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ABSTRACT 

This Repor t  p resents  the r e su l t s  of the optical  and 

ca lor imet r ic  t e s t s  per formed on 9. 5-ft-diam. nickel m i r r o r s  

obtained by electroforming the meta l  on a m a s t e r  produced 

by the spincasting of epoxy plastic.  
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I. INTRODUCTION 

A p r o g r a m  to develop lightweight, high- quality paraboloidal so la r  concent ra tors  

capable of efficiently powering thermionic  cavity gene ra to r s  is being pursued by the 

Je t  Propuls ion Laboratory.  

r im-angle ,  e lec t roformed nickel male m i r r o r  m a s t e r  and a rep l ica  concentrator  was 

awarded to General  E lec t r i c  C o . ,  Spacecraft  Department ,  on August 30, 1962, with 

the initiation of JPL Contract  950239. 

The design and fabrication of a 9 .  5-ft-diam.,  45-deg- 

The ma jo r  s teps  in  the fabrication sequence were :  

1. 

2. 

Production of a female m a s t e r  by spincasting epoxy plastic.  

Production of a ma le  m a s t e r  by electroforming on the femgle 

m a s t e r .  

Production of the so la r  concentrator  by electroforming on the 

ma le  m a s t e r .  

3. 

The sample  concentrator  obtained f r o m  this ma le  m a s t e r  is shown in Fig.  1 during 

installation into the so l a r  t r a c k e r  a t  the JPL Solar Tes t  Faci l i ty  atop Table Mountain, 

California,  December 23, 1963. 

The optical  and the rma l  performance evaluation and cal ibrat ion p r io r  to inte- 

grat ion of the m i r r o r  with a thermionic generator  t e s t  s y s t e m  were  per formed by 

JPL during the 

P r o g r a m  s teps  

1. 

2. 

3 .  

months of January,  February ,  and Apri l  1964 a t  Table Mountain. 

included: 

Strengthening of the so la r  t r a c k e r  to enable rigid mounting of 

the 9. 5-ft m i r r o r  and generator  t e s t  sys tem.  

fea tures  of this strengthening w e r e  to convert  the firingi' sup- 

por t  of the m i r r o r  to an approximate "dome" s t ruc tu re ,  as 

shown in Fig.  2, and to add l a t e ra l  supports  to the focal-zone 

mount, completing a tripod. 

Alignment of the t racking sensor  control  and the t racking te le-  

scope with the optical axis of the concentrator  and positioning 

of the focal-zone aper ture  on the optical  axis  a t  the foca l  plane 

by use  of the Har tman tes t  equipment. 

Optical  inspection of the m i r r o r  by Har tman t e s t .  

200 points on the m i r r o r ,  equally dis t r ibuted on the bas i s  of 

equal  a r e a ,  were  obtained and f o r m  the bas i s  for  the s ta t i s t ica l  

The pr incipal  

Data f r o m  

- 1 -  
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4. 

5. 

6. 

7. 

quality, contour map,  and theoret ical  pe r fo rmance  cu rves  

(var iable  ref lect ivi ty)  used to co r re l a t e  the optical  and ca lor i -  

m e t r i c  r e su l t s .  

Ca lo r ime t r i c  evaluation of the energy-col lect ion capabili ty of 

the m i r r o r  with var iab le  concentration r a t io s ,  ranging f r o m  

6630 with the 1.400-in.  -d iam.  ape r tu re  to 33, 270 with the 

0 .  625-in. -d iam.  ape r tu re .  

Ca lo r ime t r i c  cal ibrat ion of the energy lo s s  resu l t ing  f r o m  the 

1- in .  - thick quar tz  window of the vacuum chamber  used  during 

the genera tor  t e s t s .  

Ca lo r ime t r i c  determinat ion of the energy-col lect ion pe r fo rm-  

ance reduction resul t ing f r o m  disor ientat ion of the m i r r o r  

optical  ax is  f r o m  the Sun up to 1 2  min  of arc  in the High, Low, 

Eas t ,  and West d i rec t ions .  

Ca lo r ime t r i c  evaluation of the cen t r a l  7 .  5-f t -diam. p a r t  of the 

m i r r o r .  

optical  inspection revea led  a r a t h e r  abrupt  change in contour 

of the m i r r o r  n e a r  the 7.  5-ft d i ame te r ,  probably a d is tor t ion  

introduced during final process ing  o r  shipping opera t ions .  

r e su l t s  f r o m  the cen t r a l  zone w e r e  expected to m o r e  near ly  

approach quality l imi t s  attainable f r o m  the m a s t e r  than the 

overa l l  r e su l t s  obtained f r o m  the full  9 .  5-f t  d i ame te r  with 

r e g a r d  to efficiency of the ref lect ing su r face  and minimizat ion 

of geometr ica l  e r r o r .  

