mariner, has required a. blend of analysis and testing. The first 
part of this report presents a brief description of these spacecraft. It 
enumerates the difficulties involved in temperature-controlling these spacecraft, 
describes the general thermal philosophy and methods of solution, discusses some 
testing experiences and test lessons, and comments on the flight results. The 11 
second part summarizes some of our expected future thermal test facility require-
ments and the interrelationship of spacecraft design and testing as they pertain 
to our fUture spacecraft. The temperature control requirements and constraints I 
of most spacecraft are highly individualized. Thus, specific design and test 
implementation are required and cannot necessarily be generalized. 

I. PAST EFFORT AND EXPERIENCES 

A. SPACECRAFT WITH DIFFICULT-TO-ANALYZE HEAT TRANSFER CHARACTERISTICS 

The comments in this report are relative to sun-oriented spacecraft 

such as Ranger, Mariner, and similar types that we expect to design in 

the fUture. In order to give a better understanding of the difficulties 

involved in analyzing the heat transfer of these spacecraft, refer to 

Figure 1. This is a model of the first and second Ranger spacecraft. 

It consists of a hexagonal-shaped basic structure with six electronic 

chassis, two wing-like solar panels, a parabolic-shaped antenna, a 

science experiment on a boom, an oil derrick-like superstructure 

containing many of the science experiments, and a hat-like omni antenna 

on the top. Sun sensors, coupled by a logic unit to gaseous nitrogen 

attitude contro s, point the spacecraft roll axis to the sun and 

~i tain this orientation. In this sun-orientation cruise mode, the 

sun's rays are normal to the solar panels and illuminate the 
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superstructure or top side of the spacecraft. An earth sensor, coupled 

to the jets, points the parabolic antenna at the earth, thus providing 

roll stabilization. 

The later Ranger spacecraft have, in addition, a midcourse and a 

terminal maneuver where the sun-oriented attitude is lost for a period 

of time. The Mariner II, a Venus probe, had a midcourse maneuver and 

a large change in solar intensity. 

Figure 2 is a photograph of Ranger 1. Obviously, it was not taken 

in space during the sun-oriented cruise mode because of the strong side 

illumination and the wrong shadow pattern. However, we have learned 

that there is more illumination on the sides and bottom, than was 

originally thought, because of the multiple reflection of solar energy. 

Note the large number of varying-shaped external surfaces . 

. The classic simple formula for determining the equilibrium tempera­

ture of a body in space, i.e., the energy in equals energy out, subtly 

hides the difficulties of temperature-controlling these spacecraft. 

When a number of bodies or components are erouped together, as in 

Figures 1 and 2, the analytical formulation complexities rapidly 

increase. The external thermal radiation is difficult to predict because 

of the multitude of surfaces that see each other in varying attitudes 

and/or orientations. There are problems with the varied view factors, 

the variety of absorbin{ and reflectin~ diffuse and specular finishes, 

the curved and flat surfaces facing a variety of directions, and the full 

or partial shadowing dependent upon precise spacecraft orientation to the 

sun. The conduction of the exterior surface materials cannot be ignored 

because ,f t i lr' various th.i.cknesses, the various material conductivities, 

and tne various types of ,;o int s with the unknowns associated in various 

contact presf;ures . 
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Internal to the spacecraft, approximately 100 to 120 watts of 

electrical power are dissipated in the six electronic assemblies. This 

power, unfortunately, is not equally distributed nor constant with time. 

In order to prevent large thermal gradients within the electronic area, 

the units which are dissipating larger amounts of energy must be mounted 

with a good conduction path to an external radiating area. 

Figure 3 shows a segment of a Ranger main structure and the electronic 

chassis assemblies. The chassis to the right is in the in-flight position. 

The chassis to the left is open for inspection or disassembly. Note the 4Ir1 
electronic modules in the open chassis. Figure 4 displays a typical 

electronic module. 

B. METHODS UTILIZED IN SOLVING THE THERMAL PROBLEM 

The task of the temperature control engineers is to control the 

spacecraft heat transfer characteristics such that the temperatures of 

the multitude of components will remain within tolerable limits through­

out the flight. Early in this effort, we realized that we did not 

possess adequate knowledge nor the capability of analytically solving 

the te,mperature control problems involved in these necessarily complex 

spacecraft configurations, nor were facilities available that would 

permit solution by test alone. Thus, we have used various combinations 

of hand computations, machine computations, component tests, subsystem 

tests, and tests of complete spacecraft and then correlated these 

results as best we could. There is no set way in which we blend these 

together; instead, it depends upon the spacecraft, the money, the time, 

and the manpower available. Hopefully, by launch we shall have done the 

job with sufficient rivor and thoroughness to achieve an acceptable 

degree of confidence in the temperature control design. 
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Arbitrarily, the temperature control task can be divided into 

control of the internal. and the external. heat balance. The external 

heat balance can be defined as the local temperature distribution of 

the spacecraft exterior that results from the exchange of energy to and 

from space and the other exterior surfaces of the spacecraft. The 

internal heat balance is the spacecraft internal temperature distribu­

tion. For our spacecraft, most of the difficulties and effort are 

involved with the exterior heat balance where the unknowns are the largest. 

In the case of the first Ranger, the general configuration, structure, 

etc. were essentially finalized before the magnitude of the thermal 

difficulties was recognized and accepted. As a result, the temperature 

control effort had to be within these gross configurational and material 

constraints. Thus, a major emphasis was placed upon minimizing the 

thermal uncertainties by local design techniques. 

Examples of how design techniques were used follow. The uncertain­

ties in the radiation to and from the six structural legs were reduced 

to acceptable values by finishing the legs with low-emittance surfaces. 

The chassis outboard surface has a high-emittance coating and the other 

chassis surfaces have low-emittance finishes. This procedure yields 

the most predictable electronic temperatures because the high-emittance 

surfaces have the best view of space and the least thermal radiation 

interaction with the remainder of the spacecraft. Generally, the heat 

transfer uncertainties associated with the complex conduction and radia­

tion geometries interior to the hex have been avoided. This has been 

accomplished by attempting to make all chassis or bays maintain the 

same equilibrium tempernture by external heat balance and by maximizing 

the lnLcrnal emittance. Thus, the 6 T across the bus is not large, 

and the available eonduction and radiation even out the temperatures. 
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A typical electronic module consi sts of two pr inted ci rcuits with 

all the associat ed electronics which, in t urn, are bonded to opposite 

sides of a metallic pl ate. An integral flange completely surrounds this 

plate. The external surface on the flange side opposite the connector 

is machined. Good heat transfer conduction to a radiator is provided 

when the machined surface is bolted to a machined inside surface of a 

chassis. The module is additionally supported by the two ears evident 

in Figure 4. Normally, the heat flow is from the electronic components, 

through the printed circuits to the center web, through the web to the 

flange, t hrough the flange to the external chassis or radiator. 

Generally , hi gh-power dissipation units are mounted toward the right side 

in order to shorten the thermal path to the radiator. 

When the space effort was initiated, there was a gr eat dispari ty of 

knowledge on material properties. Five years ago, there was a fai r 

amount of information on the thermal absorptivity and emissivi t y of 

surfaces . However, it was of a general nature and did not specify the 

finish , t he history of the material, nor the method of processinr, . Today 

we know t hat these f actors are important in order to have truly repeat-

able surf ace properties as are required for spacecraft temperature control. 

The st abil ity of some of these surfaces in space end/or the repeatabili ty 

was not knmffi. There vlaS insufficient knovrledge relative to how t hese 

surfaces could be protected from man-made nnd from natural environments 

prior to l.aunch and after launch. These are continuing but decreasing 

l imitations ~o spacecraft temperature control. 