This  portion of the p r o g r a m  was  added when the 

The 

Detailed resu l t s  of t e s t s ,  s tandardized p e r f o r m a n c e  data ,  and analyt ical  evalu- 

ation of the capability of the 9. 5-f t -diam. e l ec t ro fo rmed  m i r r o r ,  S/N 1, f o r m  the 

r ema inde r  of this Report .  

11. OPTICAL INSPECTION - MODIFIED HARTMAN TEST 

A. HARTMAN TEST S E T U P  AND METHOD 

The modified Har tman t e s t  i s  i l lus t ra ted  schemat ica l ly  in F ig .  3 and shown in 

operat ion in F ig .  4. 

detai l  geometr ic  quality of a wide number  of individual points dis t r ibuted over  the 

sur face  of the m i r r o r .  This  technique is a l so  used  fo r  a l ignment  of the m i r r o r '  s 

It i s  an opt ical  inspection t e s t  that  p e r m i t s  the at ta inment  of the 

- 2 -  
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I . optical  axis  with the Sun, and subsequently the alignment of the t r acke r  control  ' . s e n s o r s  and the monitoring telescope with the optical axis .  

zone equipment is a l so  controlled using the Har tman tes t  equipment. 

Positioning of the focal-  

An opaque s c r e e n  m a s k s  d i rec t  sunlight f r o m  the m i r r o r .  Individual holes,  o r  

groups of holes,  in the s c r e e n  a r e  uncovered and the resul t ing images  observed  onthe 

ta rge t .  

buted uniformly over the m i r r o r  a rea .  

plane was  established by the intersect ion of the m a j o r  and minor  ell ipse axes.  

tangential e r r o r  was then de termined  analytically by trigonometry.  Layout of the 

screen-hole  pa t te rn  is such that each hole is centered in a 1/200th segment  of the 

m i r r o r  a r e a  (51.03 in.  Ten holes a t  each of 20 angular positions a r e  

dr i l led.  

The rad ia l  dimensions a r e  shown in Table 1. 

Individual image position data were  observed  for each of 200 points d i s t r i -  

The paraxia l - ray  intercept point on the focal 

The 

2 p e r  point). 

These  a r e  coded A to J s tar t ing f rom the innermost  and working outward. 

B. HARTMAN INSPECTION RESULTS 

1. Alignment and Focal-  Plane Establishment 

Alignment of the polar graph  used a s  a ta rge t  with the optical axis i s  accom-  

plished through simultaneous use of lights f r o m  each quadrant of the m i r r o r .  

the ta rge t  s e t  between the convergence point and the m i r r o r  at a distance sufficient to 

s epa ra t e  the images,  the alignment is adjusted until the four light images f o r m  a 

s y m m e t r i c a l  c r o s s .  The foca l  plane i s  then established by moving the ta rge t  outward 

until the convergence point i s  reached. The c r i te r ion  for  establishment of the base-  

r e fe rence  focal  plane was the mos t  tightly super imposed  light pat tern f r o m  the zone 

B holes .  

l ished focal length of the m i r r o r  was 69. 17 i n . ,  which a l so  established the r i m a n g l e  

9 of 44.79 deg.  

With 

F igure  5 shows this  pat tern on the targeb photographically. The es tab-  

During the i terat ion s teps  of the alignment procedure  a broad sample  scan of 

var ious  p a r t s  of the m i r r o r  was made to generally locate any major  warpage o r  d i s -  

tort ion.  

d i a m e t e r  (zone G) was  observed. The region outside this diameter  focused i r r egu-  

l a r ly  in f r o n t  of the base - re fe rence  focal plane (fbase ref = 69. 17) converging at a 

plane 68. 23 in. f r o m  the parabola  apex. 

A r a t h e r  abrupt change in contour in the genera l  region of the 91.  8-in.  

- 3 -  
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I 2. Geometr ic  E r r o r  and Geometr ic  Efficiency Resul t s  

I 
Four  observed pa t te rns  are  presented  in F ig .  6 to i l lus t ra te  sample da ta  and the 

abrupt  var ia t ion nea r  the 7.5-f t  d iameter .  

posit ion at the F, G, H, and I rad ia l  positions. 

These pa t te rns  a r e  fo r  the 99-deg angular . 