C. EARLY THERMAL 'L'E,-~T0 

Late in l C)l )O , B ~;; ,{ - "'c ot diameter by seven-foot-high vacuum facility 

became ava ilable. acility had liquid nitrogen-cooled walls. 
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The six-foot tank, in addition to smaller vaccum cold wall facilities, 

provided the initial testing capability for Ranger temperature control. 

In early 1961, the six-foot facility capabilities were amplified by the 

addition of solar simulation--or perhaps we should call it "visible 

light" simulation. 

Figure 5 illustrates the light sources as they were mounted above 

the vacuum tank. The light sources consisted of four movie projection-

type carbon arc lamps--standard Strong projectors--mounted in a near-

v 

vertical position. I tend to call this visible light simulation, rather 

than solar Simulation, because the optical axis of each projector was 

approximately 200 from the vertical axis of the chamber. The light beam 

from each projector spread out +200 from its o~m optical axis. The four 

projectors were set so that the four beams of light were superimposed 

inside the chamber approximately two to three feet above the bottom of 

the chamber. The intent was to obtain a relatively uniform area of 

illumination at one test plane. The obvious disadvantages were the lack 

of collimated light and the variation of intensity and uniformity above 

and below the primary test plane. At the time of the initiation of this 

facility, the disadvantages were recognized as such; but these limitat i ons 

were not recognized to be as significant as they turned out to be f or the 

Ranger spacecraft. 

Prior to the completion of the visible light simulator, tests were 

initiated on the Ranger hexagonal structure and electronic chassis in the 

six-foot vacuum cold wall facility. At that time, we had a thermal 

test ing "baptism" for these I' open" spacecraft and learned a number of 

things. For example, the conduction around the hexagon was less than it 

was thought it might be (Figure 6). The six main supports, or "legs, " 

253 



were finished wi th a low-emittance surface because of the uncertainties 

in the analytical predictions of the heat radiated from these complex 

shapes. The t e st s proved that heat losses from the legs, although 

unpredict able, were minimized and produced a minor effect on the 

electronic module temperatures. Initially, the spacecraft was supported 

by standoffs with heater guards to thermally isolate the spacecraft from 

the chamber . This was not satisfactory, so the spacecraft was hung by 

rope . As we proceeded, we learned to make our own electrical heaters 

which were str apped or taped onto the spacecraft in various appropriate 

places to simulate solar inputs. Later, infrared lamps supplemented 

these heaters by beaming energy into various inaccessible places. 

When the visible light simulation became available, more tests were 

performed on the basic hex of Ranger 1 (Figure 6). It was hoped that 

more meani ngful thermal tests could be performed than had been previously. 

Because of the highly decollimated light system and the small tank, the 

test s had to be limited to the spacecraft without its superstructure, 

antennas , etc. 

The li8ht from the four beams was superimposed on a plane even with 

the top of the six chassis. At this plane, light intensity dropped off 

j ust outboard of the chassis. The simulated solar energy input to legs 

and outboard components was reduced and generally indeterminate due to 

t his light intensity dro~off, the complex configuration, and the addi­

t i onal decrease in light intensity as the distance from the light source 

increased. The tests resulted mainly in obtaining thermal balances of 

the ChRS3i~·. ;onsequently, the value of the visible light was largely 

negated hecause 8lectr 1 ('a I "eater simulation for the chassis turned out 

t o be of C ' Jmparable or better value. 
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The visible light test results were not the most valid. However, 

they were informative and test techniques did evolve. These tests were 

started on the basis that the tops of chassis were illuminated with a 

light i ntensity of 0.8 solar constant. After four or five tests, by 

the use of solar cells and pyroheliometers the light intensity was 

judged to be between 0.5 and 0.6 solar constant. In Figure 6, note 

the cooled white shadow shield above the hex and the many uncovered 

cables leading into the spacecraft. Later, in order to reduce the 

indeterminate heat losses from these cables, they were wrapped with alum-

inized mylar, low-emittance surface out. 

Thermal tests were performed on all the scientific experiments 

mounted on the superstructure of Ranger 1. These tests were performed 

singly or in groupings of the instruments. An example of how the light 

simulator was used effectively, and in a way that could be called solar 

simulation, was in the testing of the magnetometer as shown in Figure 7 . 

The magnetometer is a rubidium vapor device consisting of a sphere 

connected to a lamp by a long plastic tube. The two parts required 

thermal coupling. However, the sphere was within the truncated cone 

with the lamp mounted below the cone, i.e., between the two I R lamps 

as shown in Figure 7. At the junction of the top of the inverted cone 

and the top cylinder is a screened annulus. During the sun-oriented 

phase of the flight, sunlight enters this annulus and impinges either 

directly upon the magnetometer sphere or is reflected to some part of t he 

magnetometer. For the test, the axis of the magnetometer was canted in 

the chamber t o correspond to the optical axis of one lamp. Thermally, 

this was very difncult to analyze but we believed that the one lamp 

test was wor th wh i l e . 

255 



l 

During this period, a number of facility problems occurred which are 

probably typical of' those encountered with any new facility. For 

example, the ports or vycor windows, through which the solar energy 

enters the chamber, became darkened and muddy; the lenses in the 

optical systems became dirty and cracked at times; and the light 

intensity in the test volume varied as much as plus or minus 30% within 

a few minutes. In time, it was realized that this last difficulty 

resulted because the projectors were made for horizontal, not vertical 

operation. The feed system for the carbon rods did not move them 

uniformly. After rework, this intensity variation was reduced to 

approximately ~ 6% at a given place in the test volume. Contamination 

within vacuum facilities continues to be a problem. One might say that 

49% of the problems are caused by the test item and 49% are facility 

problems. For example, the test specimens had tape, insulation, heaters, 

mock-ups, etc. that outgassed and contaminated the facility. Toda y, our 

spacecraft have FEP teflon insulation, the heaters are ceramic and 

metallic, and the use of a number of materials is prohibited in order to 

reduce outgassing. The facilities have caused problems also, especially 

in the backstreaming of oil from the diffusion pumps. As a result, many 

unhappy days were passed in cleaning spacecraft and chambers. It could 

be said that the other 2% of the contamination was caused by such things 

as a dead mouse. (Actually, the remainder of a mouse was found after 

one test.) 

Instrumentation is an important aspect of testing and, as the rest 

of our technology has progressed, it has also grown and improved. 

Originally, we started by using copper constantan thermocouples. 

Shortly after that, we switched to chromel constantan thermocouples. 
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!be chromel constantan thermocouples have approximately a 5~ increase 

in voltage per unit temperature difference. The thermocouple lead 

feed-through (air to vacuum) problem was a thorn. This has been cured 

as is illustrated in Figure 8. 

10 

Initially, thermal test instrumentation was planned and implemented 

on an individual test basis, because of limited time and manpower . The 

equipment was portable and largely nonstandardized. Today this 

situation has been improved by the development of instrumentation 

setups for a given facility. Thus, the problems associated with 

moving and changing lead-ins, measuring and recording equipment, etc., 

have been reduced or eliminated. A particular improvement is the concept 

of a preassembled spacecraft thermocouple harness as a unit. The harness 

can be placed on the spacecraft shortly prior to the test, thermocouples 

attached, and harness continuity checked. This reduces test preparation 

time, both for the facility and the test hardware. The 25-foot space 

simulator now uses a Pace reference as the standard thermocouple cold 

junction. The cold junction is inside the simulator, thereby eliminating 

all possible thermoelectric effects caused by temperature gradients in 

the leads where they come through the simulator Wall. There also are 

less leads through the simulator wall per thermocouple. Experimentation 

is proceeding on the possible use of a floating cold junction reference 

and a thermocouple commutator wh i ch could be mounted within a spacecraft 

during a test. 