Data f r o m  the Hartman inspection a re  reduced into two f o r m s :  ( 1 )  the geomet- 

r i c  charac te r i s t ics  of the m i r r o r  expressed  in t e r m s  of the tangential  e r r o r  of the 

sur face ,  and ( 2 )  the Ilgeometric efficiency" cha rac t e r i s t i c  with var iab le  ape r tu re  

s i zes .  (The geometr ic  efficiency enables hypothetical per formance  cu rves ,  depen- 

dent on reflectivity, to be generated.  

these yield the t leffective' l  sur face  reflectivity.  ) 

When cor re la ted  with ca lo r ime te r  t e s t  r e s u l t s  

Tangential  e r r o r  i s  broken down into th ree  classi f icat ions,  each  der ived direct ly  

f r o m  the individual observed t a rge t  pa t te rn  (see Fig.  6) .  These  are  ( 1 )  parabol ic  

profile e r r o r ,  ( 2 )  t r ansve r se  (or  c i rcumferent ia l )  e r r o r ,  and ( 3 )  combined e r r o r .  

Data a re  presented fo r  both the 9 .  5-f t -diam. full m i r r o r  and the 7 .  5-ft-diam. cen t r a l  

portion. 

rea l i s t ic  l imit  of the optical quality attainable f r o m  the m a s t e r .  

numer ica l  da ta  for the three  e r r o r  c lass i f icat ions.  

comparatively in Fig.  7 ,  8, and 9. 

The 7 .  5-ft data are  generally bet ter  on a specific bas i s  and are probably a 

Table 2 p re sen t s  the 

The same da ta  a r e  presented  

A contour map  of the combined e r r o r  i s  shown in Fig.  10. The zones of the 

m i r r o r  having a combined tangential e r r o r  g r e a t e r  than 10 m i n  a r e  shaded. 

are  th ree  ma jo r  zones and two isolated spots in this  category.  

co r re l a t e  with the mounting points on the m i r r o r  t o rus .  

this  dis tor t ion resul ted during shipping. 

mounting-bolt loosening in the c r a t e  was experienced.  

T h e r e  

The ma jo r  zones 

It is believed that much of 

Trouble  with shipping-bracket  breakage and 

Geometr ic  efficiency vs  ape r tu re  s i ze  was  de te rmined  fo r  the full  9 .  5-f t -diam. 

m i r r o r  and for  the 7 .  5-ft-diam. cen t r a l  portion. 

of each  observed ta rge t  pa t te rn  i s  pe r fo rmed  to  obtain the geometr ic  efficiency. 

this  fac tor  determined,  only the ref lect ivi ty  t e r m  in the cavity energy  fo rmula  given 

below rema ins  unknown. 

thetical  cavity-energy per formance  cu rves  is obtained f r o m  the optical  inspection 

data. 

subsequent ca lor imeter  t e s t s  and where  quali tative co r re l a t ion  i s  obtained yield quan- 

titative data concerning the effect ive su r face  ref lect ivi ty .  

A finite summation of the segments  

With 

By supplying var iab le  reflectivity va lues ,  a family of hypo- 

The data  a r e  then co r re l a t ed  with the obsc rved  cavi ty-energy r e s u l t s  f r o m  the 

~~ 

- 4 -  
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Cavi tv-Energv F o r m u l a  

Energy  cavity 

2 
‘“shadow ‘“reflect rlgeom ’”trans = so lar  insolation (w/ft ) x areaintercept 

where  

2 
so la r  insolation = as observed  (standardized to 90 w/ft f o r  cu rves )  

2 
a r e a  = 70.882 ft for  9 .  5-ft-diam. intercept  

= 44. 179 ft 2 for  7. 5-ft-diam. 

= 0.94925 for 9. 5-ft-diam. 

= 0. 92917 for 7 .  5-ft-diam. 
‘“shadow 

= geometr ic  efficiency for  applicable aper ture  (Table 3) 

= t ransmiss iv i ty  factor  for  vacuum- chamber window 
(=  1.000 for  ca lor imeter  t e s t  used for cor re la t ion  
since no window w a s  used)  

‘“geom 

‘“trans 

= effective sur face  reflectivity Treflec t 

Geometr ic  efficiencies for each half of the m i r r o r  and for the overa l l  m i r r o r  

fo r  each d i a m e t e r  a r e  shown in Fig. 11. 

lated in Table 3. 

The overa l l  efficiency fac tors  a r e  a lso tabu- 

F igu res  12 and 13 show the fami l ies  of hypothetical cavity-energy per formance  

cu rves  for  the 7 .5 - f t  and 9.5-f t  d iameters  respectively and a l so  the subsequently 

obtained ca lo r ime te r  curves  used fo r  the effective reflectivity correlat ion.  Good 

cor re la t ion  was  obtained a t  the three  la rges t  ape r tu re s  run with the ca lo r ime te r ,  and 

yielded consis tent  effective reflectivity resu l t s ,  as shown in Table 4. 