Many of the test techniques and results were crude. Consequently, 

it i s easy to view this history in a derogatory manner. However, 

without a.pologizing , I ",i sh to say that these tests were performed 

under very limited money , manpower and schedule, and in a pioneering 



situation and spirit. It is always interesting to ponder what might be 

the best course of action under similar circumstances. 

D. EARLY FLIGHTS OF RANGER SPACECRAFl' 

Ranger 1 was launched into a close-earth orbit; the booster failed 

to inject the spacecraft away from the earth, and the spacecraft could 

' not fUnction in a normal manner. However, to my knowledge there were 

no spacecraft failures. The spacecraft would acquire the sun but then 

would lose lock as it went into the earth's shadow. Under these 

circumstances, a true sun-oriented, non-earth-influenced thermal balance 

was never obtained. On the basis of quick calculations after the flight, 

we decided that there was not sufficient information nor significant 

enough known differences from preflight estimates to warrant a change 

in the temperature control for the next flight. 

Ranger 2 was launched but, again, only an earth orbit was obtained. 

This orbit trajectory was lower, shorter, and less informative than that 

of the first flight. Thus, a realistic temperature control flight test 

of the first model Ranger was not achieved. 

Rangers 3, 4 and 5 were considerably modified from the first two. 

The new mission was to hard-land a seismometer capsule on the lunar 

surface. This mission required additional spacecraft capabilities such 

as a midcourse correction maneuver, a terminal maneuver above the lunar 

surface, a controlled deceleration of the capsule, etc. In Figure 9, 

the spherical capsule is mounted on top of the retro rocket, the lunar 

altitude radar Is on the left side, the omni antenna is at the top left, 

and the alumini7-ed mylar is crumpled around the nozzle of the retro 

motor. Except for the undeployed radar antenna, the spacecraft is in 

the terminal maneuver configuration. Prior to the final flight phase, 
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the mylar shield encloses the retro rocket in order to prevent excessive 

cooling. However, at ignition, the mylar must not interfere with the 

retro separation and spin-up. The solar panels, the high-gain antenna, 

and the basic hex structure remain essentially the same. However, there 

are additional electronics and changes to the previous electronics. 

Ranger 3 in the flight premidcourse cruise configuration is shown in 

Figure 10. Note the highly reflective aluminized mylar shield around 

the retro rocket and the spherical gamma ray spectrometer adjacent to 

the radar antenna. Before flight, the gamma ray sphere in the photograph 

was replaced by a highly polished aluminum sphere with precisely-deter­

mined white paint spots, i.e., a thermal control mosaic. 

A special. innovation was devised for the testing of Ranger 3. This 

consisted of cutting the spacecraft hex into 1/6 and 1/3-pie-shaped 

segments. As a result, tests with solar simulatioo cov-erage of the 

complete test item could be performed in the STL facility. The light 

from two carbon arc projectors was blended into one diverging light beam 

with a one-solar-constant intensity at a 40-inch diameter. The maximum 

divergence from the optical axis was seven to eight degrees. These 

tests were considered to be worthwhile and significant under the existing 

temperature control state-of-the-art. An interesting aspect of these 

tests was the observation that the test team equilibrium temperatures 

were constant with one facility operator but varied as much as lOoF 

with a second operator. This was caused either by carelessness or the 

incapability of the second operator to maintain a constant solar 

simulation intensity. 

The flieht of Ranger 3 was largely a success from an engineering 

viewpoint. The spacecraft achieved and maintained sun orientation, had 
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a midcourse maneuver, reacquired sun orientation, had good power and 

communication operation, and provided a temperature control flight 

calibration. The temperature distribution of the hex electronics was 

not as uniform as expected, and the temperatures averaged about 250 F 

wa.rmer than the nominal midband prediction. However, this was 

considered quite good under the circumstances. A particular thermal 

problem was the gamma ray sphere. The flight temperatures exceeded 

the nominal predictions by more than 600 F in the close-in position 

(Figure 10) and by more than 400 F in the post-midcourse extended 

position. A telescoping tube extended the sphere approximately five 

feet in a direction normal to the spacecraft roll axis. The reas on for 

the warm gamma ray sphere has never been fully determined, but it is 

suspected that the multiple reflection of solar energy was a major 

contributor. 

Photographs of two tests performed after the flight of Ranger 3 are 

shown in Figures 11 and 12 and are examples of typical tests and 

techniques which have evolved as our capability and technology have gr own. 

The following items are noteworthy in these photographs: (1) the fli ght­

like structures, mechanical components and a ssemblies that were utilized 

specifically for temperature control tests; (2) the method of cutting 

the electronic chassis and structure in the middle of a bay, assuming 

that an adiabatic condition exists there and across the inside of the 

hex, and the construction of an adiabatic boundary with a multiple layer 

radiation shield; (3) the highly reflective thermal shield that enclosed 

the : anger 3 re Lr o rocket, modified by the addition of a flat black 

exterior cl ot h ; and (4) the gamma ray sphere flight paint pattern. In 

this test, the sphere was utilized only for its thermal effects upon the 

thermal balance of ot her components. 
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On Ranger 4 we drew a blank. The spacecraft became inoperative at 

separation or shortly thereafter. 

Ranger 5 had a power failure at sun acquisition. However, the 

spacecraft functioned until battery depletion. This was long enough to 

essentially reach thermal equilibrium and thus provide another flight 

calibration. The adjustment of the paint patterns from Flight 3 space­

craft to Flight 5 spacecraft worked well, with the exception of the 

gamma ray sphere which again was warm. To our knowledge, there were no 

problems caused by temperature. In all these flights, however, there 

were limited numbers of flight measurements and the temperatures of 

remote areas of the spacecraft were not obtained. Fortunately, the 

location of the power failure was narrowed to a specific module by the 

local temperature rise of one of the few temperature measurements. 

E. MARINER II 

The Mariner II spacecraft is shown in Figure 13. As you will note, 

it ha" the gross appearance of the early Rangers. There are many subtle­

appearing differences, as there were between Rangers 1 and 2. However, 

the Mariner differences are quite major in actuality. From a thermal 

viewpoint, it was a new spacecraft requiring new concepts, new devices, 

new analysi s, and new testing. The Mariner II had to function throughout 

the near-doubling of the solar intensity from Earth to Venus. Thus, the 

top of hex was blocked from sunlight by a multilayer radiation shield. 

The outboard surface of one electronic chassis had a set of bimetallic­

operated louvers that varied the chassis radiation capability. 

The JPL 25-foot space simulator was completed in time for some 

testing of the Mariner H. However, the solar simulator did not function 

to an acceptable and usable extent, and only vacuum cold wall tests with 
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heaters on the Mariner R were performed. This was the first opportunity 

to thermally test a complete spacecraft of t he class referred to in this 

report. 

The Mariner II became excessively warm during flight. Arter the 

flight when the JPL solar simulator became operational, the Mariner III 

was tested (Figure 14). Note the significant amount of reflected solar 

energy. The light beam covered a four-foot area with an intensity of up 

to 170 watts per square foot. The resulting test temperatures were 

between the flight and earlier test temperature but were closer to the 

flight results. The correlation to flight t emperatures was limited by a 

lack of good knowledge of the facility and the interactions of facility 

and spacecraft. However, this latest test more accurately represented 

space than did the vaCQum cold tests. 