The noncorrelat ion at the 0.625-in. cavity ape r tu re  is probably the resul t  of 

the marked ly  increas ing  marg in  for  experimental  e r r o r  with decreas ing  aper ture  

s i z e s  p re sen t  in the optical-data reduction. 

- 5  - 
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111. CALORIMETER TEST PROGRAM 

1. Two Eppley Model 15 normal- incidence pyrhe l iometers ,  used 

to monitor so la r  insolation 

Two p a i r s  of differential  thermocouples  instal led with cold 

junctions a t  the ca lor imeter -cup  inlet c r o s s  and with hot junc- 

tions at the ca lo r ime te r - cup  outlet c r o s s  

A digital vol tmeter-  r eco rde r  data-  acquisit ion s y s t e m  fo r  

monitoring both pyrhe l iometers  and one differential  t he rmo-  

couple 

A millivolt potentiometer used to monitor  the c ros s -check  

thermocouple 

A flow-measuring sys t em of the "balance-stop watch' '  type,  

using precis ion weights 

2. 

3 .  

4. 

5. 

6 .  Two ASTM 64F t h e r m o m e t e r s  in the inlet  and outlet l ines  used 

to c ros s -check  the thermocouples  and provide t e s t  operat ion 

guidance. 

An overa l l  view of the m i r r o r - c a l o r i m e t e r  s y s t e m  in operat ion i s  presented  in  

14. The focal- zone tes t  installation (including the vacuum-chamber  window) i s  Fig.  

shown nonoperating in Fig.  15 and operating in Fig.  16. A s imi l a r  operat ing p ic ture  

without the vacuum-chamber window is shown in Fig.  1 7 .  

L 

A. TEST SETUP DESCRIPTION 

A p rogram of mi r ro r -pe r fo rmance  evaluation and cal ibrat ion using cold 

ca lo r ime te r  testing was per formed with the 9. 5-ft-diam. concentrator  S/N 1. 

men t s  of the tes t  ca lor imeter  a r e :  

Ele-  

1. 

2. Four  interchangeable,  independently cooled face plates  varying 

A 2-in. -ID by 2-in. - length water-cooled copper cup 

only in the s i ze  of ape r tu re  opening 

An asbestos  insulating washer  mounted between the face plate 

and cup to prevent  energy exchange by conduction 

3 .  

Monitoring instrumentat  ion includes: I 
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B. CALORIMETER TEST RESULTS 

- 1. Peak  T h e r m a l  Power  

Peak  t h e r m a l  power v s  ape r tu re - s i ze  testing was pe r fo rmed  with both the 

1 1  open" (no chamber  window) and "windowed" focal-zone, configurations a t  exposed 

m i r r o r  d i ame te r s  of both 9 .  5 and 7.  5 ft. Figure 18 is an  overa l l  view of the t e s t  

operating with the 7.  5-ft-opening m a s k .  

9. 5-ft d i ame te r s  is c lear ly  evident. 

operating during a t e s t  of the 7. 5-ft-diam. portion. 

The shadowed r ing between the 7. 5-ft and 

Figure 19 is a view of the focal-zone setup 

T h e r m a l  bul l ' s -eye was  de te rmined  for each ape r tu re  by t r a v e r s e s  along the 

optical  axis  and high-low-east-west disorientation t r a v e r s e s  s ta r t ing  f r o m  the optical  

inspection bul l ' s -eye.  The bul l ' s -eye position var ied with ape r tu re  s ize  over  a dis tance 

of 0. 100 in. axially and approximately * 3  min disorientation angle. 

v e r s e s  a r e  shown in Fig.  20 for  each aperture  s ize  with the 9. 5-ft-diam. m i r r o r  

exposure.  

shift  of the focused-energy bundle caused  by the window optically, a s  well as the 

energy-level  drop resul t ing f r o m  window reflection and t ransmiss iv i ty  lo s ses .  The 

peaks on s o m e  of these curves  w e r e  la te r  exceeded during the disorientation s e a r c h  

tr  ave r s e s . 

The axial  t r a -  

Both the open and windowed t r a v e r s e s  a r e  shown and i l lus t ra te  the axial 

Peak  pe r fo rmance  data  a r e  presented in t e r m s  of efficiency (based on the total  

intercepted a r e a )  in F ig .  21 for  both the 9 .  5- and 7. 5-ft d iameters .  

open and windowed t e s t  configurations a r e  presented.  The definite efficiency gain at  

the s m a l l e r  m i r r o r  d i ame te r  i s  the resu l t  of the higher optical quality present  in the 

cen t r a l  zone, a s  d i scussed  in the Hartman t e s t  r e su l t s  in Sect.  IIB. 