The Ranger Block III tests followed chronologically and are described 

in detail in the reference cited below.* 

II. SOME FUTURE SPACECRAFT THERMAL TEST CONSIDERATIONS 

A. FACILITY REQUIREMENTS 

It is not difficult for temperature cont rol engineers to specify the 

quality of solar simulation they desire, but it is difficult to specify 

an achievable quality of simulation that will provide technically and 

economically appropriate test capability in a timely manner. The 

"testing figure of merit" for any particular solar simulation system 

should be rated on the basis of the items t o be tested; e.g., a facility 

* Kahn, M. E., "Thermal Testing of the Ranger Block III Spacecraft in 
the JPL 25 -Foot Space Simulator," presented at NASA In-House Conference 
on Solar Simulation, NASA Headquarters, April 7-8, 1964. 
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which can provide a good test for a sphere may be totally unacceptable 

f " " f· t· f't or an open con ~gura ~on spacecra • Consequently, important para-

meters in rating a facility are: the spacecraft mission requirements, 

the thermal requirements imposed by the spacecraf't system design, and 

the spacecraf't configuration. Unfortunately, these factors are undefined 

until a spacecraf't project is in design. Then it is many months to a few 

years too late to specify the facility test capability requirements for 

that project. Accordingly, it is necessary to make assumptions concerning 

these factors relative to future projects. This is where a Gallup Poll, 

a crystal ball and an "ouiji board" are required. 

Estimates of acceptable solar simulation quality requirements are 

becoming more severe as time passes. Low-quality simulation is less and 

less l appealin~, as the ability to design spacecraft on the basis of past 

analysis, test, and flight results is further developed. At the same 

time, spacecraft system requirements on the thermal control system have 

become more severe, and estimates of the difficulty of obtaining sati s -

factory design answers are growing. Therefore, it is anticipated t hat 

future requirements for spacecraft temperature control test fac i lities 

will be more demanding . In addition, better quality solar simulation 

will permit better spacecraft temperature prediction capability and the re-

by lessen the restrictions that temperature control will place u~on 

future missions. The writer's belief, that hieher quality lieht is the 

highest priority space s imulator facility requirement, is reaffi rmed i n 

the light e)f t ests that have been performed to date. In referrinr, to 

high - qua.l ity 3nlar s imulati on, the two prime factors that call fo r 

cont inued emphasis in ['ut..u r e JPL requirements are decollimation and 

spect rum. Th is is LrllC? at JPL because of the present facility approach 

where light int en s i ty end uniformity are, by comparison, relatively good. 
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The concept of each lamp's illuminating all the test volume is a 

proven concept. In contrast, the concept of each lamp's illuminating 

small adjacent areas is highly undesirable for JPL type spacecraft 

thermal control testing. This is a result of the operational difficul­

ties experienced in maintaining individual lamp operation. It appears 

that a facility which has a lamp for a discrete area has difficulty in 

providing constant known intensity, uniformity of intensity, and spectral 

distribution throughout the test volume during a complete test. These 

conditions would provide serious limitations for meaningful tests on 

spacecraft configurations similar to those of JPL. From a testing view­

point, there are enough uncertainties without superimposing these problems. 

B. INTERRELATIONSHIP OF SPACECRAFT DESIGN AND TEST 

1. The prime objective in our spacecraft thermal testing is to narrow 

the range of temperatures predicted for the cruise portion of the 

flight beyond that possible by analysis. For Ranger and Mariner-type 

spacecraft, the fundamental temperature control information required 

prior to flight is the predicted spacecraft equilibrium temperatures 

during the sun-stabilized orientation. For planetary flights, this 

includes the quasi-equilibrium temperatures at the earth and the 

planet. 

2. A cruise orientation thermal balance test of flight like spacecraft 

in the best available space simulator has always been mandatory for 

our spacecraft. For the thermal balance test, all extraneous 

equjpment ymich can influence the heat balance must be removed from 

the facility. This is in contrast to the spacecraft mission test in 

which the electronic f unctioning of the spacecraft is checked and 

which requires additional mazes of cabling, monitoring units, etc. 
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3. The decision as to whether the spacecraft thermal balance test shall 

be with or without solar simulation is dependent upon the available 

solar simulation and the configuration of the test item. Generally, 

solar simulation is required for the more "operl'configuration 

spacecraft. The quality of the solar simulation required is equal 

to some exponential power of the spacecraft openness and the nongrey­

ness. The definition of an "open" configuration is a spacecraft with 

numerous external components and/or segments which require individual 

thermal balances. In contrast, a "closed" configuration would have a 

continuous external surface, i.e., a sphere, cylinder, parallelopiped, 

etc. A thermally grey surface is one with the same absorptivity for 

all wavelengths. 

4. Localized cooling or heating transients, except for the immediate 

post-launch phase, will commence from the cruise temperatures during 

flight. Some of these transients can be approximated by tests. 

5. Thermal testing of individual components and/or segments of a 

spacecraft are desirable or, in some instances, necessary in order t 

determine a conductance, etc., that cannot be adequately analyzed. 

This permits design a.djustments during the evolution of a particular 

spacecraft design. 

6. Thermal testing of a Temperature Control Model (TCM) is an accepted 

fact of life at JPL. It provides a capability for iterative testing 

and analysis, especially of the spacecraft external heat balance. 

The advantaGe of the TCM is its continual availability to the 

temperature contrnl engineers, for thermal tests and modifications, 

months before fliGht hardware can be tested. The TCM consists of a 

full-size flight Like structure and all external members that signifi­

cantly influence tne spacecraft external thermal balance. Internal 
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components and their power dissipations are usually simulated by 

heaters and sometimes by equivalent masses although thennally 

critical components can be used. Thus, generally, the internal 

thermal gradients are not determined by TCM testing. 

7. Thermal balance tests of a Proof Test Model (PTM) verify the 

spacecraf't external and internal heat balances. The PTM is a complete 

spacecraft, identical to a flight spacecraft, but it is assembled for 

comprehensive test purposes only and is not intended for fli ght. 

8. Thermal balance tests of a flight spacecraft may be required. This 

is primarily a function of the magnitude of the particular space-

craf't temperature control task, the adequacy of the prior testing, 

and the project schedule and monies status. 

9. Prediction of test results prior to init i ation of a thermal test are 

required. These predictions are based upon the best available 

information about the test facility, the test item, and the inter-

actions between them. 

10. Post-test comparison and analysis of the predictions versus the 

results is very important in acquiring a better understanding of 

spacecraft heat transfer, the ability to thermally test spacecraft, 

and of a fac i lity's capabilities and limitations. 

11. Spacecraft design should be directed toward the reduction of and/or 

the elimination of the difficult-to-analyze areas or conditions. 

12. Spacecraft design should be directed toward the reduction of and/or 

the e limination of the difficult-to-test areas or conditions. 

13 . Genera.lly , i t is possible to raise or lower the equilibrium 

temperatur e t hat o. component or grouping of components will attain 

in space by changes prior to launch. Often, surface finish changes 
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can appreciably raise or lower the temperatures. The difficulty i s 

in predi cting, after analyses and testing, whether the mean tempera­

ture must be lowered or raised and how much. 

14. Accurate electrical power dissipation profiles are necessary for t he 

PTM and each flight spacecraft. 

15. Thermal adjustments for subsequent flights should be predicated upon 

previous flight results in order to permit long-range correlat i on of 

spacecraft heat transfer characteristics. 

16. For some spacecraft areas or components, a thermal uncertainty or 

unaccountability reserve should be added for flight temperature 

predictions. This is advisable for cases in which the temperature 

control engineer cannot rationally explain variations between pre­

f l ight predictions and flight temperatures. 
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Figure 1. Model of Rangers 1 and 2 
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Figure 11. Ranger 3 Segment Test Fi&UXe 12. Ranger 4 Segment with Thermal Shield Attached 
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