Data for  both the 

Direc t  compar ison  of this m i r r o r  with m i r r o r s  of other s izes  and rim angles 

m a y  be m a d e  f r o m  the da ta  in Fig.  22, in  which the "ref lect ing surface efficiency" is 

plotted against  the Ilexposed ref lect ive surface/aperture"  a r e a  ratio.  The reflecting 

sur face  efficiency i s  defined a s  the concentrator efficiency (intercepted a r e a )  divided 

by the shadow fac tor .  This t e r m  is used to enable generalization of the curve ,  e l im- 

inating the d i f fe rences  caused  by variations in the shadow f r o m  setup to setup. The 

exposed ref lect ing sur face /aper ture  a r e a  ra t io  is  used in place of the m o r e  common 

concentrat ion r a t io  f o r  the s a m e  reason. Examination of Fig.  22  revea ls  that on the 

genera l ized  bas is  the 7 .  5-f t -diam. central  portion outperformed the full  m i r r o r  only 

a t  a r e a  r a t io s  below 11, 000.  Above this the curves  a r e  essent ia l ly  coincident. 

- 7  - 
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of incidence of the impinging energy  f r o m  the m i r r o r .  

To fur ther  explore the opt imum aper ture-  shift cha rac t e r i s t i c  with var ia t ions  in 

the energy level,  data w e r e  converted to the space so la r  intensity (with the vacuum- 

chamber  window loss  deleted,  as the window i s  only a ground-test  component) and 

plotted on Fig.  25. Corresponding numer i ca l  data  a r e  tabulated in Tables  8 and 9. 

With the 7.  5-ft-diam. portion of the m i r r o r  exposed, the opt imum genera tor  

ape r tu re  shifted upward approximately 0.  200 in.  in d i ame te r  f r o m  1.000 to 1. 200, 

when the energy  level was increased  f r o m  the 90 w/ft 

130 w/ft space  solar- intensi ty  level. The opt imum was  s t i l l  r i s ing  with the 9. 5-ft  

m i r r o r  at the la rges t  ape r tu re  tes ted,  hence a shift is evident, but i t s  magnitude 

could not be determined f r o m  the available data.  

2 .  Disorient ation 

2 
I 

ground-test level  to the 
2 

Disorientation pe r fo rmance  was  obtained only with the f u l l - m i r r o r  tes t  setup. 

Complete  data  a t  each ape r tu re  f o r  6 and 12 min  a t  high, low, e a s t ,  and wes t  d i s -  

orientation w e r e  obtained using the quartz  window. A se t  of da ta  for  the 1.000-in.  

ape r tu re  was a l so  obtained with the open configuration. Data a r e  presented  in the 

f o r m  of percent  of bul l ' s -eye power in Fig. 26 and Table 10. 

- 8 -  

T h e r m a l  power ref lected f r o m  the m i r r o r ,  received through the vacuum 

chamber  window, and retained in  the generator  af ter  compensat ing for  the ape r tu re  

radiation loss  at 2000°K is shown in Fig.  23 for  the 9. 5-f t -diam. m i r r o r  operating at  

ground-test  conditions of 90 w/ft . 
Table 5. 

, 

2 Corresponding numer i ca l  data a r e  included in 

Comparable  thermal -power  data for  the 7 .  5-f t -diam. cen t r a l  portion a r e  plotted 

in Fig.  24 and shown numerical ly  in Table 6. 
m i r r o r )  the optimum aper ture  s ize  for a generator  was  just  being approached at  

1. 400 i n . ,  while with the sma l l e r  m i r r o r  exposure the opt imum was nea r  1. 000 in. 

It will be noted that in Fig.  23  (full 
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It will be noted that the 1.400-in. -aper ture  configuration has  the best  

. per fo rmance  (minimum drop-off r a t e )  with disorientation, making i t  the optimum 

configuration f r o m  a thermal -per formance  standpoint in two categories:  

the highest net energy available to the converters  ( s ee  Fig.  23 and Table 5), and ( 2 )  

having the highest degree  of preserva t ion  of t he  peak power with disorientation. 

pa r t i a l  s e t  of disorientation data obtained with the 7. 5-diam. portion of the m i r r o r  is 

presented  in Table 11. 

m a r i z e d  in  Table 12. 

(1)  attaining 

A 

Calo r ime t ry  data  f o r  the 9. 5-ft-diam. m i r r o r  a r e  sum-  

A b a r  graph of the focal-plane flux pattern is given in F ig .  27 for  compar ison  

with future  m i r r o r s  having similar and different geometric configurations. 

pa t te rn  felt  by the generator  in the chamber  is shown, together with the open pat tern 

at the ground-test  so la r  intensity of 90 w/ft 
2 the space  solar- intensi ty  level  of 130 w/ft . 

The 

2 and the open pa t te rn  that would resu l t  a t  

IV. CONCLUSIONS 

1. 

thermionic  genera tors  having a wide range of cavity ape r tu re  s izes .  

Overa l l  quality of the m i r r o r  is high, enabling i t s  u se  as a power source  for  

2. 

m a s t e r  through cor rec t ive  attention in the following two detai l  categories:  

P e r f o r m a n c e  gains can be obtained in subsequent m i r r o r s  made  f r o m  the s a m e  

a. 

b. 

Improvement  in the surface finish and effective reflectivity 

Handling (the m a j o r  distortion-limiting pe r fo rmance  of the 

present  m i r r o r  occur red  a f te r  the m i r r o r  had been par ted  f r o m  

the m a s t e r ,  probably during shipment) 

3. F r o m  a s y s t e m  viewpoint this m i r r o r  will yield the g rea t e s t  amount of convert-  

ible ene rgy  (2000" K t empera tu re  level)  to a generator  s ized around a 1.400-in. aper -  

t u r e  and min imum cavity d iameter .  

- 9 -  



JPL Technlcal  Memorandum 33-206 

Table 1. Radial  positioning of the holes  
in  the Har tman s c r e e n  

Po s i t  i on Radius ,  in. 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

12.745 

22.075 

28.499 

33.721 

38. 236 

42 .  271 

45.954 

49. 362 

52. 550 

55. 556 

- 1 0 -  
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Table  2. Geometr ic  quality of 9 .5-f t -diam. concent ra tor  S/N 1 

Tang en t i a1 
e r r o r ,  

min 

*l 

*2 

*3 

*4 

*5 

*6 
*7 

*8 

*9 
*10 

*11 

*12 

*13 

*14 

*15 

P e r c e n t  of m i r r o r  area equal  to o r  be t te r  than e r r o r  value 

Pa rabo l i c  prof i le  

7.5-ft-  
d iam.  

18. 8 

31.6 

48. 2 

68. 6 
78.0 

86. 0 

88. 8 

93. 6 
95. 6 
9 6 . 4  
99.0 

99.0 

99 .2  

9 9 . 2  

9 9 . 2  

9. 5-ft- 
diam. 

13. 5 

24. 5 

38. 5 

52. 5 

61.0 

67.0 

69.5 

75 .5  

79.0 

80 .0  

83. 5 

84. 5 

86. 5 

87 .0  

87. 5 

T r a n s v e r s e  

7.5-ft-  
diam. 

31. 2 

53. 6 
74. 6 
84. 6 
89. 6 
90.6 

95. 6 
97 .2  

97.6 

98.4 
9 8 . 4  

98 .4  

98 .4  

99 .2  

9 9 . 2  

9.5-ft-  
diam. 

25. 5 

44.0 

62.0 

70. 5 

78. 0 

81. 5 

84. 5 

87.0 

88. 5 

90.0 

91. 5 

93.0 

93.0 

93 .5  

9 4 . 5  

Combined 

7.5-ft-  
d iam.  

3.21 

13. 0 

30. 2 

50.6 

64. 8 

73.0 

79. 8 

89.4 
93 .0  

94. 6 
98. 2 

98. 2 

99.0 

99 .2  

99 .2  

9.  5-ft- 
diam. 

2 . 5  

9 . 5  

23. 5 

37 .5  

50. 5 

56. 5 

63. 0 

70. 0 

75 .5  

77 .5  

81. 5 

82. 0 

83. 5 

85 .0  

85. 5 

- 11 - 
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Aperture  
d iameter ,  

in. 

0.825 

1.000 

1.400 

Table 3. Geometr ic  efficiency f a c t o r s  v s  ape r tu re  d iameter  
of the 9 .  5-ft-diam. m i r r o r  S/N 1 

7.  5-ft-diam. 
data  cor re la t ion  

0.8071 

0.8333 

0.8019 

Aper ture  d iameter ,  in. 
~ 

0.600 

0.800 

1.000 

1.200 

1.400 

1.600 

1.800 

2.000 

7.  5-ft-diam. c e n t r a l  portion 9.  5-ft-diam. ful l  m i r r o r  

0.4577 

0.6856 

0.8347 

0.9169 

0.9580 

0.9809 

0.9906 

0.9966 

0. 3568 

0. 5402 

0.6688 

0.7473 

0.7971 

0.8299 

0.8508 

0.8707 

Table 4 .  Effective reflectivity f r o m  Hartman- ca lor imeter  da ta  cor re la t ion  

I 
a Effective sur face  reflectivity 

9. 5-ft-diam. 
data  cor re la t ion  

~~ 

0.8258 

0 .8143 

0.8167 

a Overa l l  average reflectivity ( 6  points above) = 0. 8165 

- 1 2  - 
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Ape r t u r  e 
d iameter  

0.625 

0.825 

0.825 

1.000 

1.000 

1.400 

Table 7. a derivation data  q t rans  

M i r r o r  d iameter  
exposed, 

f t  

9 . 5  

7 . 5  

9 .5  

7 .5  

9 . 5  

9.5 

Open calor im- 
e t e r  peak, 

W 

~~ 

2192.6 

2102.2 

2787.8 

2515.0 

3298. 3 

3942.8 

a A.verage q ( f rom 6 above) = 0.9040 t r a n s  

Cavity peak 
through quartz,  

W 

1982.2 

1871. 5 

2487.0 

2311.5 

3002. 3 

3581.6 

q t r a n s  

0.9040 

0.8902 

0.8920 

0.9191 

0.9102 

0.9084 

2 
Table 8. The rma l  power--9.  5-ft-diam., 130 w/ft space  so l a r  intensity 

P a r a m e t e r  

I 
Peak efficiency 

Open ca lo r ime te r  

T h e r m a l  power a t  space 
s o l a r  flux, w 

2000" K black-body 
radiat ion lo s s ,  w 

Net genera tor  
energy  available 
f o r  conversion,  w 

I 

0. 625-in. 
aper ture  

0.3437 

3167. 1 

179.5 

2987.6 

0.825-in. 
ape r tu re  

0.4370 

4026.8 

312.8 

3714.0 

1.000-  in. 
ape r tu re  

0.5170 

4764.0 

459.6 

4304.4 

1.400-in. 
ape r tu re  

0.6180 

5694.7 

9 0 0 . 7  

4794.0 

- 15  - 
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P a r a m e t e r  

Peak  efficiency 
Open ca lor imeter  

T h e r m a l  power a t  space 
s o l a r  flux, w 

2000" K black-body 
radiation loss ,  w 

Net generator  
energy available 
f o r  conversion, w 

0.625-in. 0.825-in. 1.000- in. 1.400-in. 
ape r t u r  e ape r tu re  ape r tu re  ape r tu re  

0.6325 0.7138 0.4185 0. 5287 

2403. 3036. 5 3632.6 4099.6 

179. 5 312.8 459.6 900.7 

2224.1 2723.7 3173.0 3198.9 

Tes t  setup 
configuration 

0. 625- in. 
a p e r t u r e  

0.825-in. 
ape r tu re  

1.000-in. 
ape r tu re  

1.400-in. 
ape r tu re  

- 1 6  - 

r 

6 min  disorientation 12 min  disor ientat ion 
Bull 's-eye 
efficiency 70 of 70 of 

Efficiency bull' s -eye Efficiency bull '  s - eye  

0.  3107 0.2930 94. 30 0. 2501 80.49 

0. 3898 0. 3631 93.15 0. 3059 78.48 

84. 21 0.4706 0.4500 95.63 0.  3963 

0. 5614 0. 5496 97.90 0.5119 91. 19 
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F i g .  1 .  9.  5 - f t - d i a m . ,  45-deg- 
r i m - a n g l e  e l ec t ro fo rmed  s o l a r  
concen t r a to r  S/N 1 dur ing  installa- 
t ion 

F i g .  2 .  So la r  trac1ic.r s t r u c t u r c  
p r i o r  t o  instal la t ion of 9 .  5 - f t -d iam.  
concent ra tor  S/N 1 
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F i g .  4. H a r t m a n  inspect ion t e s t  in ope ra t ion - -  
concent ra tor  S/N 1 

Fig.  5. Supe r imposed  l ight  p a t t e r n  from f o u r  zone B 
holes  es tab l i sh ing  r e f e r e n c e  foca l  p lane  
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F ig .  7 .  Combined tangential e r r o r  
comparison--7.5- and 9.5-ft diam. 

14 16 4 6 0 IO 12 

COMBINED ERROR OF MIRROR, min 

Fig.  8. Parabol ic  profile tangential 
e r r o r  compar ison- -7 .5-  and 9.5-ft-  
d iam.  

PARABOLIC PROFILE ERROR OF MIRROR, min 
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Fig. 9. T r a n s v e r s e  tangential  e r r o r  
compar ison- -7 .  5- and 9. 5-f t -diam. 
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MOUNT 
POINT 

Fig.  10. Contour map  of combined tangential e r r o r - - 9 .  5-ft-diam. 
(t = deep dish; - = shallow dish) 
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02 0 4  0 6  0 8  I O  12 14 16 18 20 
APERTURE DIAMETER, in 

Fig .  11. Geometr ic  efficiency f a c t o r s - -  
7.  5-ft- and 9. 5-ft-diam. 
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0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2. 
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Fig .  12. Optical inspection cor re la t ion  
of theoret ical  per formance  v s  ca lo r i -  

m e t r i c  per formance  fo r  the 
7 .  5-ft-diam. 

APERTURE DIAMETER, in. 

Fig .  13. Optical inspection c o r r e l a t i o n  of 
theor  e t i ca l  pe rf o rmanc  e vs  ca lo r ime t r i c  

pe r fo rmance  f o r  the 9. 5-f t -diam. 
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F i g .  14. C a l o r i m e t e r  t e s t  in opera t ion  

F i g .  15 .  C a l o r i m e t e r  tes t  focal-zone 
setup,  nonoperat ing 
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F i g .  16.  C a l o r i m e t e r  t e s t  focal-zone 
setup,  windowed, operat ing 

F i g .  1 7 .  

L 

C a l o r i m e t e r  t e s t  foca l -zone  se tup ,  
open, operat ing 
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Fig.  18. 7.  5-ft-diam. -opening m i r r o r -  
m a s k  c a l o r i m e t e r  t e s t  i n  opera t ion  

F i g .  19.  C a l o r i m e t e r  t e s t  focal-zone 
setup,  opera t ing  with 7. 5-f t -diam. - 
opening m i r r o r  m a s k  

- 29 - 



JPL Technical Memorandum 33-206 

4000 

3 5 0 0  

3000 

3 - 
E. 
B 
f 

6 2 5 0 0  
U 
w z 
W 

>. 
k 

9 
2000 

I500  

1000 

~~ 

I I I 
1.400 - in. APERTURE, OPEN 

1.400-in. APERTURE, QUARTZ 

OPTICAL SHIFT - % - -  

1.000- in. APERTURE, OPEN 7 

I 

I I 
(V \I 1.000 - in. APERTURE, QUARTZ 

- 
/- 

a 

0.825- in APERTURE, OPEN (Y 

\ J  0 0 825 - in  APERTURE, QUARTZ 

1 ~ 

"-T-7--- /- 

0 625 - in APERTURE, OPEN 

0.625- in APERTURE, QUARTZ . 
I 

.r - - - .* 

/ 

HA 
tf 

DATA STANDARDIZED TO 90 w/f t2  INSOLATION 
I 

OPTICAL 
FOCAL 
PLANE 

I 
300 - 0.200 -0.100 0.100 0200 0.300 0.400 0.500 0.600 

MIRROR . 
POSITION ALONG FOCAL AXIS OF APERTURE, in. 

Fig.  20.  Axial  ca lo r ime te r  t r a v e r s e s ,  open and windowed 

- 3 0 -  



JPL Technical Memorandum 33-206 

80 8 
>- 2 70 

0 
LL 
f~ 60 

Lz 
0 

Lz + z 8 40 
z 

30 

- 

50 

8 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

APERTURE DIAMETER, in 

Fig.  21. M i r r o r  efficiency vs  ape r tu re  
s i ze - -7 .5 -  and 9. 5-ft-diam. 

RATIO OF EXPOSED MIRROR AREA TO APERTURE AREA 

Fig.  22.  Reflecting surface efficiency vs a r e a  ra t io  
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Fig .  23. Thermal  power curves- -  
I 9. 5 - f t -d i am. ,  ground t e s t  
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Fig.  24. T h e r m a l  power cu rves - -  
7. 5 - f t -d i am. ,  ground t e s t  
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70 t CONCENTRATION RATIO 33,270 

Fig .  26.  Disorientat ion per formance  
with va r i ab le  concentration r a t io s  

Fig.  25. Thermal  power c u r v e s - -  
9. 5-  and 7. 5-ft-diam.,  extrapolated 

to 130 w/ft space insolation 2 
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F i g .  27.  Focal-plane flux pa t te rns  as a function of cavity aper ture :  
in chamber;  ground tes t ,  open; space ,  open 
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